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Chapter 1

Introduction

Quantum phenomena hold a strong promise for new innovative technolo-
gies. Experimental realization of these phenomena in solid-state materials
is particularly important for eventual practical applications. A special place
among the class of inorganic materials is taken by transition metal oxides
(TMO) providing a rich variety of physical phenomena. The interplay be-
tween Coulomb correlations, bandwidth and spin-orbit coupling (SOC) gives
rise to some extraordinary electronic and magnetic properties such as high-
temperature superconductivity, charge density waves, magnetic skyrmions
and frustrated magnetism. The latter one found for the antiferromagnetic
Mott insulators is of particular interest as it can lead to a new unusual state
known as a quantum spin liquid (QSL) [1]. The allure of frustrated spin sys-
tems is that they may develop not a magnetically ordered ground state as
in conventional magnets, but a paramagnetic-like state down to 0 K, where
spins continually fluctuate.

Originally proposed for the triangular antiferromagnets [2] in which the
source of magnetic moments was 3d-transition metals, the idea of magnetic
frustration and experimental realization of QSL was transposed onto other
frustrated lattices such as Kagomé or pyrochlore ones. However, the heavy
4d- and 5d-TMO with a strong effect of SOC have been out of sight of the fast-
developing spin-liquid physics until the moment when A. Kitaev formulated
the model, now commonly known as the Kitaev model, on the hexagonal (hon-
eycomb) lattice with a QSL ground state and fractionalized Majorana-like
excitations [3]. Further development of the Kitaev model by G. Jackeli and
G. Khaliullin [4, 5] for real materials outlined the compound families that are
most promising new QSL-candidates. Thus, the honeycomb layered iridates
Na2IrO3 and α-Li2IrO3 were recognized as promising Kitaev spin-liquid ma-
terials [6].

Unfortunately, the comprehensive study of sodium and lithium iridates
has shown that these compounds develop long-range magnetic order and
deviate from scenario of Kitaev spin liquid. This problem identifies the need
for isoelectronic iridates with the honeycomb geometry or with other trico-
ordinated lattices of Ir4+. However, only a handful of such compounds is
known from the literature. Beyond Na2IrO3 and α-Li2IrO3, they include two
other polymorphs of Li2IrO3 only. Attempts of partial chemical substitutions,
as in (Li,Na)2IrO3, were only partially successful, given the large miscibility
range of the corresponding solid solution. All of this calls for new chemical
strategies that may stabilize hitherto unknown metastable iridates with the
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honeycomb or honeycomb-like geometry of Ir4+. One important prerequi-
site of such compounds should be the absence of structural disorder, because
randomness of exchange interactions can also suppress magnetic order, sim-
ilar to the frustration, yet without creating the desired QSL ground state.

To this end, we implement the technique of topotactic chemical reactions
that entail the ion exchange performed under mild heating and result in
completely new chemical compounds that preserve the structural network
of their precursor. To avoid structural disorder, we concentrate on β-Li2IrO3,
which is widely available in both polycrystalline and single-crystalline form
without any appreciable structural defects. The focus of this thesis is on three
compounds prepared for the first time, their structural and magnetic charac-
terization.
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Chapter 2

Frustrated magnetism: theory and
material realizations

2.1 Magnetism in solid state physics

All substances in the world are somehow related to magnetism. Their mag-
netic properties vary in many different ways, with manifestations ranging
from ordinary diamagnetic or paramagnetic behavior to extraordinary phe-
nomena such as magnetic skyrmions or quantum spin liquid. All these or-
dinary or complex properties arise due to specific magnetic interactions of
electrons in a compound. It is also necessary to take into account the effect
of chemical surrounding of magnetic atoms and crystal structure of a partic-
ular compound. External conditions, e.g. applied electric or magnetic fields,
temperature or external pressure, could also contribute to the revealed prop-
erties.

One might say that the most common magnetic properties of materi-
als are caused by atoms with magnetic moments and interactions between
them. Therefore, it would be useful first to briefly describe the origin of mag-
netism, general classification of materials according their magnetic proper-
ties and main types of interactions between magnetic atoms. The theory part
of this section was prepared based on classical textbooks on magnetism in
condensed matter [7–9].

2.1.1 The origin of magnetism and its manifestation in real
materials

In insulators, magnetic properties are associated with the presence of atoms
or ions possessing a non-zero magnetic moment that depends on electronic
configuration of these atoms or ions. In turn, two main parameters describe
the magnetic moment of the atom: spin and orbital angular momentum.
Their sum presents the total angular momentum J of an atom: J = S + L.
Thereby, a cooperative interaction between electron spins and orbital mo-
ments in a material (at the quantum mechanical level) creates the macro-
scopic property of a matter – magnetization M, the magnetic moment per
unit volume.
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For simplicity, one can assume linearity between magnetization M of a
solid and magnetic field H: M = χH, where χ is magnetic susceptibility (di-
mensionless), but usually re-calculated in terms of the molar or mass mag-
netic susceptibility. For given relation, the definition of M means that χ rep-
resents the magnetic moment induced by a magnetic field H per unit volume.
Temperature dependence of magnetic susceptibility and field dependence of
magnetization allow the classification of solids in terms of their magnetic
properties (Fig. 2.1). Traditionally, the following types of magnetism are dis-
tinguished: diamagnetism, paramagnetism, ferromagnetism and antiferro-
magnetism. The specifics for each type of contribution will be summarized
below.

0
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 P a r a m a g n e t i c
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T N T C

Figure 2.1: Schematic illustration of the
magnetic susceptibility as a function of
temperature χ(T) for different types of
solids.

Diamagnetism. According to the
classical definition, the substance
is said to be diamagnetic, when it
moves out of the applied field. In
other words, for a diamagnetic sub-
stance, a magnetic field induces a
magnetization, which opposes the
applied magnetic field that caused
it. The diamagnetic susceptibilities
are negative, small, independent of
temperature and field strength. The
molar susceptibility of a diamag-
netic material is usually of the order
of −(1÷ 100) · 10−6 emu/mol. Dia-
magnetism is a property of all mat-
ter. One can explain this effect from
classical mechanics as the action of a
magnetic field on the orbital motion
of an electron creates a back electro-

magnetic force, which opposes the magnetic field that causes it. However,
the quantum mechanical approach is the only correct one and based on the
first-order perturbation theory dealing with a shift in the ground state en-
ergy. The diamagnetic susceptibilities of atoms are additive values, and the
diamagnetic contribution can be calculated with Pascal’s constants, consid-
ering the diamagnetic component of atoms, ions, molecules and bonds for a
particular case. As noted above, the diamagnetic contribution is very small
and can be ignored in the vast majority of cases.

For instance, the compounds, studied in the current work feature core dia-
magnetic susceptibility of about −7.5× 10−5 emu/mol, with the largest con-
tribution coming from the Ir4+ ions (Pascal constant = −2.9× 10−5 emu/mol
[10]). These diamagnetic susceptibilities are much smaller than the paramag-
netic ones and can be safely neglected in the analysis.
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Paramagnetism. Paramagnetism is usually a property of substances con-
taining unpaired electrons. In contrast to diamagnetism, paramagnetism cor-
responds to a positive susceptibility, so that an applied magnetic field in-
duces a magnetization, which aligns parallel with the applied magnetic field
that caused it. A paramagnetic susceptibility is generally independent of
the field strength (in fact, this is not always exactly true) and temperature-
dependent. In the high-temperature approximation, the magnetic suscepti-
bility varies inversely with temperature, which is known as Curie’s Law:

χ =
NAµ2

e f f

3kBT
=

C
T

, (2.1)

where C is the Curie constant, NA and kB are the Avogadro and Boltzmann
constants, respectively. This expression becomes very useful in cases of deter-
mination of the effective magnetic moment for a particular substance. Here
are several compounds that follow the Curie’s Law: KCr(SO4)2·12 H2O,
(NH4)2Mn(SO4)2·6 H2O and Gd2(SO4)3·8 H2O. However, not so many com-
pounds show strictly paramagnetic behavior of magnetic susceptibility be-
cause of the residual interactions between magnetic atoms or ions in a sold.

Ferromagnetism. A substance is called a ferromagnet, when it has a
spontaneous magnetization in the absence of an applied field. A spontaneous
magnetization occurs due to a certain orientation of the magnetic moments
or due to lying in a single unique direction. According to the Weiss model
of ferromagnetism, at low temperature, the moments can be aligned by the
internal molecular field and the magnetic order is self-sustaining. As the tem-
perature increases, thermal fluctuations prevail over the magnetic order and
at the special temperature, the system has a transition from a ferromagnetic
state to a paramagnetic state. The transition temperature is known as the
Curie temperature Tc. The magnetic susceptibility of a ferromagnet above

the critical temperature (T > Tc) obeys the Curie-Weiss law: χ =
C

T − θ
,

where θ in this case equals the Curie temperature Tc. The behavior of mag-
netic susceptibility of a ferromagnet below Tc requires complex analysis and
cannot be described by Weiss model.

Antiferromagnetism. An antiferromagnet can be represented as a sys-
tem of two or more interpenetrating magnetic sublattices: magnetic moments
on each sublattice have the same direction, but relative to the other sublattice
magnetic moments point in the opposite direction. The nature of the interac-
tion between magnetic moments is such that it is favorable for nearest neigh-
bor magnetic moments to lie antiparallel to one another. The Weiss model
is applicable for antiferromagnetism as for ferromagnetism, and the system
has a transition from some ordered state to the paramagnetic one. The tem-
perature of transition is known as the Néel temperature TN. The magnetic
susceptibility of an antiferromagnet in the paramagnetic regime (T > TN)
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obeys the Curie Weiss law as well: χ =
C

(T − θ)
, where θ in this case is the

Weiss temperature and corresponds to be negative. However, experimentally
determined Weiss temperatures do not match the Néel temperature. The
number of types of antiferromagnetic order is quite large because there are
many ways to arrange spins antiparallel to each other on the sublattices in a
different manner.

2.1.2 Magnetic interactions

The existence of ordered magnetic states, e.g. ferromagnetism or antiferro-
magnetism, is impossible without the presence of magnetic interactions be-
tween the magnetic moments of a solid. Moreover, exchange interactions
are the main reason of long-range magnetic order (LRMO) or more complex
behavior. In principle, one can mention the magnetic dipolar interactions
as an additional contribution. But because of the small value of the interac-
tion energy (about 1 K), this effect can be neglected with magnetic order in
most materials. Also such exchange interactions as double exchange (typi-
cal for the systems containing magnetic ions with mixed oxidation states) and
RKKY interactions (indirect exchange interaction in metals) will not consid-
ered here due to thier absence in the studied materials. In this way, a short
review of exchange interactions directly related to the Kitaev iridates is the
topic of this section.

Direct exchange. Exchange interactions are electrostatic interactions and
first, it’s necessary to determine how to evaluate the interaction between
magnetic moments. The starting point is the problem of a two-electron sys-
tem. Applying the quantum mechanical approach for this problem, one gets
two possible states: singlet state and triplet state. The difference between two
states can be parameterized using S1 · S2. The Hamiltonian can be written in
the form of an effective Hamiltonian:

Ĥ =
1
4
(ES + 3ET)− (ES − ET)S1 · S2

Defining the exchange constant as J = (ES − ET)/2, and shifting the be-
ginning of energy level, the spin-dependent term in the effective Hamiltonian
has the following form:

Ĥspin = −2JS1 · S2

For a many-body system, the spin Hamiltonian can be rewritten in the
form of the Heisenberg model:

Ĥspin = −∑
ij
JijSi · Sj (2.2)

where Jij is the exchange constant between the ith and jth spins. When J
is positive (J > 0), it refers to triplet state and ferromagnetic interactions.
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When J is negative (J < 0), it refers to singlet state and antiferromagnetic
interactions.

However, depending on the parameterization conditions, the final form
of the spin Hamiltonian may differ. Thus, in the Kitaev model that will be
presented later, the constant J describes the exchange interaction per bond
between Si and Sj spins, and the positive value (J > 0) means an antiffero-
magnetic type of the interaction. In this case, the spin Hamiltonian used for
the Kitaev model can be rewritten as

Ĥspin = ∑
ij
JijSi · Sj. (2.3)

The nearest-neighbor Heisenberg model is the most common model of in-
teracting spins. Direct exchange is an exchange interaction between electrons
on neighboring magnetic atoms without any influence of intermediary. Prac-
tically, direct exchange never plays significant role in controlling magnetic
properties due to the low probability of overlapping orbitals of neighboring
atoms. Therefore, indirect exchange interactions must be taken into account.

Superexchange. Superexchange is a type of indirect exchange interac-
tions between non-neighboring magnetic ions which separated by a non-
magnetic ion. Superexchange arises from the kinetic energy advantage of
antiferromagnetic coupling between electrons of magnetic and non-magnetic
ions. The origin of superexchange is the second-order perturbation theory;
the exchange constant J is proportional to −t2/U, where t is the hopping
integral and U is the energy cost of making an excited state. In addition,
superexchange is strongly dependent upon the angel between magnetic and
non-magnetic ions (the degree of orbital overlap), and in most cases is pre-
sented in antiferromagnetic systems.

Anisotropic exchange interaction. The spin-orbit coupling of one mag-
netic ion produces the excited state which then interacts with the ground
state of another magnetic ion. This is known as the anisotropic exchange in-
teraction or as the Dzyaloshinsky-Moriya interaction (DMI) and plays signif-
icant role by describing magnetic properties of more complex systems. This
type of exchange can be described by additional term in the Hamiltonian:

ĤDM = D · S1 × S2 (2.4)

The DMI usually arises in systems lacking inversion symmetry. The com-
bination of low symmetry and spin-orbit coupling gives rise to the finite anti-
symmetric exchange interaction. Therefore, this term should also be include
in the general description of the exchange interactions.

The general Hamiltonian describing the interactions between such local
moments can be expressed as follows:

H = ∑
ij
JijSi · Sj + Dij · (Si × Sj) + Si · Γij · Sj (2.5)
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where Jij is the isotropic Heisenberg coupling, Dij term is responsible for
the anisotropic Dzyaloshinskii–Moriya interaction, and Γij is the symmetric
pseudo-dipolar tensor. The main contribution to the anisotropic exchange in-
teractions is associated with the effect of spin-orbit coupling, which is strong
in the case of heavy transition metals, particularly, for the family of Ir-based
compounds with Ir4+ magnetic ion.

2.2 Frustrated magnetism and spin liquid

Ferromagnetic and antiferromagnetic orders are the most common ways
to arrange spins in magnetic systems showing long-range magnetic order.
There are also ferrimagnetic and helical types of spin ordering that could also
be described by the magnetic interactions mentioned above. However, there
may be a situation when spins in some magnetic systems exhibit frustration
due to competing exchange interactions and impossibility to simultaneously
satisfy these intersections. The origin of why one systems show long-range
magnetic order and others prone to frustrated magnetism lies in the nature
of the involved magnetic moments.

Figure 2.2: Comparison of classical and quantum approach on the example of a spin
dimer [11].

Classical and quantum magnets. In classical magnets, a magnetic or-
der is defined by the unique lowest energy spin configuration with an unam-
biguously ground state. Usually, the spins in such systems are large (S > 1)
driven by ferromagnetic interactions. In the ordered state, elementary ex-
citations are known as spin waves (magnons) with an integer spin number.
Magnons can be represented as a consequence of spin precession in the or-
dered state.

In quantum magnets, the spins are small (S = 1
2 ) dominated by antifer-

romagnetic interactions (Fig. 2.2). The strong interacting spins can be repre-
sented with a large number of spin configurations simultaneously with the
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same energy without leading to a certain ordered state. Such frustrated mag-
nets do not show any long-range magnetic order, and dynamic of spins sur-
vives down to zero temperature.

Indeed, the peculiar state known as spin liquid may emerge in the frus-
trated spin systems. This specific type of matter represents the ensemble of
fluctuating spins which preserve spin dynamics down to low temperatures.
Two types of spin liquids can be distinguished: classical spin liquid where
frustration is achieved by mixing of different magnetic orders; and quantum
spin liquid (QSL) where spins are quantum-mechanically entangled. Both
states are of interest in the sense of frustrated magnetism. Nevertheless, a
search of real-world materials showing a QSL behavior is a little bit more
tricky and exciting process (as part of this work).

Now, it is worth highlighting the origins of a spin liquid state. There are
two main concepts for frustrated systems where this phenomena could be
observed: the first one is a geometrical frustration based on a competition be-
tween nearest-neighbors spins on triangular-like loops, and the second one
is an exchange frustration controlled by competing magnetic anisotropies.
Further, both geometrical and exchange frustration concepts are briefly de-
scribed from the theory point of view.

2.2.1 Geometrical frustration

Triangular-like lattice. The main idea of geometrical frustration is an
arrangement of spins on the lattice consisting of triangular sections. Fig-
ure 2.3 represents the most common types of lattices: triangular, Kagomé and
pyrochlore. To better understand the principle of geometrical frustration, it is
reasonable to consider the situation, when antiferromagnetically interacting
Ising spins are located at the corners of a triangle (Fig. 2.3d). On the one hand,
all spins have to be pointed up or down due to antiferomagnetic interactions
between them. On the other hand, they cannot align antiparallel to each
other (from the geometrical point of view). This triggers an uncertainty in
the direction of one of the three spins and causes a degeneracy of the ground
state. Transposing such approach to 2D and 3D lattices mentioned above,
frustration or fluctuation of spins may occur and the transition to ordered
state might be suppressed. However, the presence of triangular-like lattice
of spins doesn’t lead to a QSL state. Different types of long-range magnetic
order could arise even on frustrated lattice: 120◦ or stripe orders on the trian-
gular lattice,

√
3×
√

3 order on the Kagomé lattice or "two-in-two-out" order
on the pyrochlore lattice (so-called spin-ice rule).

The next essential ingredient is the size of a magnetic moment. The be-
havior of large spins (greater then S = 1) becomes more classical that means
a tendency to undergo a magnetic transition to the ordered state or freezing
of spins instead of fluctuating at low temperatures. Therefore, the systems
containing spin-1

2 ions on a proper lattice have a better chance to reach a QSL
state. Due to a quantum nature of such a small spin, another crucial prop-
erty emerges – the long-range entanglement. Thus, all spins are controlled
by quantum fluctuations. Particularly on a triangular lattice, the entangled
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( b )

( a )

( c )
( d )

Figure 2.3: Common types of lattices demonstrating geometrical frustration: (a)
triangular, (b) Kagomé and (c) pyrochlore. (d) Visualization of the geometrical
frustration on a triangle of antiferromagnetically interacting Ising spins. The uncer-
tainty in the spin direction triggers frustration [1].

spins may form a resonating-valence-bond (RVB) state which is connected to
the QSL state and was firstly proposed by Anderson in 1973 [2].

Resonating valence bond theory. The valence bond is a pair of spins
coupled antiferromagnetically that forms a spin-0 singlet state. If all spins
in the system are split into valence bonds and the entanglement occurs only
between spins in the individual pair, the valence bonds become static and lo-
calized. The absence of the resonance effect between valence bonds leads to a
new type of a ground state known as a valence-bond solid (VBS) state. How-
ever, VBS state does not represent quantum spin liquid: it suggests some sort
of symmetry breaking (due to a specific arrangement of valence bonds on the
lattice) and shows only short-range entanglement in a particular singlet pair.

Another situation may be considered, when the valence bonds can un-
dergo quantum mechanical fluctuations. In this case, the new ground state
– resonating-valence-bond (RVB) state – emerges as a superposition of dif-
ferent VBS states. It is now no preferences in forming a particular spin pair
and any configurations of valence bonds are allowed. Breaking a valence
bond leads to an excitations that splits (fractionalizes) into two unpaired
spins (spinons) that independently propagate trough the lattice (Fig. 2.4) in-
troducing frustration. Such fractionalized excitations give a possibility of
realization of QSL states in the material.

There is an extensive range of materials possessing frustrating magnetism
on triangular-like lattices covering 2D and 3D crystal structures. The class of
compounds with geometrical frustration includes metal–organic framework
(MOF) magnets, coordination compounds, complex oxides, chalcogenides,
chlorides, and etc. The source of magnetic moments in these materials can
be 3d, 4d or 5d transition metals as well as f -electron systems. Some of the
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Figure 2.4: Formation of the spinon excitation in the nearest-neighbor RVB state
of triangular antiferromagnets by breaking one of the valence bonds. Two unpaired
spins (red arrows) can propagate independently and constitute spin-1

2 (spinon) ex-
citations [12].

materials with frustrated magnetism or even as the QSL candidates deserve
more attention and will be presented later in the corresponding section.

2.2.2 Exchange frustration.

Exchange frustration, in contrast to the geometrical one, occurs not because
of the uncertainty in spins directions coupled antiferromagneticaly but due
to the different anisotropic exchange interactions between neighboring spins
and, therefore, impossibility to minimize the energy at the same time. For in-
stance, one can consider a system of four Ising spins arranged as in Fig. 2.5a.
Side spins have different, mutually orthogonal quantization axes. The cen-
tral spin would couple with its neighboring spins and be parallel pairwise,
but due to uncertainty in its own quantization axis, an exchange frustration
arises. One of the best-known models of exchange frustration is the Kitaev
model on the hexagonal (honeycomb) lattice.

( a ) ( b )

Figure 2.5: (a) Visualization of the exchange frustration [13]. (b) Representation of
the Kitaev model on the honeycomb lattice [14] with the corresponding XYZ -bond
notation.
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The Kitaev honeycomb model. The Kitaev model proposed by Alexei
Kitaev in 2006 [3] describes a system of spins with S = 1/2 located on the
hexagonal (honeycomb) lattice (Fig. 2.5b). The main features of this model
are (i) it has an exact solution, and (ii) it offers a possibility of the quantum
spin liquid ground state. The model considers anisotropic spin-spin inter-
actions along each bond including only nearest-neighbor interactions, and
takes into account the orientation of these bonds. From the geometrical na-
ture of the honeycomb lattice, there are three types of bonds which bear or-
thogonal Ising interactions:

H = K ∑
〈ij〉

Sγ
i Sγ

j ,

where K is the Kitaev coupling constant as a measure of the Kitaev interaction
that refers only to ferromagnetic contribution, and γ = {x, y, z} representing
the direction for each type of the bonds. According to a standard notation
for the Kitaev model, these bonds are labelled as X-, Y- and Z-bonds, re-
spectively. The elementary excitations in this case separate into Majorana
fermions and fluxes.

The exact solution of the Kitaev model and possibility to be extended to
any 3D structures provide a great platform for searching of the QSL state
in real materials. However, the practical realization of the model requires
certain conditions which have been formulated by Jackeli and Khaliullin for
a narrow class of 4d- and 5d-electron Mott insulators. These conditions were
later extended to some of the 3d- and 4 f -compounds.

The Jackeli–Khaliullin mechanism. The mechanism proposed by Jack-
eli and Khaliullin in 2009 [4, 15] determines essential elements for realizing
the Kitaev-type interactions in real materials. The first one is an existence
of spin-orbit coupled ions with the effective angular momentum jeff = 1

2
under the strong effect of the crystal field. The second one is suppression
of the Heisenberg interactions by the exchange processes between magnetic
ions through the orbitals of shared ligands. The best manifestation of both
conditions is 4d or 5d transition metals with d5 electron configuration in an
edge-sharing octahedral environment. The following will briefly describe the
reasons why this type of ions satisfies the conditions mentioned above.

The first crucial point is the origin of the jeff = 1
2 magnetic moment.

d-orbitals are split by the octahedral crystal field in such a way that for the d5

configuration, there are two eg levels and a triply degenerate t2g state. Since
the low-spin d5 state is considered, all 5 d electrons occupy the t2g levels,
where there is one hole left. Further, the t2g states are split by the spin-orbit
coupling (SOC) into two new states with total effective angular momentum
jeff = 1

2 and jeff = 3
2 (Fig. 2.6). This happens because the SOC becomes

stronger from 3d to 5d transition metals.
The second point of the mechanism is proper exchange processes be-

tween magnetic moments. The main contribution to such interactions is a
superexchange process via the mediate ligands. However, for the heavy 4d
and 5d elements, an additional direct d− d hopping must be considered for
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Figure 2.6: Visualization of the crystal field splitting (CFS) and spin-orbit cou-
pling (SOC) effects on the local d-orbital states for the d5 state in the octahedral
environment [14].

the complete description of the exchange processes due to noticeably dif-
fused d-orbitals. For the Z-bond, assuming C2h symmetry, the d− d hopping
matrix may generally be written [16]:

di,yz di,xz di,xy

dj,yz t1 t2 t4

dj,xz t2 t1 t4

dj,xy t4 t4 t3

where each ti represents a certain hopping integral corresponding to the par-
ticular exchange process: t1 and t3 arise primarily from direct metal-metal
interactions (d-d hopping), t2 is dominated by ligand-assisted exchange (in-
direct d-p-d hopping), and t4 comes from the non-ideal octahedral environ-
ment of the central d element due to local distortions presented in real mate-
rials (mixed hopping process). Figure 2.7 illustrates schematic visualization
of main exchange processes:

The resulting magnetic interactions represented in terms of these hopping
integrals are:

Jij =
4A
9
(2t1 + t3)

2 − 8B
9
{9t2

4 + 2(t1 − t3)
2} (2.6)

Kij =
8B
3
{(t1 − t3)

2 + 3t2
4 − 3t2

2} (2.7)

Γij =
8B
3
{2t2(t1 − t3) + 3t2

4} (2.8)

Γ′ij =
8B
3
{t4(3t2 + t3 − t1)} (2.9)

for A ∼ 1/U � B ∼ JH/(3U2), in terms of the local Coulomb repulsion U
and Hund’s coupling JH. Combination of these contribution via the Eq. 2.5
gives rise to the following expression:
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Figure 2.7: Exchange processes for the nearest neighbor hopping interactions in
the case of the edge-sharing octahedra (Z -bond) [14]. The hopping integral t2
represents the indirect d-p-d hopping, while t1 and t3 arise mainly from the direct
d-d hopping.

Hij = JijSi · Sj + KijS
γ
i Sγ

j + Γij

(
Sα

i Sβ
j + Sβ

i Sα
j

)
+

Γ′ij
(

Sγ
i Sα

j + Sγ
i Sβ

j + Sα
i Sγ

j + Sβ
i Sγ

j

)
(2.10)

where {α, β, γ} = {y, z, x}, {z, x, y} and {x, y, z} representing the X-, Y-,
and Z-bonds, respectively. Vanishing of the the Dzyaloshinsky-Moriya term
D · S1 × S2 from the Eq. 2.5 is associated by the local octahedral symmetry
of the magnetic ions in the Kitaev model. The additional finite terms Γ′ij arise
from distortions of the octahedral environment, but they are small compared
to J, K and Γ, and can be neglected.

Summarizing the above, the indirect d-p-d and direct d-d hopping pro-
cesses play a crucial role in an arising of the Kiteav interaction on the one
hand, and suppressing the Heisenberg J and off-diagonal Γ interactions on
the other hand. An effective way to control hopping on the interactions is to
monitor the metal-metal bond distance, or the metal-ligand-metal (M-L-M)
bond angle Θ , which modulates the strength of t1 and t3 hopping, between
pairs of metals in the edge-sharing octahedral environment (in the case of
an ideal geometry, the angle Θ = 90◦). When Θ > 90◦, the distance be-
tween transition metals increases and t1 and t3 are partly suppressed, lead-
ing to dominant ferromagnetic Kitaev interactions (K < 0) with large t2 as
proposed in the original Jackeli–Khaliullin mechanism. On the other hand,
when Θ < 90◦ (large t1 and t3) the indirect exchange is not dominant now
leading to antiferromagnetic Kitaev term K > 0, and other exchange pro-
cesses become much more pronounced (large Γ > 0 and J > 0). Figure 2.8
shows a dependence of the different contributions in the exchange processes
on metal-ligand-metal (M-L-M) bond angle Θ obtained by perturbation the-
ory [17] and quantum chemistry calculations [18]. Both approaches suggest
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the optimal angel Θ ∼ 100◦ when the Kitaev coupling constant K < 0 is dom-
inant. Therefore, the application of the Jackeli–Khaliullin mechanism for real
materials should be done with attention to local distortion in a crystal struc-
ture, especially to octahedral environment of transition metals.

Figure 2.8: Dependence of the nearest
neighbour magnetic interactions on the
M-L-M bond angle Θ. [14].

Alternative mechanisms and ex-
tensions. The Jackeli–Khaliullin mech-
anism is one of the most known and
well-studied approach in the con-
text of bond-dependent anisotropic
interactions. Offering a direct way
to search QSL materials with Ki-
taev exchange iterations, this mech-
anism is not the only one, and sys-
tems with 4d or 5d transition met-
als with d5 electron configuration are
not the only suitable platforms with
exchange frustration.

As an alternative to heavy 4d
and 5d transition metals, 3d and
f -electron systems could also bear
a sort of the exchange frustration
(not to be confused with similar sys-
tems appealing to geometrical frus-
tration [12]). From the theoretical and practical points of view [19, 20], Co2+

and Ni3+ with the high-spin d7 electron configuration as well as Pr4+ with
the f 1-electron configuration could be promising ions to Kitaev-type inter-
actions on the honeycomb lattice: a series of A2PrO3 (where A is an alkali
metal) studied by combining ab initio calculations and model analysis [21,
22], a vast family of Co2+ compounds (for instance, BaCo2(AsO4)2 [23],
BaCo2(PO4)2 [24]) and NaNi2BiO6−δ [25] as a case of Ni3+. Despite the pres-
ence of ordering (zigzag, helical, noncollinear and etc.) in the mentioned
systems, 3d- and 4 f -metal-based compounds could still be a suitable play-
ground for searching of new frustrated magnets or at least bearing unusual
magnetic properties.

2.2.3 Experimental signatures of a QSL

In general, spin liquids itself can be divided into two different classes: a
gapped one denoted as Z2 [26] and a gapless spin liquid denoted as U(1) [27].
Originally, it was proposed for triangular-like systems obeying RVB physics,
but such classification is applicable for honeycomb lattice as well. The main
differences between spin liquids are the "degree" of valence bonds entangle-
ment and types of excitations. In the case of the Z2 type, only short-range
valence bond are presented, and two kinds of excitation are formed: high-
energy spinons and low-energy visons. In a gapless U(1) spin liquid, the
formation of valence bonds occur not only between neighboring atoms, but
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also between distant ones leading to a mixture of highly entangled short- and
long-range valence bonds. But how can one distinguish the spin liquids from
the ordered magnets or from other disordered states?

Experimentally, QSL can be identified by following signatures:

1. The simplest indication of unusual magnetic behavior is a large frus-
tration factor f = |θCW|/TN, where θCW is the Curie-Weiss temperature
and TN is the transition temperature. For typical (anti)ferromagnets,
θCW is roughly comparable with the ordering temperature, and a sig-
nificant deviation of f from 1 may indicate that magnetic order is im-
peded.

2. In the ideal case, thermodynamic measurements, e.g. magnetization
and specific heat, reveal the absence of long-range magnetic order or
spin freezing.

3. At low temperatures, spin dynamics can be directly probed by nuclear
magnetic resonance (NMR) and muon spin relaxation (µSR) experi-
ments. These techniques are very sensitive to local small static fields
that allow to distinguish disordered magnetism from spin-liquid be-
havior.

4. In the magnetically ordered state, deviation of the magnetic specific
heat Cm from the T3 behavior is associated with magnons (spin waves).
In the context of spin liquid types, specific-heat measurements give ad-
ditional information. An exponential behavior of the magnetic specific
heat Cm refers to the Z2 spin liquid, while the linear or sublinear power-
law behavior of Cm is expected to the U(1) type.

5. The nature of correlations and excitations in the material may be char-
acterized by inelastic neutron-scattering (INS) measurements. A con-
tinuum of fractionalized excitations is expected for QSL. For an ordi-
nary antiferromagnet, the INS spectra show distinguishable branches
of magnons.

6. Finally, thermal transport can determine whether these excitations are
localized or itinerant by the absence or presence of the finite residual
term κ0/T in the thermal conductivity. Particularly, measuring the ther-
mal Hall conductivity, κ2D

xy /T, for 2D systems may indicate the presence
of itinerant Majorana fermions and Z2 fluxes – the signs of the Kitaev
QSL state.

This set of different techniques can be extended depending on the subject
of the study. To comprehensively characterize a QSL material, the combina-
tion of different methods is needed. Moreover, the obtained results should be
consistent or at least do not contradict. However, not all of them can be ap-
plied for the characterization of QSL candidates. Particularly, in the absence
of single-crystalline samples, this list can be narrowed.

The compounds, studied in the current work, could so far be synthesized
in polycrystalline form only. However, the following techniques are relevant
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in this case. High-resolution x-ray and neutron diffraction measurements
along with electron microscopy investigation can be used for the detailed
study of the crystal structure, assess the degree of structural disorder and
its possible effect on the magnetic properties. Magnetization and specific
heat measurements reveal the presence or absence of the long-range mag-
netic order, indicate paramagnetic-like or spin-glassy behavior, and estimate
the critical temperatures of these effects. Finally, µSR experiments as com-
monly used techniques can shed light on the local magnetism in the studied
compounds.

2.3 Examples of real materials with frustrated mag-
netism

There are plenty of materials proposed as QSL-candidates, many of them
were really close to the desirable QSL state. However, after a long compre-
hensive study, most of them failed to show all properties that are theoretically
expected in a QSL. Nevertheless, it’s still reasonable to mention several rep-
resentatives and small classes of QSL-candidates. Here, it will be only a short
representation of materials exhibiting magnetic frustration in the view of the
types of frustrated lattices. More detailed analysis of the current state of af-
fairs in the field of QSLs can be found in these review articles [1, 12, 28–32].
Additionally, the spin glass (SG) materials will be briefly discussed in this
section because of the close relationship to the studied compounds. Even
though spin glasses exhibit some sort of spin freezing without clear long-
range magnetic order, the spin dynamics may be present in some of these
compounds.

2.3.1 Two-dimensional QSL candidates

2D QSL candidates may be the largest class of compounds that tend to frus-
trated magnetism, including both geometrical and bond-dependent (exchange)
frustration. Two-dimensional nature of the magnetic lattice considers mostly
the spin interactions in the magnetic layers assuming that the interactions
between layers are very weak. Such approach allows to apply simple mod-
els to describe the complex magnetic behavior in QSL candidates and search
for new ones. This type of materials can be classified by the type of 2D lat-
tice in the nodes of which magnetic ions are located: triangular, Kagomé and
honeycomb.

Triangular lattice. There are a variety of compounds possessing this
pattern in one form or another. They can be both single compounds and fam-
ilies with a certain type of ion. Notwithstanding the different electronic con-
figurations or origins of the magnetism, all the listed compounds act as an ef-
fective spin-1

2 suggesting QSL ground state. The most interesting examples of
individual materials are organic charge-transfer salts EtMe3Sb[Pd(dmit)2]2
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[33, 34] and κ-(BEDT-TTF)2Cu2(CN)3 [35, 36], which can be both VBS and
more QSL-like, and the transition metal dichalcogenide 1T-TaS2 with itin-
erant excitations representing spin liquid state [37]. The next group of ma-
terials is a family of the Co2+-based compounds including the perovskite
Ba8CoNb6O24 [38, 39] and recently discovered Na2BaCo(PO4)2 [40–42] as
a promising QSL candidate. The 4 f -electron antiferromagnets, in which the
Yb3+ ion acts as an effective spin-1

2 , demonstrate frustrated magnetism on the
triangular lattice. The most interesting examples are well-studied
YbMgGaO4 [43–45] as realization of a random-singlet state with fractional
but not fractionalized excitations, and a relatively new family of Yb3+ de-
lafossites with the general formula AYbCh2, where A stands for an alkaline
metal (from Na to Cs) and Ch is a chalcogen (O, S or Se) [32, 46, 47].

Kagomé lattice. Kagomé lattice is the next type of 2D magnetic pattern
related to QSL materials. It can be easily converted from the triangular lat-
tice by removing every second node from the adjacent row in such a way
that only corner-sharing triangles are present. Kagomé lattice may be seen
as a motif of interconnected Stars of David in the corners of which there
are magnetic ions. In contrast to the materials with triangular lattice, the
class of Kagomé antiferromagnets is abundant in Cu2+ compounds with the
most famous representative – Herbertsmithite ZnCu3(OH)6Cl2 [48–50], as
well as other light 3d and 4d metal-based materials – LiZn2Mo3O8 [51] and
Ca10Cr7O28 [52, 53].

Honeycomb lattice. The last group of 2D QSL material candidates is
compounds in which magnetic ions are located on the honeycomb lattice.
The vast majority of materials prone to frustrated magnetism on the honey-
comb lattice contain heavy 4d or 5d transition metals. One can find examples
with another type of ions, for instance Co2+ or Pr4+, which were mentioned
earlier [22–24]. However, the most promising QSL candidates in this group
were found for compounds with Ru3+ or Ir4+ ions representing Kitaev spin-
liquid model and frustrated magnetism. Since the group of materials are
directly related to this work, the detailed representation of these compounds
as well as their derivatives will be discussed in the independent Section 2.4.

2.3.2 Three-dimensional magnets as QSL candidates

The last group of potential QSL materials behavior is 3D magnetic systems.
Unlike the two-dimensional analogues rich in a variety of crystal structures
and ways of arrangement of magnetic ions, 3D QSL candidates are mainly
represented by several groups of compounds or single examples. For in-
stance, a derivative of the 2D honeycomb lattice is the 3D hyperhoneycomb
and stripy-honeycomb ones, the practical realization of which are Ir-based
compounds β- and γ-Li2IrO3, respectively. Both phases are directly related
to the main topic of this work as well and will be discussed in detail later.
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Hyperkagomé lattice. The Kagomé lattice can be extended to the three-
dimensional case where corner-sharing triangles of magnetic ions are ar-
ranged in the complex 3D motif. Several examples with such an arrange-
ment of magnetic ions can be found in real materials. For instance, Na4Ir3O8
bears Ir4+ ions (jeff =

1
2 ) on the hyperkagomé lattice giving rise to the QSL

physics and realization of the Kitaev frustrated magnetism [54–56]. Cu-based
materials also demonstrate a great tendency to the frustrated magnetism on
the different types of lattices. Among 3D materials, one can find an anti-
ferromagnet PbCuTe2O6 hosting Cu2+ ions (S = 1/2) on the hyperkagomé
lattice [57, 58].

Pyrochlore lattice. Compared to 2D lattices, in which a triangular ar-
rangement of spins act as a building block of geometrical frustration, it’s not
so easy to find a different analogue in 3D systems. However, if one con-
structs a regular tetrahedron with magnetic ions (Ising spins) in the corners,
the uncertainty in spins orientation can be reached causing frustrated mag-
netism [1]. Such concept is realized in several systems: (i) compounds with
the diamond lattice, e.g. FeSc2S4 [59, 60], and (ii) pyrochlore lattice.

The latter one is closely related to the concept of the Spin ice (SI). His-
torically, the SI systems were among the first materials showing frustrated
magnetism on the 3D structures [1, 61]. The term spin ice is usually applied
to the pyrochlores, materials with a general formula A2B2X7, where both A
and B sites form pyrochlore sublattices, and only one position (A) are occu-
pied by a magnetic ion. The frustration in this compounds can be described
by so-called "ice rule" [62]: if two spins on a tetrahedron are pointing out,
then the other two spins must point in (also called as "two-in-two-out" rule).
The class of pyroclore materials are vast including dozens of oxide com-
pounds [63]. The spin ices with rare-earth ions hold a special place among
other pyroclores, for instance, Ln2Ti2O7 (Ln = Dy, Yb, Ho), Ho2Sn2O7 [64]
and Pr2Hf2O7 [65] proposed as QSL candidates.

2.3.3 Spin glass

Magnetism in materials manifests itself in different ways. On the one hand,
there is a clear transition from disordered paramagnetic state into some or-
dered (ferro-, antiferro- or any other) state that’s called long-range magnetic
order. On the other hand, it’s also possible that a magnetic system will never
be able to achieve an ordered state down to the lowest temperature, and spins
will continue to fluctuate due to long-range entanglement. Such a case means
the quantum spin-liquid state. But is there anything in between, any inter-
mediate state? Indeed, the spin-glass state is not uncommon.

Neither magnetic order, nor spin liquid. According to Mydosh [66, 67],
a spin glass (SG) arises from "a novel, yet classical, phase transition at a given
temperature Tf into a new state of matter: a frozen glass of spins". Above a transi-
tion temperature, spins in SG materials show typical paramagnetic behavior,
below Tf they are frozen in some random orientation. This is the point of
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glassy behavior: there is neither definite magnetic order, periodicity of the
spin pattern, nor persistent spin dynamics like in QSL. Spins are freezing
co-operatively, however, could present some sort of frustration.

There are at least three mechanisms leading to the SG state: (i) random-
ness of the spin positions – site mixing, disorder, random distribution of
magnetic ions, (ii) competing or mixed magnetic interactions meaning bond
randomness due to structural or chemical disorder between the magnetic
ions, and (iii) frustration in a classical spin liquid that lacks quantum effects
needed to maintain spin dynamics down to 0 K.

One can find in describing of QSL candidates such expressions as an ab-
sence of spin freezing or spin-glass behavior to distinguish between the dynamic
or frozen state in QSL candidates. Several techniques allow to quickly deter-
mine [67] whether spins exhibit static behavior in a material or not:

• Bifurcation of the DC susceptibility curves measured in zero-field-cooled
(ZFC) and field-cooled (FC) regimes. The bifurcation indicates the freez-
ing temperature Tf ;

• Shift of the cusp temperature Tf with frequency ω on the real χ′ and
imaginary χ′′ parts of the AC susceptibility;

• Absence of the sharp λ-peak in the magnetic specific heat data charac-
teristic of the long-range order. Instead, linear-T dependence of the Cm
below Tf and broad maximum above the transition temperature;

• Study of the aging process, i.e. time dependence of the magnetization,
by the isothermal remanent magnetization (IRM) or the thermorema-
nent magnetization (TRM).

The listed methods combined with three SG criteria may determine a
magnetic material to be a ‘canonical’ spin glass. However, one should dis-
tinguish the true spin glasses showing a clear transition into the frozen state
and mimicked spin-glassy behavior when a part of the spins may freeze but
without a phase transition. Therefore, additional measurements such as neu-
tron scattering or µSR techniques [66] as a local probe of intrinsic magnetism,
are needed to explore the real ground state of the material.

Spin-glass materials. The randomness and various kinds of defects play
an important role in the formation of spin-glass state. Therefore, it’s rea-
sonable looking for them among magnetically disordered systems. Diluted
allows were the first examples in which the SG state was recognized, and
the main share of theoretical and practical methods were developed to de-
scribe this new phenomenon. In the diluted alloys, a small amount (about
a few percent) of ’good’ magnetic metal, e.g. Mn, Fe or Eu, is dissolved in
the host non-magnetic metal; moreover, the distribution of magnetic impuri-
ties is completely random and the freezing of all spins occurs as a coopera-
tive process. The well-known and well-studied diluted alloys are Cu1−xMnx
(CuMn) and Au1−xFex (AuFe). These compounds, also called canonical spin
glasses, are a reference point for other systems with spin-freezing behavior.
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Comparison of particular quantities, such as the frequency shift of Tf or the
dynamical exponent zv, with a ’canonical’ case helps to distinguish the truly
SG material from spin-glass-like systems. Another scenario may be consid-
ered as the formation of frozen spin clusters (not a gradual process) that de-
velop when temperature decreases. This behavior is typical for inhomoge-
neous systems deviating from the canonical ones.

Figure 2.9: Representation of
random-site spin-glass model in
2D with the inclusion of the fer-
romagnetic ’cluster glass’ [67].

Since the 1970’s when the classical spin
glasses were explored and main principles
of this novel state were established, spin-
glass behavior has been detected for many
other 2D or 3D systems. The SG phe-
nomenon covers almost every class of com-
pounds: diluted alloys, intermetallics, ox-
ides, chalcogenides, heavy fermion met-
als and etc. The spin-glass transition
can be triggered by a site mixing on the
magnetic sublattice such in EuxSr1−xS or
KxRu4−yNiyO8 [68]; competing magnetic
interactions in CuGa2O4 [69] or a com-
plex framework of different magnetic mo-
ments in Co3Mn3(O2BO3)2 [70]. The spin-
glassy behavior may also be detected in
frustrated systems such as La2LiReO6 and
Ba2YReO6 [71]. Although spin glasses do

not cause much interest as QSL candidates, unexpected examples can still be
found not only among disordered systems, but also among highly correlated
or magnetically frustrated materials.

2.4 Kitaev materials as QSL candidates

In the previous section, a brief overview of state-of-the-art QSL candidates
was given to demonstrate a variety of materials with unusual magnetic prop-
erties. They are not limited either by dimension or by the type of frustrated
lattice. It was also announced that special attention will be paid to α-RuCl3
and Ir-based compounds with honeycomb (2D) and hyperhoneycomb (3D)
structure, and now their time has come.

2.4.1 α-RuCl3

Ruthenium trichloride is one of the most well-studied materials for the prac-
tical implementation of the Kitaev honeycomb model. The crystal structure
of α-RuCl3 is built only from RuCl6 octahedra that are arranged in honey-
comb layers in the ab plane (Fig. 2.10a). These layers lie on top of each other
along the c direction with some offset, and are separated by a van der Waals
gap. Weak but still noticeable spin-orbit coupling (λ ∼ 0.15 eV [72]) affects
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( a ) ( b )

Figure 2.10: (a) Different views on the crystal structure of α-RuCl3 [14]. (b) Field-
temperature phase diagram of α-RuCl3 [78].

the 4d5 electron structure of Ru3+ ion resulting in the jeff =
1
2 magnetic mo-

ment. In this case, spin-1
2 ruthenium ions form a perfect honeycomb lattice

representing a promising realization of the Kiaev model. Unfortunately, ther-
modynamic measurements clearly indicate the zigzag magnetic order below
TN = 7 K [73] in zero field. However, the presence of magnetic order does
not eliminate Kitaev physics in α-RuCl3: a continuum of magnetic excitations
(instead of well-define peaks) was found by using Raman spectroscopy mea-
surements in a wide temperature (up to 100 K) and energy (up to 25 meV)
range [74]. INS measurements [75–77], also confirm a broad continuum of
fractionalized excitations consistent with the Raman experiments in the same
temperature range. And looking above TN is not the only way to avoid the
ordered state.

Application of external magnetic field in the ab plane leads to a suppres-
sion of the magnetic order at Bc ' 7.5 T [77, 79] and triggers the appear-
ance of a new phase related to spin-liquid behavior (also known as of a
field-induced spin-liquid state [80] (Fig. 2.10b)). The new field-induced state
was actively studied by different techniques revealing the similar picture of
a broad continuum in the INS data [77], a half-integer plateau in the thermal
Hall conductivity [78] (as a signature of Majorana fermions) and opening a
spin gap detected by 35Cl NMR [81]. The continuous studies of α-RuCl3 in
the context of the Kitaev QSL is still actively ongoing in order to shed light
on the nature of the high-field phase, the borders of this phase, the physics
of magnetic excitations at B > Bc [82–84].

2.4.2 Family of honeycomb iridates

At the beginning, the main representatives of this family will be considered
with a focus on the features of their synthesis and crystal structure, and the
resulting magnetic properties. Looking ahead, it should be noted that all
these compounds exhibit a long-range magnetic order and do not reach the
QSL state. Earlier it was noted that one of the key points of the Kitaev model
is the magnitude of the bond angle Θ (see p. 14) determining the nature of the
interactions between magnetic ions (in this case, between Ir4+). Adjusting the
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Figure 2.11: Crystal structures of three Li2IrO3 polymorphs with respect to the motif
of Ir4+ ions: planar honeycomb (α), hyperhoneycomb (β), and stripy-honeycomb
(γ) lattices [31]. Different colors show X -, Y -, and Z -bonds of the Kitaev model.

angle Θ by means of physical or chemical modifications allows to approach
the proposed Kitaev QSL.

Therefore, the effect of external pressure applied to the Ir-based materials
will be discussed further. On the other hand, chemical modification of the
parent compounds can also act as a powerful tool to tune magnetic interac-
tions on the honeycomb lattice. Examples of this approach will be demon-
strated at the end of this section.

It is worth mentioning here again that the charm of the Kitaev model lies
in its exact solution and QSL ground state. In turn, the Jackeli–Khaliullin
mechanism provides specific instructions for finding materials suitable for
the implementation of this model. Therefore, it’s necessary to choose a proper
ion with strong effect of SOC on the honeycomb lattice. Among heavy d
transition-metal compounds, a family of Ir-based materials with a general
formula A2IrO3 (A = Li, Na) perfectly fits the specified requirements. Ir4+

ion exhibits the jeff = 1
2 effective moment while polymorphism of iridates

facilitates to cover both two- and three-dimensional cases of the iridium hon-
eycomb network.

Layered sodium and lithium iridates. Both Na2IrO3 and α-Li2IrO3 com-
pounds can be synthesized in polycrystalline and single-crystaline form. Poly-
crystalline samples are prepared by conventional solid-phase reaction be-
tween A2CO3 and IrO2/Ir at high temperatures. The single crystals growth
of Na2IrO3 occurs by further annealing the obtained polycrystals in air [85].
In the case of α-Li2IrO3, the crystals are grown by the vapor transport tech-
nique with using special arrangements [86]. Upon annealing in air, spatially
separated Li and Ir metals first oxidize, then evaporate and transfer in the
form of gaseous LiOH and IrO3, and form single crystals on the deliberately
placed spikes in the middle of the crucible.

Both Na2IrO3 [87] and α-Li2IrO3 [86] have a monoclinic structure with the
space group C2/m. Edge-sharing IrO6 octahedra form a planar honeycomb
lattice AIr2O6, the voids of which are occupied by one part of the alkali metal



24 Chapter 2. Frustrated magnetism: theory and material realizations

A (Fig. 2.11). Another part of A separate the honeycomb layers along the c
direction. Because of layered nature of the crystal structure, 2D iridates suffer
from planar defects [86, 88]: stacking faults and twinning, the latter is unique
to α-Li2IrO3. These types of disorder certainly affect the magnetic properties
of Na2IrO3 and α-Li2IrO3 leading them away from the Kitaev QSL.

At high temperatures, the magnetic susceptibilities of Na2IrO3 and
α-Li2IrO3 follow the Curie–Weiss law, the extracted effective moments [85,
86, 89] are close to the ideal value of 1.73 µB for the pure Ir4+ with jeff =

1
2 .

However, the characteristic Curie–Weiss temperatures θCW are dramatically
large and highly anisotropic that contradicts with the uniform nature of the
Kitaev model. In the case of Na2IrO3, the Curie-Weiss temperatures with re-
spect to the lattice direction were found as θab ∼ −180 K and θc ∼ −40 K [89].
For α-Li2IrO3, the Curie–Weiss temperatures are θab ∼ 4 K and
θc ∼ −58 K [88]. Moreover, both layered iridates undergo the long-range
magnetic order. Na2IrO3 demonstrates zigzag order [90] with the propaga-
tion vector k = (0, 1, 1

2) below the range 13–18 K [85] that is also confirmed
by INS and µSR measurements [91]. α-Li2IrO3 shows a transition to an in-
commensurate magnetic order below TN ∼ 15 K [92] with the propagation
vector k = (0.32(1), 0, 0) [92]. The magnetic structure can be represented as
counter-rotating spiral order of spins on the honeycomb lattice. In addition,
signs of unusual magnetic excitations at T > TN were reported for α-Li2IrO3
in INS [93] and Raman [94] spectroscopy measurements.

It seems that the presence of LRMO should definitively exclude spin-
liquid behavior in the honeycomb iridates. On the one hand, that’s true
and the ground state is magnetically ordered. On the other hand, there is
still ’a small space’ for the frustration and Kitaev physics. The first point is
a simple but useful criterion f = θCW/TN [1] which lies in the range from
5 to 10 indicating a strong frustration effect. The second point is ab initio
calculations resulting in the dominant Kitaev interactions in the spin Hamil-
tonian for both materials. However, additional interactions such as further
Heisenberg terms or Dzyaloshinskii-Moriya interactions [17] must be taken
into account because they are also involved into establishing the magneti-
cally ordered state in Na2IrO3 and α-Li2IrO3.

Three-dimensional variations of lithium iridate. The polymorphism
of Li2IrO3 allows one to realize Kitaev QSL in 3D. Probably, the right ion ra-
tio between Li+ and Ir4+ opens the way to new structure derivatives in con-
trast to the layered Na2IrO3. To distinguish the planar and three-dimensional
modifications of lithium iridates, the following notations are used: hyper-
honeycomb and stripy-honeycomb (or harmonic-honeycomb) lattices for
β-Li2IrO3 and γ-Li2IrO3, respectively.

β- and γ-phases can be synthesized in a similar way as their layered
analogues. β-Li2IrO3 is a high-temperature modification of the α-phase and
forms above 1000-1100 ◦C [89] by simple annealing of the parent compound.
Single crystals of β-polymorph are obtained by the same vapor transport
technique [86] at higher temperatures than α-Li2IrO3. The γ-phase is grown
from the mixture of LiOH flux and pre-annealed reactants at 700-800 ◦C [95].
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It could be slightly confusing to imagine a planar honeycomb network in
three dimensions, but it’s still possible. In the case of β-Li2IrO3, the crystal
structure can be represented as a distorted cubic closed-packed oxygen ar-
rangement (the orthorhombic space group Fddd), in which Ir and Li atoms
occupy all octahedral voids in a specific manner [96, 97]. Iridium atoms
form zigzag chains propagating in the ab plane and alternating along the
c direction (Fig. 2.11). In the local view, one Ir atom has three Ir neigh-
bors, almost equally distant from each other, representing X- and Y-bonds
within the chains and Z-bonds linking the chains in the notation of the Ki-
taev model. γ-Li2IrO3 crystallizes in the orthorhombic Cccm space group,
the structure is built from stripes of honeycomb plaquettes (hence the name
stripy-honeycomb) alternating along the c direction as zigzag chains in the β-
phase. The XYZ-bond notation is also applicable in this case, however, two
types of Z-bond are presented: one type is for the bond binding alternating
stripes, another type is for the interchain connection within one honeycomb
plaquette.

3D nature of the crystal structure affects the magnetism of β- and γ-poly-
morphs. The anisotropy in magnetic parameters becomes more pronounced
than in α-Li2IrO3 or Na2IrO3. The Curie–Weiss temperatures θCW of β-phase
differ not only in absolute values but also in the sign for all three directions
(θa ∼ −33 K, θb ∼ 44 K and θc ∼ 53 K) [98], while the effective magnetic
moment lies in a wide range [98, 99] for both iridates. As noted earlier, both
β- and γ-Li2IrO3 undergo long-range magnetic order below TN = 37− 38 K
(β) [96, 97], and 39.5 K (γ) [95], respectively. Surprisingly, magnetic structures
of all Li2IrO3 modifications share a lot of commonalities; the ordered state in
β- and γ-polymorphs is described as incommensurate order with counter-
rotating spirals [96, 100] and the propagation vector k = (0.57(1), 0, 0).

Another distinctive mark of anisotropic magnetic behavior in 3D iridates
is the strong field-dependence along the b axis [95, 98]. When the magnetic
field is applied along this direction, the ordered state is suppressed above
the field H > 3 T [98, 101, 102], however, this does not lead to the QSL state.
For instance, the field-induced state of β-Li2IrO3 above Bc = 2.7 T [98] does
not break any symmetry and can be classified as quantum paramagnet state
in which part of the spins are polarized along the b direction. In addition,
a weak magnetic anomaly at ∼ 100 K was detected by magnetization, heat
capacity, and µSR measurements [103]. The nature of this anomaly is not
completely clear, however, one may speculate that there is some intermedi-
ate state in β-Li2IrO3 accompanied by spin-orbital interactions. Ab initio cal-
culations suggest that the ferromagnetic Kitaev term K and the off-diagonal
anisotropy Γ dominate β-Li2IrO3 [104–107], moreover, these terms are almost
of the same order, |K| ' |Γ| [106, 108].

2.4.3 Pressure induced dimerization

Failure to achieve the quantum spin liquid in Ir-based iridates triggered in-
terest in finding other possible ways to reach this state. Deviations from the
pure Kitaev model meaning not only comparable values of the Kitaev and
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off-diagonal terms in the spin Hamiltonian but also presence of additional ex-
change interactions, make one think about alternative mechanisms for tuning
magnetic properties. One of these approaches is the application of external
pressure. Compression of the unit cell may affect the local geometry of Ir4+

ions and lead to a change in the crucial parameter Θ – the Ir–O–Ir bridging
angle, which is decisive for the strength of exchange interactions (see p.14).

2D iridates under pressure. In comparison with Li2IrO3 polymorphs,
Na2IrO3 is robust against external pressure. Theoretical calculations pre-
dict structural and magnetic phase transitions well above 40 GPa from the
ordered state to bond-ordered nonmagnetic one [109]. On the other hand,
high-pressure experiments do not show any structural deviations from the
original C2/m space group via persistent jeff = 1

2 state up to 58 GPa [110,
111]. However, the controversial results may be found in [112] claiming the
structural transitions at 3 and 10 GPa by infrared spectroscopy and resistivity
measurements.

α-Li2IrO3, on the contrary, undergoes a structural phase transition at room
temperature around Pd ' 3.8 GPa [113, 114] from the monoclinic C2/m to the
triclinic P1 space group. The transition is accompanied by an abrupt decrease
of the cell volume and shortening of 1

3 of the Ir–Ir bonds. Such phenomenon
is generally called dimerization meaning the transition into a new nonmag-
netic dimerized phase (magnetic collapse) above the critical pressure Pd and
formation of Ir–Ir dimers with short bond distances in the crystal structure.
In α-Li2IrO3, the dimerization occurs on the iridium honeycomb lattice in the
ab plane, predominantly along X or Y bonds. The structural and magnetic
phase transition was also probed by optical [115] and Raman [94] studies on
single crystals revealing dimerization at comparable critical pressure Pd.

Dimerization on the hyperhoneycomb lattice. β-Li2IrO3 shows the most
interesting behavior under pressure among other iridates.

Firstly, the structural phase transition into the fully dimerized phase oc-
curs in the range of Pd ∼ 3.8− 4.4 GPa [116, 117] at room temperature accom-
panied by symmetry reduction from Fddd to C2/c (Fig. 2.12a). Anisotropic
nature of the hyperhoneycomb lattice implies a non-equivalent Ir–Ir bond
network, and a particular direction of the dimerization can be defined. The
formation of Ir–Ir dimers occurs within the zigzag chains by a shortening of
Y-bond in the notation of the Kitaev model.

Secondly, at low temperatures the dimerization in β-Li2IrO3 originates
already at pc ' 1.4 GPa [106, 118], well below Pd (Fig. 2.12b). Previous µSR
experiments [106] detected a combination of frozen and dynamic spins above
pc suggesting the emergence of the pressure-induced spin-liquid state along
with spin-glassy state that could be a consequence of coexistence of differ-
ent phases (Fig. 2.12c). However, recent magnetization measurements under
pressure have revealed that above pc the breakdown of magnetic order oc-
curs due to formation of the intermediate partially-dimerized (P21/n) phase
in which one half of Ir4+ sites are nonmagnetic forming Ir–Ir dimers, and
the other half of Ir4+ sites are magnetic contributing to magnetic response in
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Figure 2.12: (a) Evolution of the β-Li2IrO3 crystal structures under pressure [117].
(b) Comparison of the nondimerized (Fddd), partially dimerized (P21/n), and fully
dimerized (C2/c) phases of β-Li2IrO3 under pressure . Red Ir—Ir bonds denote
the dimerized Ir4+ ions [118]. (c) Zero-field µSR time spectra at 3.5 K from [106].
Suppression of the oscillations with pressure indicates the reduction of fraction of
the magnetically ordered phase.

susceptibility data and spin dynamics in the µSR experiments [106]. Thus, in
β-Li2IrO3 the breakdown of magnetic order under pressure no longer leads
to a pressure-induced transition into spin-liquid state, but a formation of
partially-dimerized phase. The ab initio calculations [118] suggest a singlet
ground state in this new intermediate phase with similar values of KΓJ ex-
change constants as for the ambient-pressure values of β-Li2IrO3.

In summary, the application of external pressure on honeycomb and hy-
perhoneycomb iridates leads away from the desirable QSL state to the op-
posite result – dimerization and loss of magnetism. Compression of the unit
cell reduces the angle Θ toward ∼ 90◦ where the influence of the Kitaev in-
teractions are weak. Therefore, as an alternative way to tune the magnetism
in these systems, chemical substitution should be considered.

2.4.4 Ion-exchange reactions in inorganic materials

Before the chemical modifications of the parent A2IrO3 compounds are de-
scribed, basic principles of the topotactic reactions should be presented. The
definition topotactic reaction refers to a modification of existing solid state
structure with maintaining of the basic motif of the parent compound. In this
case, the precursors of the reaction are a parent (host) material and a reactant
(guest) compound which could be atoms, ions, molecules or even clusters. In
principle, they can be divided into several different types:

• intercalation with penetration of the guest particles into the host mate-
rial without a formation of a byproduct;

• deintercalation by removing guest particles from the host material;

• ion exchange between two materials that involve an exchange of one
or more ionic components [119].

While the intercalation/deintercalation reactions are commonly used in
synthesis of channel, layer and framework compounds, battery materials,
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nanoparticales, and zeolites [120], the ion exchange reactions can be sug-
gested for synthesis of new functional materials, particularly, new QSL can-
didates.

Conditionally, the topotactic ion-exchange reaction can be represented by
the general equation:

H-A + B-X → H-B + A-X, (2.11)

where HA stands for the host compound with the guest atom A, BX is a reac-
tant with the doping element B, HB is a new substituted parent compound,
and AX is a byproduct of the ionic exchange reaction. The topotactic ion-
exchange can be performed by chemical or electrochemical synthesis meth-
ods using non-aqueous, aqueous, and melt techniques. The strength of this
approach is that the reaction can be performed under mild conditions: low
temperature of the synthesis, usage of binary salts as a dopant.

For the proper chemical substitution, one should also take into account
two factors. The first one is geometrical or spatial factor. The size of ex-
changed ions/atoms should be at least comparable to each other, and inter-
layer space in 2D structures or size of the voids in 3D ones should be large
enough to host the new doping element. In this case, the ionic exchange into
the layered compounds could be more effective than into the close-packed
3D analogs. The second factor is chemical similarity of the substituted and
doped atoms. To avoid unexpected results due to red-ox processes or chemi-
cal transformation, replaced ions should have the same oxidation state or ex-
hibit similar chemical properties like isovalent substitution or group proper-
ties in the periodic table of elements. This part is less crucial for the topotactic
ionic exchange as it depends on the aim of the chemical modification. How-
ever, the combination of these two factors greatly facilitates the search for
new materials.

2.4.5 Chemical substitution into the layered A2IrO3

Chemical modification of the honeycomb iridates can be performed in two
ways: partial or full substitution of alkali metal A in A2IrO3 or doping on the
iridium site by non-magnetic ions. In all cases the substitution are oriented
on changing the local environment of Ir4+ ions to tune the angle Θ and the
value of Ir–Ir interactions keeping the honeycomb motif of IrO6 octahedra
unaffected. While substitution on A sites provides a great variety of new
materials with intriguing properties, non-magnetic doping on the Ir4+ site on
the honeycomb lattice destroys the complex magnetism. Thus, isoelectronic
substitution via Ti4+ [121] or Rh4+ [122] doping leads to spin-glassy behavior
at low temperatures. Since parent compounds already contain some sort of
defects, unnecessary disorder on the magnetic honeycomb lattice must be
avoided.
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Figure 2.13: Chemical substitutions in α-Li2IrO3 via monovalent ions [31]. Parent
structure contains Li atoms between the honeycomb layers (black), as well as in
the centers of Ir hexagons (dark red). Only the former Li atoms are exchanged in
Ag3LiIr2O6 and H3LiIr2O6, whereas a complete substitution is achieved in Cu2IrO3.

For now, chemical substitution has been presented exclusively for the lay-
ered iridates 1. Li or Na atoms can be replaced by mono- and divalent ions
while keeping the oxidation state of Ir at 4+. In general, new derivatives
of the honeycomb iridates are synthesized by topotactic low-temperature
ionic-exchange reaction. Exceptions are the (Na1−xLix)2IrO3 solid solution
for which single crystals can be obtained by the same technique as for pure
Na2IrO3, and H3LiIr2O6 prepared hydrothermally (see below). Chemical
substitution by ionic exchange allows one to obtain new Kitaev iridates, which
cannot be synthesized in any other way, for example, by a high-temperature
annealing. On the other hand, new compounds are available as polycrys-
talline samples only, and it narrows the choice of characterization methods:
for such anisotropic systems, the single-crystal experiments would be more
informative.

1In fact, synthesis of β-H2IrO3 has been reported [123] in the vein of an electrocatalytic
water splitting, but no magnetic studies were presented so far.
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Substitution with monovalent cations. The most suitable option for
chemical modifications seems the possible solid solution between Na2IrO3
and α-Li2IrO3. Despite the identical crystal structures, Na can only be par-
tially substituted by Li leading to the (Na1−xLix)2IrO3 limited solid solution
with the xmax ' 0.25 [124]. In this case, Li occupies hexagonal voids on the
iridium honeycomb lattice forming LiIr2O6 planes separated by unaffected
layers of Na, so the formula can be rewritten as "Na3LiIr2O6". The LRMO
persists upon Li doping, but the transition temperature is suppressed down
to TN = 5.5 K [124] for the maximum substitution level. The type of magnetic
order is no longer simple zigzag one, but shows short- or long-range corre-
lations hinting at a more complex magnetic behavior and local disorder [125,
126].

The next step in the synthesis of new iridates is doping by monovalent
cations with comparable ionic radii of Li+ or Na+ ions. Probably, the only
such candidates are nonmagnetic d10 Cu+ and Ag+ cations. Using CuCl [127]
and AgNO3 [128] as a source of required ions, new Kitaev iridates can be syn-
thesized by a topotactic reaction. The partially substituted iridates –
Cu3LiIr2O6, Cu3NaIr2O6 and Ag3LiIr2O6 – have the same crystal structure
(Fig. 2.13): Li(Na)Ir2O6 honeycomb planes are separated by the nonmagnetic
buffer layers of Cu or Ag atoms similar to "Na3LiIr2O6" mentioned above. In
the case of Cu-substituted compounds [127], the specific heat measurements
as well as powder neutron diffraction indicate the suppression of magnetic
order due to an absence of characteristic sharp anomalies in the data. On
the other hand, large negative Curie–Weiss temperatures (θCW = −113 K
for Cu3NaIr2O6 and θCW = −145 K for Cu3LiIr2O6) along with peak-like
anomalies in the magnetic susceptibility around ∼ 15 K suggest predomi-
nantly antiferromagnetic behavior of these compounds. A slightly different
picture arises for Ag-substituted iridate. Initially, Ag3LiIr2O6 seemed to be
in close proximity to the Kitaev spin liquid [129]. The significant interlayer
expansion by large Ag atoms was thought to induce a strong spin-orbit cou-
pling mediated via the O–Ag–O bonds between the layers. The absence of
magnetic order or spin freezing along with a two-step release of the magnetic
entropy supported the idea of the QSL behavior. However, further examina-
tion of Ag3LiIr2O6 revealed that structural disorder, in particular stacking
faults, drastically affects the magnetic properties of this material. It turned
out that the samples with a low concentration of stacking faults demonstrate
long-range antiferromagnetic order below TN = 14 K [130], and the proxim-
ity to the Kitaev spin liquid was a consequence of structural randomness in
the crystal structure.

The full substitution of Na atoms in Na2IrO3 by treating with CuCl leads
to another new Kitaev iridate, Cu2IrO3 (Fig. 2.13). At low temperature it
demonstrates a weak magnetic order, and a large Curie–Weiss temperature
θCW = −110 K in combination with a small TN = 2.7 K indicates signif-
icant frustration index f = |θCW|/TN of 40 assuming proximity to the QSL
ground state [131]. Unfortunately, the stacking fault legacy of the parent com-
pound is also presented in this case [132]. Moreover, mixing occupancy of
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Cu/Ir sites introduces an additional disorder on the iridium honeycomb lat-
tice: Cu1+/Ir4+ cation disorders [131] dilute the honeycomb spin lattice and
Cu1+(Ir4+)/Cu2+(Ir3+) mixed valence due to oxidation and reduction pro-
cesses creates a nonmagnetic and magnetic impurities breaking honeycomb
pattern [132, 133]. The µSR experiments reveal coexistence of static and dy-
namic spins at low temperatures suggesting that the static contribution is
caused by Cu2+ magnetic impurities while the undistorted parts of the hon-
eycomb lattice manifest the Kitaev spin liquid [132]. From another point of
view, the abundance of structural and chemical defects in Cu2IrO3 would
rather cause disordered magnetism that mimics the QSL state.
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Figure 2.14: (a) Crystal struc-
tures of α-M IrO3, where M =
Mg, Zn or Cd. (b) Schematic il-
lustration of the trigonal distor-
tion in α-CdIrO3.

Probably, the most promising QSL can-
didate among all chemically modified iri-
dates known so far is a partially substi-
tuted H3LiIr2O6 (Fig. 2.13). Not only
monovalent metals but also a hydro-
gen ion H+ can play a role of the
dopant. In contrast to other chemi-
cal derivatives of the layered iridates,
H3LiIr2O6 is synthesized hydrothermally
by treating α-Li2IrO3 in sulfuric acid [134,
135], and can be obtained in both pow-
der and single crystal
form [136]. Thermodynamic measurements
along with local probes by 1H and 7Li NMR
reveal the absence of magnetic ordering
down to 50 mK [135] as well as persistence
of spin dynamics and low-energy excita-
tions at the lowest temperatures examined
by specific heat measurements. These ob-
servations imply that the ground state of
H3LiIr2O6 may be the Kitaev spin liquid.
However, various kinds of defects in this
material cast doubt on the QSL behavior.

Firstly, there is abundance of the notorious stacking faults [134] inherent in
all other layered iridates. Secondly, hydrogen atoms can occupy random po-
sitions between the LiIr2O6 magnetic honeycomb layers forming strong in-
terlayer O–H· · ·O hydrogen bonds affecting also Ir–O bond distances. Both
detailed crystal structure analysis [134] and ab initio calculations [137] indi-
cate that H–O bonds affect the stacking pattern of the honeycomb layers and
introduce randomness of magnetic interactions. Therefore, a random-singlet
state instead of the Kitaev spin liquid may be a reason for the suppressed
magnetic order in H3LiIr2O6.

Substitution with divalent cations. The number of monovalent ions
suitable for substitution into layered sodium and lithium iridates is limited.
The main criteria for doping elements are the ionic radius comparable to Li+



32 Chapter 2. Frustrated magnetism: theory and material realizations

or Na+ radii, and the ion charge to keep the oxidation state of Ir4+. More-
over, the doping cations should be non-magnetic to prevent the disturbance
of the honeycomb lattice due to additional magnetic interactions. As a solu-
tion, divalent metals may be considered as a doping element, resulting in the
composition α-MIrO3 where M is non-magnetic Mg2+, Zn2+ or Cd2+ ions.

All three α-MIrO3 compounds were synthesized via a low-temperature
metathesis reaction using proper metal chlorides (in the case of Cd, an in-
ert salt of NaCl is added to stabilize the target compound) [138, 139]. Due
to divalent nature of the ions, the crystal structure of new iridates trans-
forms from monoclinic to rhombohedral lattice system with the space group
of R3̄. In this case, the honeycomb layers of Ir2O6 with unoccupied voids are
stacked along the c direction separated by buffer ions of M (Fig. 2.14a). Both
α-MgIrO3 and α-ZnIrO3 exhibit a long-range magnetic order below 31.8 and
46.6 K [138], respectively. Comparable values of Curie-Weiss temperatures
θCW and transition temperatures TN result in the small values of the index f
of 1.02 to 2.11 for both materials indicating a minor role of frustration effects
on the honeycomb lattice. In the case of α-CdIrO3, IrO6 octahedra experi-
ence a strong trigonal distortion (Fig. 2.14b) leading to an effective magnetic
moment of µeff = 2.26(4) µB [139] and deviation from the jeff = 1/2 mo-
ment of Ir4+ state. Additionally, α-CdIrO3 undergoes a magnetic order at
TN = 91 K [139] like the other MIrO3 compounds.

2.5 Motivation

Magnetic compounds with 2D or 3D spin lattices may serve as a suitable
playground for the frustrated magnetism and spin-liquid behavior. There are
variety of materials prone to such peculiar state that is caused by geomet-
rical frustration. However, the number of compounds showing frustrated
magnetism due to the bond-dependent exchange interactions is limited. Ap-
plication of the Kitaev model along with the Jackeli–Khaliullin mechanism
to real systems extends the list of QSL candidates and opens new ways for
practical realization of this concept.

The family of Ir-based compounds with honeycomb-like lattice fits well in
the Kitaev model. Nevertheless, pristine Na2IrO3 and polymorphs of Li2IrO3
are magnetically ordered and deviate from the pure QSL state. Probably,
application of external stimuli or chemical modifications could improve the
magnetic properties of these materials and bring closer to QSL. However, ex-
ternal pressure induces the magnetic collapse and eventually leads to the
non-magnetic dimerized state. Chemical substitution of the alkali metals
can suppress the magnetic order in some cases, but a new spin-liquid-like
behavior may be explained as a disordered magnetism introduced by struc-
tural defects and randomness of magnetic interactions. Table 2.1 summarizes
the most relevant parameters of the pure honeycomb-like iridates and their
chemical derivatives.

Taking into account all of the above, β-Li2IrO3 may be considered as a
good starting point for finding of new Kitaev materials with the hyperhon-
eycomb lattice. Several benefits should be mentioned:
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• In contrast to the layered iridates, β-polymorph is structurally well or-
dered and does not suffer from stacking faults.

• The breakdown of magnetic order under pressure is accompanied by
an intermediate partially-dimerized state. The suppression of mag-
netism occurs gradually with coexistence of frozen and dynamic spins.
It means that with proper tuning tools, it’s possible to find an optimal
state in which spins can fluctuate without ordering or freezing.

• No results of chemical substitution into β-Li2IrO3 have been reported
by now. Therefore, new QSL candidates with 3D honeycomb lattice
may be synthesized by using the topotactic ionic exchange reaction as
was done for the layered iridates.

Table 2.1: Summary of parent sodium and lithium iridates as well as their derivatives
synthesized by ion-exchange reactions. The ionic radius r is presented for the six-
fold coordinated ion [140]. The temperature θiso for γ-Li2IrO3 is not given due
to a strong deviation from the Curie-Weiss law. The frustration index defined as
f = |θCW|/TN, is not applicable for γ-Li2IrO3 and H3LiIr2O6 (denoted as question
mark). The asterisk marks the lowest measured temperature for H3LiIr2O6 (no
magnetic order down to 50 mK [135]).

Compound r (Å) µeff (µB) θiso (K) TN (K) f Ref.

Na2IrO3 1.02 1.79 −120 13− 18 8 [89, 92]

α-Li2IrO3 0.76 1.83 −33 to −100 ∼ 15 ∼ 5 [89, 92]

β-Li2IrO3 0.76 1.7–2.0 +21 37− 38 0.6 [97]

γ-Li2IrO3 0.76 1.9–2.4 − ∼ 40 ? [95]

"Na3LiIr2O6" 0.76 1.8–2.0 −70 5.5 12.3 [124]

Cu3LiIr2O6 0.77 2.1 −145 ∼ 15 9.7 [127]

Cu3NaIr2O6 0.77 2.0 −113 ∼ 15 4.1 [127]

Ag3LiIr2O6 1.15 1.87 −132 14 9.4 [130]

Cu2IrO3 0.77 1.93 −110 2.7 40 [131]

H3LiIr2O6 − 1.60 −105 0.05* ? [135]

α-MgIrO3 0.72 1.73 −67.1 31.8 2.11 [138]

α-ZnIrO3 0.74 1.73 −47.5 46.6 1.02 [138]

α-CdIrO3 0.96 2.26 −280 90.9 3.08 [139]
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Chapter 3

Synthesis and crystal structure

3.1 Synthesis of new Kitaev iridates

Layered sodium and lithium iridates have shown themselves as a good plat-
form for chemical substitution to obtain new materials hosting Kitaev physics
on the honeycomb lattice. Extending this idea to the three dimensional case,
β-Li2IrO3 may act as a practical realization of the Kitaev model on the hy-
perhoneycomb lattice. And new derivatives may be obtained by the simi-
lar topotactic ion exchange reaction as in the case of Na2IrO3 or α-Li2IrO3.
However, the robust nature of β-Li2IrO3 crystal structure limits the number
of doping elements (Fig. 3.1). Li and Ir atoms occupy all octahedral posi-
tions without leaving any voids meaning that the size of the doping metal
ion should be comparable with the lithium one. Moreover, the doping metal
must be even smaller than Na+ ion: difference between ion radii of alkali
metals is not crucial but there is no "β-Na2IrO3" with the hyperhoneycomb
lattice meaning that the size of Li ion is optimal for this family of iridates.
Interestingly, β-Na2PtO3 does exist with the hyperhoneycomb motif of PtO6
octahedra [141]. According to the table 3.1 of ionic radii for selected metals,
only Cu+ may be chosen for the ionic exchange because Ag+ ion is too large
in this case (also for the layered systems, only partially substitution is pos-
sible, see Ag3LiIr2O6 [128, 130]). On the other hand, divalent metals offer
more options: the radii of Mg, Zn and Cu ions are quite close to the Li+ one.
However, magnetic properties of Cu2+ ion should be taken into account: the
electronic configuration (3d9) implies the spin-1

2 behavior that would intro-
duce unnecessary magnetic impurities on the hyperhoneycomb lattice.

Table 3.1: List of ionic radii r for the six-fold coordinated mono- and divalent
ions [140] potential for ionic exchange.

Monovalent ion r (Å) Divalent ion r (Å)

Li+ 0.76 Mg2+ 0.72

Cu+ 0.77 Cu2+ 0.73

Na+ 1.02 Zn2+ 0.74

Ag+ 1.15 Cd2+ 0.95

Ca2+ 1.00
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...

Figure 3.1: Part of the periodic table of the elements highlighting the most promising
metals for the ionic substitution.

As for the other metals, substitution with Cd may lead to a large distor-
tion of the crystal structure as in the case of CdIrO3 [139]. Additionally, there
is the post-perovskite phase of CaIrO3 showing the orthorhombic structure
without the honeycomb motif of IrO6 octahedra along with the quenched
jeff =

1
2 state [142].

Preparation of the parent compound The polycrystalline samples of
β-Li2IrO3 were synthesized by a conventional solid state reaction from Li2CO3
(≥ 99.99%, Alfa Aesar) and powder of Ir (99.95%, ChemPUR) in a molar ra-
tio of 1.05 : 1. The well-ground mixture was placed in an alumina crucible,
heated within three hours and annealed at 1050− 1100 ◦C for 48 h in air [88],
then furnace cooled to room temperature. The obtained powder product con-
tained a mixture of the α- and β-polymorphs in a roughly equivalent ratio.
Therefore, the mixture was re-ground several times and heated at the same
temperature until the pure phase of β-Li2IrO3 was obtained. The overall re-
action is expressed as

Li2CO3 + Ir + O2
air−→ β-Li2IrO3 + CO2 ↑ . (3.1)

The purity and quality of the synthesized parent compound were confirmed
by x-ray diffraction (XRD).
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3.1.1 Monovalent substitution

The first task was to perform isovalent substitution of Li with Cu(I) by a
similar ionic exchange reaction as in the case of Cu2IrO3 [131]: mixture of
β-Li2IrO3 and CuCl (99.995%, ROTIrMETIC) in the mole ratio of 1 : 3 was
placed into a covered alumina crucible and sealed under Ar in a quartz tube/
ampule. All sample preparations were performed in an argon glovebox due
to the high hygroscopicity of the salts used. The sealed ampule with the
mixture was heated at 1.5− 2 ◦C/min to 350− 380 ◦C, kept for 16− 24 h, and
then cooled to room temperature. Excess of CuCl was removed by treating
the sample with concentrated hydrochloric acid, the rest of the undissolved
sample was washed several times with distilled water and dried by rinsing
with acetone.

Surprisingly, this attempt was unsuccessful, and the resulting sample con-
tained the pure β-polymorph without any sign of a new phase forming: re-
flection positions and profiles as well as cell parameters were unaffected.
Further variation of reaction conditions haven’t made any improvements:
changing the mole ratio and increasing the heating time to 80 h gave the
same negative result, the gradual increase of the reaction temperature up to
∼ 440 ◦C led to a partial degradation of the parent compound with the for-
mation of IrO2 as an impurity. After numerous synthesis attempts, it was
concluded that Cu+, probably, can’t substitute Li+ in β-Li2IrO3.

As was noticed earlier, the ionic radius of Ag atom is incompatible with
the radius of Li+, and one shouldn’t expect any noticeable Ag substitution in
β-polymorph. However, low-temperature ion exchange reaction could work
to synthesize metastable compounds, particularly, when the doping ion is
larger than the substituted one. Therefore, several attempts have been made
to check the possibility of silver doping in β-Li2IrO3. AgCl (99.999%, Aldrich)
or AgNO3 (99.9995%, Alfa Aesar) were used as a source of Ag+ ion for the
ionic exchange reaction. The syntheses were performed in the same condi-
tions as in the case of Cu+-doping (see Table 3.2). In the result, as expected,
no ionic exchange between β-Li2IrO3 and silver salts occurred, and no new
products of lithium substitution were detected.

3.1.2 New iridates β-MIrO3

The substitution with monovalent metals demonstrates a negative result with-
out formation of new iridates. Due to the limited number of elements suitable
for the ionic exchange, divalent metals must be considered as the next step
for searching of new Kitaev materials based on β-Li2IrO3. Looking ahead, it
is worth mentioning that divalent metal doping leads to new Kitaev iridates
β-MIrO3 where M = Zn or Mg. In order to avoid confusion with the lay-
ered honeycomb derivatives, new compounds are labeled with a β prefix as
a reference to β-Li2IrO3 with the hyperhoneycomb lattice.

β-ZnIrO3 The synthesis of the new zinc iridate was performed in a sim-
ilar way as Cu2IrO3 [131] and the attempt with CuCl. In this case, ZnCl2
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(99.999%, Aldrich) was used as a source of Zn2+ ions, the mole ratio between
the parent compound and an excess of zinc chloride varied between 1 : 1
and 1 : 3. Temperature and duration of the synthesis were also adjusted to
optimize the reaction conditions. The best result was achieved by heating the
mixture of β-Li2IrO3 and ZnCl2 in the mole ratio of 1 : 2 at 380 ◦C for 48 h
in the Ar atmosphere. In addition, zinc chloride melts at the temperature of
Tm ' 290 ◦C meaning that the ionic exchange above this temperature occurs
between solid and liquid phases improving the mixing of the reactants. The
topotactic reaction can be expressed as

β-Li2IrO3 + xZnCl2
Ar−→ β-ZnIrO3 + (x− 1)ZnCl2 + 2LiCl. (3.2)

The residual ZnCl2 and the byproduct LiCl were removed by treating the
sample with the 10% solution of hydrochloric acid, washed several times
with distilled water and dried by rinsing with acetone.

Figure 3.2: Schematic illustration of the
ionic exchange setup on the example of
the β-ZnIrO3 synthesis.

β-MgIrO3 Assuming similarity
in the chemical substitution [138],
synthesis of β-MgIrO3 was attempted
to synthesis at the exactly the same
conditions as for β-ZnIrO3 using
MgCl2 (≥ 99.99%, ChemPUR) as
a reactant. Surprisingly, no signs
of substitution were found in this
case; varying the reaction conditions
didn’t facilitate the ionic exchange
as well. The reason for the un-
successful substitution could be the
low chemical activity of magnesium
chloride particularly in this situa-
tion. As a workaround, one could
think about another magnesium
salt, especially, with a low melting
temperature. For instance, magne-
sium nitrate hexahydrate with the

formula of Mg(NO3)2·6H2O (99.97%, Alfa Aesar) may be a good candidate
as a reactant for the ionic exchange. Unlike other chlorides used, this salt is
stable in air and has a very low melting point of Tm ∼ 90 ◦C [143]. There-
fore, the well ground mixture of β-Li2IrO3 and Mg(NO3)2·6H2O in the mole
ratio of 1 : 3 was placed into an alumina crucible and heated at 310 ◦C for
24 h directly in air. The increasing of synthesis temperature is not possible
due to decomposition of magnesium nitrate above Tdec ' 330 ◦C [143]. In-
creasing the duration of the synthesis as well as re-annealing of β-MgIrO3
samples at higher temperatures (up to 500 ◦C) don’t affect the sample crys-
tallinity/quality. The summarized reaction can be expressed as
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β-Li2IrO3 + xMg(NO3)2 · 6H2O air−→
β-MgIrO3 + (x− 1)Mg(NO3)2 + 2LiNO3 + x6H2O.

(3.3)

Byproducts of the reaction were removed by the same procedure as the
previously synthesized β-ZnIrO3 with hydrochloric acid solution, distilled
water and acetone.

Li2xMg1−xIrO3 Partial substitution in the honeycomb sodium and lithi-
um iridates was briefly discussed earlier in the corresponding section. And
divalent metals were not suggested as doping elements for the layered sys-
tems. For the case of 3D structure of β-Li2IrO3, it also seemed unlikely be-
cause of the robust nature of the hyperhoneycomb lattice and difference in
the ion charges of Li+ and M2+ that could lead to a change in the oxidation
state of iridium. Nevertheless, partial substitution of Li in β-polymorph is
possible.

Systematic variation of synthesis conditions for β-MgIrO3, namely the
molar ratio of reagents, revealed that equivalent amounts of the parent com-
pound and magnesium nitrate without an excess of the latter reacted with
the formation of a new phase with the similar crystal structure, but the lat-
tice constants differ from the cell parameters of β-MgIrO3. Decreasing the
fraction of Mg(NO3)2·6H2O in the molar ratio led to contradictory results:
samples showed a change in the lattice parameters but without any connec-
tion to the initial molar ratio of the reactants. Initially, the solid solution
Li2xMg1−xIrO3 was suggested, and a lot of effort was put into the selection
of synthesis conditions. However, only the tiny range or even one point of
substitution level x demonstrated more or less reproducible results.

Eventually, the new partially substituted iridate β-Li2xMg1−xIrO3 with
x = 0.3 or Li0.6Mg0.7IrO3 [further, β-(Li,Mg)IrO3 for short] was synthesized
by topotactic ion exchange reaction from the mixture of β-Li2IrO3 and
Mg(NO3)2·6H2O in the molar ratio of 1 : 0.8. The reaction conditions and
subsequent treatments were identical to the synthesis for fully substituted
β-MgIrO3. One crucial remark is that the reproducibility of the synthesis
strongly depends on the sample amount: for instance, the minimal mass of
β-Li2IrO3 was at least 2 grams.

The new synthesized Kitaev iridates – β-ZnIrO3, β-MgIrO3, and
β-(Li,Mg)IrO3 – are all dark-grey or even black polycrystalline samples, sta-
ble in the air, difficult to press into pellets. No degradation in air was ob-
served after 12 months. In contrast to the partially substituted β-(Li,Mg)IrO3,
β-ZnIrO3 and β-MgIrO3 samples can be prepared in a wide range of masses
varying between 0.3 g and ∼ 1 g.
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Table 3.2: Summary of synthesis conditions for the chemical substitution. MNH
stands for magnesium nitrate hexahydrate Mg(NO3)2·6H2O. The asterisk denotes
the composition Li0.6Mg0.7IrO3

Reactant Ratio T (◦C) Atmosphere Duration (h) Result

CuCl 1 : 3 380− 440 Ar 16− 80
Degradation

of β-Li2IrO3

AgCl
up to 1 : 3 350− 380 Ar 16− 48 No reaction

AgNO3

ZnCl2 up to 1 : 3 350− 380 Ar 16− 48 β-ZnIrO3

MgCl2 1 : 2 350− 400 Ar 16− 48 No reaction

MNH 1 : 3 290− 320 air 24− 48 β-MgIrO3

MNH 1 : 0.8 310 air 24 β-(Li,Mg)IrO3*

3.2 Crystal structure

3.2.1 Methods of structural characterization

Preliminary sample characterization was performed by powder x-ray diffrac-
tion (PXRD) using laboratory diffractometer Rigaku MiniFlex 600 with CuKα
radiation and work performance of 40 kV and 15 mA. Microstructure, space
group and elemental analysis of β-MIrO3 were performed by the transmis-
sion electron microscopy (TEM) and the energy dispersive x-ray spectrom-
etry (EDX) methods. Further structural characterization of the samples was
carried out by high-resolution PXRD and neutron powder diffraction with
the Rietveld refinement of the crystal structure. The Jana2006 program [144]
was used for the structure refinement. The experimental details and condi-
tions are described below.

Electron microscopy. TEM investigation of the samples was performed
by Maria Kirsanova and Artem Abakumov at Skolkovo Institute of Science
and Technology (Moscow, Russia). The samples were prepared in air by
crushing the crystals in a mortar in acetone and depositing drops of suspen-
sion onto holey carbon grids. Electron diffraction tomography (EDT) series
and energy dispersive x-ray (EDX) spectra were collected manually with FEI
Tecnai G2 transmission electron microscope operated at 200 kV. The selected
area electron diffraction (SAED) patterns and high-resolution HAADF-STEM
images were taken on aberration-corrected Titan G3 microscopes operated at
300 or 200 kV. EDT data were treated using PETS [145] and Jana2006 soft-
ware [144].

Synchrotron XRD. High-resolution XRD data were collected at several
temperatures between 10 and 500 K at the ID22 beamline of the European
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Synchrotron Radiation Facility (ESRF; Grenoble) using the wavelength of
0.3542 Å, and the MSPD beamline of the ALBA synchrotron (Barcelona, Spain)
using the wavelength of 0.3252 Å. The β-MIrO3 samples were placed in thin-
walled glass capillaries and cooled down using the He-flow cryostat. The
capillaries were spun during the data collection. Diffracted signal was record-
ed by 14 (ALBA) and 13 (ESRF) scintillation detectors preceded by Si(111)
analyzer crystals.

Powder neutron diffraction. Neutron diffraction data were collected at
the D2B (λ = 1.594 Å) instrument at the Institut Laue-Langevin (ILL), Greno-
ble. The powder samples of β-MIrO3 were loaded into a vanadium container
and cooled down to 1.5 K with the standard Orange cryostat. All samples
were measured at room temperature and 1.5 K except the partially substi-
tuted β-(Li,Mg)IrO3 which was cooled down only to 20 K.

3.2.2 Details of the crystal structure

Crystal structures of new Kitaev iridates β-MIrO3 bear both similarities and
differences compared with the parent structure. First, the main common fea-
ture of the β-Li2IrO3 derivatives should be emphasized – preservation of the
IrO6 octahedra motif arranged on the hyperhoneycomb lattice as in the case
of the parent β-Li2IrO3 structure. However, non-isovalent substitution of
lithium atoms triggers symmetry lowering because two monovalent Li+ ions
have to be replaced by one divalent M2+ ion in order to keep the oxidation
state of Ir at 4+. The latter can be shown by the charge balance trough the
oxidation states of the ions in the parent and new compounds:

2Li(+) + Ir(4+) + 3O(2−) = Li2IrO(0)
3

M(2+) + Ir(4+) + 3O(2−) = MIrO(0)
3

Figure 3.3: Visualization of the unit cell transformation of the orthorombic Fddd
space group into the monoclinic C2/c (P21/c) one by symmetry lowering. The hy-
perhoneycomb motif of IrO6 octahedra is presented in dark blue. The corresponding
octahedral and tetrahedral positions are colored in green and yellow, respectively.



42 Chapter 3. Synthesis and crystal structure

Figure 3.3 schematically illustrates the connection between an original struc-
ture of the parent compound and its transformation into the new monoclinic
representations.

β-Li2IrO3 crystallizes in the orthorhombic space group Fddd (#70) with
one position of Ir forming the hyperhoneycmb sublattice, and two non equiv-
alent positions of Li1 and Li2 that occupy two octahedral sites, 16 in total for
one unit cell. Converting the orthorombic crystal system into the monoclinic
one can be done by the transformation matrix L1(P, p) or L2(P, p) leading to
the monoclinic space groups C2/c (#15) or P21/c (#14), respectively. In this
definition, P represents the 3×3 rotation matrix, and p displays the origin
shift.

L1(P, p) =


0 1 0 0

−1 0
1
2

0

0 0
1
2

0

 ; L2(P, p) =


0 1 0

1
4

−1 0
1
2

1
4

0 0
1
2

0

 .

New β-MIrO3 compounds crystallize in one of these two monoclinic mod-
ifications in which Ir atoms form the hyperhoneycomb motif while one part
of divalent M atoms occupies one of the octahedral sites previously taken by
the Li atoms in the parent compound, and the remaining M2+ ions go into
tetrahedral sites that have been empty before substitution.

β-ZnIrO3 The crystal structure of zinc iridate is solved in the space group
P21/c which can be obtained from the initial Fddd space group of the parent
compound by the transformation matrix L2(P, p). Edge-sharing IrO6 octa-
hedra form 3D framework with two types of cavities occupied by Zn atoms
(Fig. 3.4 a). The first type is an octahedral position Zn1 similar to the previ-
ous site Li1 in the parent compound, and the second one is a new tetrahedral

Figure 3.4: (a) Crystal structure of β-ZnIrO3; the octahedral (Zn1) and tetrahedral
(Zn2) positions are represented in green and gray, respectively. (b) Hyperhoneycomb
Ir4+ network with the X (X1, X2)-, Y -, and Z -bonds labeled similar to the β-Li2IrO3
notation.
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Table 3.3: Structural parameters of β-ZnIrO3 from the Rietveld refinement of
the neutron diffraction data. The space group is P21/c (#14) and Z = 8, the
lattice constants are a = 8.7637(2) Å, b = 5.9209(1) Å, c = 9.9227(3) Å,
β = 116.12(1) deg. and V = 57.79 Å3/f.u. at T = 300 K. Site occupancy is 1
for all atoms; U iso is the isotropic displacement parameter and is given in Å2.

Atom Site x y z U iso

Ir1 4e 0.3250(12) 0.122(3) 0.4167(7)
0.0013(5)

Ir2 4e 0.1594(11) 0.128(3) 0.0804(7)

Zn1 4e 0.5065(14) 0.383(3) 0.2806(9)
0.0004(9)

Zn2 4e 0.1211(11) 0.622(4) 0.2519(15)

O1 4e 0.0725(16) 0.607(3) 0.4221(13)

0.0001

O2 4e 0.1094(17) 0.126(3) 0.4329(12)

O3 4e 0.3969(18) 0.148(3) 0.0920(13)

O4 4e 0.5593(18) 0.112(3) 0.4149(13)

O5 4e 0.7452(14) 0.393(4) 0.2589(12)

O6 4e 0.2549(15) 0.355(4) 0.2537(13)

position Zn2. Both sites are fully occupied by Zn atoms, however, the num-
ber of the positions is reduced to 8 (4 sites for each ZnO4 and ZnO6 structural
units) due to the substitution of two Li atoms by one Zn atom.

Figure 3.5: (a) [010] and (b) [110] projections of the structural model of β-ZnIrO3
superimposed on the experimental HAADF-STEM images. Ir and Zn atoms are
shown as purple and blue balls, respectively. O atoms are not shown. (c) [100]
HAADF-STEM images of β-ZnIrO3 illustrating {013}-confined planar defects in
the honeycomb packing.

Moreover, the structural model of β-ZnIrO3 adopts two distinguishable
Ir sites – Ir1 and Ir2 – forming four independent Ir–Ir pairs (Table 3.3), while
in the parent compound β-Li2IrO3 only one position of Ir is allowed with
two types of Ir–Ir bonds. In the case of β-ZnIrO3, the XYZ-bond notation
of the Kitaev model (Fig. 3.4 b) can be applied as follows: three pairs of
Ir1–Ir1, Ir2–Ir2 and Ir2–Ir1 bonds labeled as X1, X2 and Y, respectively, form
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zigzag chains alternating along the c direction, and Ir1–Ir2 pair noted as Z
bond binds the iridium chains. The full information about crystal structure
refinement and structural parameters can be found in the Appendix A.

The synchrotron PXRD data (Fig. 3.8a) indicate an almost pure phase of
β-ZnIrO3 except several low-intensity peaks that can’t be identified as any
known compound, e.g. Ir, IrO2, α-ZnIrO3 or β-Li2IrO3. The β-ZnIrO3 com-
position is confirmed by EDX and by the crystal structure refinement based
on neutron diffraction data that are sensitive to both light Zn and O as well
as heavy Ir atoms. Figure 3.5a-b demonstrates the perfect honeycomb pack-
ing of the Ir atoms with the average Ir–Ir bond distance of ∼ 3.02 Å that is
slightly longer than in the parent compound with the average bond length
of ∼ 2.97 Å [97]. However, the Ir–O bond distances calculated from the neu-
tron data refinements at room temperature and 1.5 K, are slightly anisotropic
indicating that IrO6 octahedra are somewhat distorted (see Table 3.4). The
bond length distortion (BLD) and the edge length distortion (ELD) param-
eters can be employed to quantify the degree of IrO6 distortion which are
defined as [146]

BLD(%) =
100
n

n

∑
i

|di − 〈d〉|
〈d〉 ; ELD(%) =

100
n

n

∑
i

|OOi − 〈OO〉|
〈OO〉 (3.4)

where d (OOi) is the bond (edge) length of the polyhedron and 〈d〉 (〈OO〉) is
the average bond (edge) length. The BLD values calculated for both Ir1 and
Ir2 sites are around 1.63% and 1.16%, respectively, and the ELD values are
roughly around 3.5%. In comparison with the parent compound β-Li2IrO3,
the BLD of IrO6 octahedra is less than 0.04% with the average Ir–O bond
distance of 2.025 Å [97].

Table 3.4: Ir–O bond distances at RT and 1.5 K (base temperature, BT) for the Ir1
and Ir2 positions of β-ZnIrO3 obtained from the Rietveld refinement of the neutron
diffraction data.

Type dRT
Ir−O (Å) dBT

Ir−O (Å) Type dBT
Ir−O (Å) dBT

Ir−O (Å)

Ir1–O2 1.97(2) 2.01(2) Ir2–O1 2.02(2) 2.01(2)

Ir1–O3 2.08(2) 2.055(19) Ir2–O1 1.99(2) 2.00(2)

Ir1–O4 2.05(2) 2.02(2) Ir2–O2 1.97(2) 2.01(2)

Ir1–O4 2.06(2) 2.04(2) Ir2–O3 2.04(2) 2.07(2)

Ir1–O5 2.07(2) 2.06(3) Ir2–O5 2.00(2) 2.00(3)

Ir1–O6 2.01(2) 2.01(3) Ir2–O6 2.04(2) 2.04(3)

Additionally, some crystallites of β-ZnIrO3 have planar defects confined
to the {013} lattice planes of the parent Fddd subcell (Fig. 3.5c). The projected
Ir–Ir distance within the defects is drastically shortened to ∼ 2.15 Å that
might indicate changing of connectivity of the IrO6 octahedra from edge-
sharing to face-sharing along the defect and formation of thin slabs of the
rock-salt type structure. Such defects may be a result of ionic exchange or
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Figure 3.6: (a), (c) Lattice parameters and unit cell volume, and (b), (d) Ir–Ir
bond distances of β-ZnIrO3 as a function of temperature below and above room
temperature, respectively. All lattice constants are normalized to the parameters at
RT. The values of the monoclinic angle β are not given due to a change of less
than 0.05 ◦.

inherited from the parent compound. Nevertheless, these defects are rare
and may not affect magnetic properties and can be ignored.

Temperature evolution of the lattice constants as well as Ir–Ir bond dis-
tances plotted from the Rietveld refinement of the synchrotron PXRD data
(Fig. 3.6a-b) do not demonstrate any drastic changes: the unit cell parame-
ters steadily decrease with temperature while the lengths of the XYZ-bonds
slightly fluctuate around their mean values. On the other hand, changes of
the lattice constants upon warming deviate from the linear behavior above
550 K (∼ 250 ◦C) that’s also seen from the remarkable deviations in the Ir–
Ir bond distances (Fig. 3.6c-d). However, no structural transformations and
change of the space group P21/c were detected by the crystal structure re-
finement at least up to 550 ◦C.

The Ir–O–Ir bond angles (Θ) calculated from the refinement of neutron
diffraction data are strongly anisotropic and consistent with the changes of
XYZ-bond distances (Table 3.5). Such diversity in bond length and angles
values is caused, first of all, by a non-equivalent surrounding of oxygen
atoms that are shared additionally between different types of Zn polyhedra.
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For instance, along the longest X1 bond the position O4 in the Ir1–O4–Ir1
angle is involved with two ZnO6 octahedra, and along the X2 bond the po-
sition O1 in the Ir2–O1–Ir2 angle is shared with only one ZnO4 tetrahedron.
Along the other Y- and Z-bonds the oxygen atoms are connected non uni-
formly with both tetrahedral and octahedral Zn positions. Additionally, the
anisotropic nature of the bonds are affected by highly distorted of ZnO6 and
ZnO4 units with the BLD values of 4.2% and 2.03%, respectively.

Table 3.5: Ir–Ir bond distances and Ir–O–Ir bond angles of β-ZnIrO3 at RT and
1.5 K (BT) obtained from the Rietveld refinement of the neutron diffraction data.

Bond direction dRT
Ir−Ir (Å) dBT

Ir−Ir (Å) Angles ΘRT (deg) ΘBT (deg)

intrachain X1 3.116(16) 3.087(17) Ir1–O4–Ir1 98.6(9) 99.3(10)

intrachain X2 2.954(15) 2.930(17) Ir2–O1–Ir2 94.9(9) 93.9(10)

intrachain Y 3.009(17) 3.027(19)
Ir1–O2–Ir2 99.3(8) 98.0(9)

Ir1–O3–Ir2 93.8(7) 94.5(7)

between chains Z 2.994(9) 2.995(10)
Ir1–O5–Ir2 94.6(12) 95.0(14)

Ir1–O6–Ir2 95.2(12) 95.3(14)

Figure 3.7: (a) Crystal structure of β-MgIrO3. (b) Hyperhoneycomb lattice of Ir
atoms in β-MgIrO3 with the corresponding bond labeling. (c) Local lattice network
of IrO6 octahedra in β-MgIrO3, displaying Ir–O–Ir bond angles and three different
Ir–Ir bond distances.

β-MgIrO3 Room-temperature crystal structure of β-MgIrO3 is solved in
the space group C2/c. The symmetry lowering doesn’t disturb the hyperhon-
eycomb motif of IrO6 framework (Fig. 3.9a-b), but triggers a disorder of the
Mg sites in contrast to the well-ordered β-ZnIrO3. However, now Mg2+ ions
occupy all octahedral positions Mg1 as Li1 sites in β-Li2IrO3 and all tetrahe-
dral sites Mg2 giving 16 positions of Mg atoms in total, but only with a partial
filling (Fig. 3.7a). The distribution of Mg over the octahedral and tetrahedral
sites obtained from the crystal structure refinement based on neutron diffrac-
tion data is nearly equal, with the occupancies of 48.4(5)% and 51.6(5)%, re-
spectively (Table 3.6). The structural model of β-MgIrO3 adopts only one
position of Ir atoms and three distinct types of Ir–Ir bonds which can again
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be denoted in terms of the Kitaev model. X- and Y-bonds form zigzag chains
connected by the bridging Z-bond (Fig. 3.7b).
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Figure 3.8: Rietveld refinements versus high-resolution XRD data of β-ZnIrO3 (a)
and β-MgIrO3 (b) measured at room temperature. Vertical bars indicate the posi-
tions of Bragg reflections. Asterisks indicate unknown impurities. The refinement
residuals are Rp = 0.115, wRp = 0.159 and GoF = 2.91 for the β-ZnIrO3 and
Rp = 0.083, wRp = 0.110 and GoF = 2.52 for the β-MgIrO3. The insets show
a zoomed region where P-reflections are visible in case of β-ZnIrO3, and absent in
case of β-MgIrO3 due to C -centering.

Phase analysis of the synchrotron PXRD data indicates the absence of any
impurity phases, but a couple of low-intensity reflections remained unde-
scribed (Fig. 3.8 b). EDX analysis of β-MgIrO3 samples demonstrates the
Mg : Ir = 1.04(8) : 0.96(8) atomic ratio confirming the stated composi-
tion. The choice of the C-centered space group, as opposed to the primi-
tive one, was verified by electron microscopy experiments: as the EDT tech-
nique allows for significant suppression of multiple electron scattering, the
reflection conditions were clearly observed in the EDT reciprocal lattice sec-
tions. The h + k = 2n condition is fulfilled for all hkl reflections, confirm-
ing C-centering, whereas the h0l, h, l = 2n, 00l, l = 2n reflection conditions
unequivocally suggest the C2/c (#15) space group. Moreover, the presence
of two distinguishable Mg positions in the structure can be suggested from
the analysis of the HAADF signal profile of some well oriented [010] images
(Fig. 3.9c). Two types of the minor intensity peaks – sharp well-resolved and
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( a )

( b )

( c )

( d )
( e )

Figure 3.9: (a) [010] and (b) [110] projections of the model unit cell superimposed
on the experimental HAADF-STEM image of β-MgIrO3. Only Ir atoms are shown.
(b) Fourier-filtered [010] HAADF-STEM image of β-MgIrO3. The intensity profile
along the Ir honeycomb packing (red rectangular) shows the presence of two types
of peaks between Ir atoms, probably corresponding to two types of the Mg columns.
(d) [010] HAADF-STEM image of the mirror-twin crystal of β-MgIrO3. The FFT
images taken from different areas of the crystallite are shown as insets. The unit
cells for each area are shown with violet and green colors. The twin planes are
marked with white dashed lines. (e) [110] HAADF-STEM image of β-MgIrO3 and
schematic illustration of the formation of antiphase bondaries (shown with black
dash lines).

weak pronounced satellites – correspond to the different types of Mg po-
sitions; the difference in the peak intensity suggests the partial occupancy
of these sites. Minor defects of the crystal structure visualized by electron
microscopy (Fig. 3.9d)) were found in the samples. The different areas of
the crystallite were mirror-twinned in some seeds. Additionally, some of
the crystallites also demonstrated stacking disorder on the [110] HAADF-
STEM images, related to formation of randomly located antiphase bound-
aries (APBs) normal to the c axis (Fig. 3.9e)).

At room temperature, the crystal structure of β-MgIrO3 retains the per-
fect honeycomb packing of Ir atoms with Ir–Ir distance of 3.00(2) Å without
a pronounced anisotropy in the bond directions as well as in the values of
Ir–O–Ir bond angles (Fig. 3.7). The IrO6 octahedra are marginally distorted
with the BLD of 1.15% and the ELD of 3.4% that is comparable with the val-
ues of these parameters for β-ZnIrO3. The random distribution of Mg atoms
between the tetrahedral and octahedral positions may conceal the distortions
by averaging the Ir–Ir bond length distances and the angles Θ.

Upon warming above room temperature, the unit cell parameters of
β-MgIrO3 increase linearly with temperature at least up to 500 K (∼ 200 ◦C)
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Table 3.6: Structural parameters of β-MgIrO3 from the Rietveld refinement of
the neutron diffraction data. The space group is C2/c (#15) and Z = 8, the
lattice constants are a = 8.7238(2) Å, b = 5.9737(1) Å, c = 9.8320(2) Å,
β = 115.99(1) deg. and V = 57.57 Å3/f.u. at T = 300 K. g and U iso denote site
occupancy and the isotropic displacement parameter in Å2, respectively.

Atom Site x y z g U iso

Ir 8 f 0.9166(7) 0.8713(9) 0.0802(4) 1 0.0030(5)

Mg1 8 f 0.7370(18) 0.139(3) 0.2285(10) 0.489(5)
0

Mg2 8 f 0.6326(10) 0.878(3) 0.2547(14) 0.511(5)

O1 4e 0 0.645(2) 0.25

1 0.0036(5)
O2 4e 0.5 0.602(2) 0.25

O3 8 f 0.6889(7) 0.8713(13) 0.0841(6)

O4 8 f 0.6515(8) 0.3990(12) 0.0861(6)

9 9 . 9 5
1 0 0 . 0 0
1 0 0 . 0 5
1 0 0 . 1 0
1 0 0 . 1 5
1 0 0 . 2 0
1 0 0 . 2 5
1 0 0 . 3 0

 a / a 0
 b / b 0
 c / c 0
 V / V 0

p/p
0 1

02

T e m p e r a t u r e  ( K )
3 0 0 3 5 0 4 0 0 4 5 0 5 0 0

2 . 9 8

2 . 9 9

3 . 0 0

3 . 0 1

 Z   X  Y

Ir−
Ir b

on
ds

 (Å
)

( a )

( b )

Figure 3.10: Temperature evolution of the lattice parameters and unit cell volume
(a), and Ir–Ir bond distances (b) of β-MgIrO3 upon warming above 300 K. All lattice
constants are normalized to their values at RT. The values of the monoclinic angle
β are not given due to a change of less than 0.05 ◦.

without a transition into a higher symmetric space group; the Ir–Ir bond dis-
tances do not change significantly as well (Fig. 3.10). However, the most un-
expected feature of β-MgIrO3 is the first-order phase transition upon cooling
accompanied by partial magnetism collapse due to dimerization of one of the
Ir–Ir bonds. Later, dimerization transition in β-MgIrO3 will be described in
detail in the corresponding section 3.2.3).
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β-(Li,Mg)IrO3 Preliminary, it was suggested that β-Li2xMg1−xIrO3 crys-
tallized in the same C2/c space group as the fully substituted compound
β-MgIrO3. However, the profile refinement of the high-resolution PXRD
data showed broadening or splitting of some particular reflections (inset in
Fig. 3.11). As mentioned in the Section 3.1.2, different initial ratio of the reac-
tants (β-Li2IrO3 and Mg(NO3)2·6H2O) led to a formation of the final product
with the uncontrolled degree of substitution. On the other hand, the lat-
tice parameters for two selected initial ratios clearly show a decrease in all
directions with reduction of the Mg doping (Table 3.7). Therefore, as syn-
thesis of β-Li2xMg1−xIrO3 with x ' 0.3 demonstrates reproducible results,
further study of the partially substituted magnesium iridate was focused on
the samples with the composition Li0.6Mg0.7IrO3 (ratio 1 : 0.8) [β-(Li,Mg)IrO3
for short].
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Figure 3.11: Rietveld refinement versus high-resolution XRD data of β-(Li,Mg)IrO3
(initial composition 1 : 0.8) at room temperature. The tick marks show reflection
positions for the C2/c structure. The refinement residuals are Rp = 0.083, wRp =
0.113 and GoF = 4.82. The inset shows a comparison of zoomed XRD profiles
between two β-Li2xMg1−xIrO3 phases synthesized with different composition ratio.
Broadened/splitted reflections are labeled in brackets.

The attempts to refine the structure in the different monoclinic symmetry
groups (C2/m or P21/c) didn’t improve the profile matching. On the other
hand, the reflection splitting/broadening might be caused by the presence
of the second phase of β-(Li,Mg)IrO3 with slightly different composition –
the ratio between magnesium and lithium. The preparation of this iridate
with a specified formula was quite tricky and ambiguous. Therefore, a set of
phases with fluctuating composition of Li0.6±δMg0.7±δIrO3 could be prepared
instead of single-phase compound. Unfortunately, adding the second phase
with the similar lattice parameters as for β-(Li,Mg)IrO3 led to the same un-
successful results without improvement of the refinement. Another source
of additional reflections could be a superstructure due to site separation of
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Table 3.7: Comparison of the partially-substituted β-Li2xMg1−xIrO3 com-
pounds synthesized with the different initial ratio of reactants – β-Li2IrO3 and
Mg(NO3)2·6H2O, respectively: lattice parameters (a, b, c, β), and unit cell volume
V per formula unit. The refinement was performed with suggested C2/c space
group.

Ratio a (Å) b (Å) c (Å) β (deg) V (Å3)

1 : 0.9 8.7255(2) 5.9541(1) 9.8416(1) 116.24(1) 57.32

1 : 0.8 8.6932(1) 5.9433(1) 9.8317(2) 116.30(1) 56.92

Li and Mg atoms. Nevertheless, further refinements of the x-ray (Fig. 3.11)
and neutron diffraction data were done in approximation of the space group
C2/c to track main features of the crystal structure.

Table 3.8: Structural parameters of β-(Li,Mg)IrO3 from the Rietveld refinement
of the neutron diffraction data. The space group is C2/c (#15) and Z = 8,
the lattice constants are a = 8.6880(3) Å, b = 5.9414(2) Å, c = 9.8104(4) Å,
β = 116.20(1) deg. and V = 56.80 Å3/f.u. at T = 300 K. g and U iso denote site
occupancy and the isotropic displacement parameter in Å2, respectively.

Atom Site x y z g U iso

Ir 8 f 0.9178(7) 0.8778(14) 0.0811(4) 1 0.0053(6)

Mg1
8 f 0.727(5) 0.126(8) 0.227(2)

0.427(6)
0

Li1 0.538

Mg2
8 f 0.628(2) 0.869(7) 0.239(3)

0.263(6)
0

Li2 0.082

O1 4e 0 0.647(3) 0.25

1 0.0006(5)
O2 4e 0.5 0.605(2) 0.25

O3 8 f 0.6896(9) 0.8682(18) 0.0764(9)

O4 8 f 0.6556(7) 0.3962(15) 0.0854(7)

Assuming the structural model of magnesium iridate, the partially substi-
tuted β-(Li,Mg)IrO3 adopts the hyperhoneycomb motif of IrO6 octahedra as
well as disordered tetrahedral and octahedral positions both occupied by Mg
and Li atoms. The crystal structure and XYZ-bond notation of the Ir–Ir pairs
can be illustrated by the same Fig. 3.7a-b as for the structure of β-MgIrO3.
EDX analysis of the β-(Li,Mg)IrO3 sample demonstrates the Mg/Ir = 0.69(2)
atomic ratio suggesting that x ∼ 0.3 in Li2xMg1−xIrO3 (initial composition
1 : 0.8). The following composition Li0.6Mg0.7IrO3 was used to refine the neu-
tron diffraction data, particularly, to estimate the distribution of Li and Mg
atoms between their positions. Thus, Mg and Li atoms mostly occupy the
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Figure 3.12: (a) Temperature dependence of the unit cell constants of
β-(Li,Mg)IrO3 and (b) XYZ -bond distances. The values of the monoclinic angle β
are not given due to a change of less than 0.03 ◦.

octahedral site Mg1/Li1 with the fraction of 62.8(9)% and 86.8(9)%, respec-
tively, while the tetrahedral position Mg2/Li2 is significantly depopulated,
with the Mg occupancy of 37.2(9)% and only 13.2(9)% of Li atoms (Table 3.8).

Temperature dependence of the cell constants of β-(Li,Mg)IrO3 demon-
strates minor reduction of the a and b parameters, and faster decrease along
the c direction that could be correlated with the evolution of Ir–Ir bond dis-
tances. The mentioned non-uniform distribution of substituted metals man-
ifests itself in an anisotropic behavior of the XYZ-bonds upon cooling: the
X-bonds are lengthened comparing with the shortened Y- and Z-bonds. Fur-
ther reduction of the last one corresponds to a more pronounced decrease of
the c lattice parameter along which the Z-bonds are located (Fig. 3.12).

Table 3.9: Ir–Ir bond distances and Ir–O–Ir bond angles of β-Li0.6Mg0.7IrO3 at RT
obtained from the Rietveld refinement of the neutron diffraction data.

Bond direction dRT
Ir−Ir (Å) Angles ΘRT (deg)

intrachain X 3.064(13) Ir–O3–Ir 98.8(8)

intrachain Y 2.929(14) Ir–O4–Ir 93.4(7)

between chains Z 2.969(5)
Ir–O1–Ir 94.5(16)

Ir–O2–Ir 95.8(16)

Similar anisotropic behavior can be tracked by changes of the Ir–O–Ir
bond angles (Table 3.9), however, a reason of relatively small Θ angle by
the Y-bonds remains unclear. The IrO6 octahedra seem the most undistorted
among other new substituted iridates with the BLD and ELD values of 0.7%
and 2.97%, respectively. But it is necessary to keep in mind that the crystal
structure of β-(Li,Mg)IrO3 may be more complex than the suggested model
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with the C2/c space group, and partial occupancy of tetrahedral and octa-
hedral positions strongly affects the Ir–Ir bonds and corresponding bridging
angle Θ.

3.2.3 Dimerization transition in β-MgIrO3

β-MgIrO3 undergoes a first-order phase transition upon cooling with a struc-
tural transformation from the high-temperature (HT) phase into the low-
temperature (LT) phase. This transition was monitored by synchrotron x-ray
diffraction that revealed a gradual suppression of the reflections, accompa-
nied by the growth of new peaks at nearby positions. The reverse transition
could also be tracked upon warming (Fig. 3.13 and 3.14a). The LT-phase
adopts the same C2/c symmetry but slightly different lattice parameters and
the reduced volume of VLT = 56.65 Å3/f.u. vs. VHT = 57.38 Å3/f.u. at
1.5 K with the small volume collapse of ∼ −1.3%. Detailed inspection of the
crystal structure determined from x-ray and neutron data showed that the
distributions of Mg atoms over the octahedral and tetrahedral sites is nearly
unchanged, whereas 1

3 of the Ir–Ir distances is shortened from about 3.0 Å in
the HT-phase to 2.67 Å in the LT-phase along the Z-bond (Fig. 3.14b). The
latter distance, which is shorter than 2.71 Å in metallic iridium, serves as a
fingerprint of structural dimerization and magnetic collapse. Magnetic sus-
ceptibility of β-MgIrO3 is indeed affected by this structural phase transition
that will be shown later in the Chapter 4. This behavior is quite similar to
Li2IrO3 where Ir–Ir distances of 2.6 − 2.7 Å were detected upon magnetic
collapse under pressure [113, 116, 117].
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Figure 3.13: X-ray diffraction patterns of β-MgIrO3 at different temperatures upon
cooling (left) and warming (right) regimes.

Several distinct features of β-MgIrO3 are nevertheless worth mentioning.
First, the transition happens at ambient pressure upon cooling, similar to
Li2RuO3 [147–150] and α-MoCl3 [151] with 4d transition metals. Stronger
spin-orbit coupling in the 5d Ir4+ ion is expected to stabilize the magnetic
nondimerized phase [113] and eliminate magnetic collapse at ambient pres-
sure. β-MgIrO3 clearly violates this trend. Second, the transition is accom-
panied by an unprecedented, 200 K broad thermal hysteresis (Fig. 3.15). In
contrast, the width of the thermal hysteresis upon the dimerization transition
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Figure 3.14: (a) Rietveld refinement versus high-resolution XRD data of β-MgIrO3
at 10 K. The tick marks show reflection positions of the nondimerized HT-phase
and dimerized LT-phase. The refinement residuals are Rp = 0.086, wRp = 0.113
and GoF = 2.14. The inset shows a zoomed area with the most intense reflection
emphasizing a coexistence of two phases at low temperatures. (b) Hyperhoneycomb
network of Ir atoms in the LT-MgIrO3 with the corresponding bond labeling. The
direction of dimerization – the Z -bond – is colored in blue.

is below 10 K in Li2RuO3 [150] and α-MoCl3 [151], and does not exceed 50 K
in α-RuCl3 under pressure [152].

Third, the transition is incomplete, with about 30-35% of the magnetic
HT-phase remaining at low temperatures (Fig. 3.15a). This ratio is not af-
fected by the cooling rate. Synchrotron experiments performed after fast
(10 K/min) and slow (1 K/min) cooling revealed the same fraction of the
HT-phase at 10 K. Yet another, and even more crucial peculiarity is that
this dimerization transition is triggered by the application of negative pres-
sure to the iridate framework: the unit cell volume of the parent compound
β-Li2IrO3 is remarkably smaller (V = 55.69 Å3/f.u. [97]) than the volumes
of the HT- and LT-phase. Interestingly, the framework responds to the tran-
sition, and the Ir–Ir distances in the non-dimerized HT-phase also change
upon cooling as the LT-phase is progressively formed. The changes in the
two phases are in fact opposite in nature. The lattice constants of the HT-
phase slightly decrease upon cooling, while the a and b parameters of the
dimerized phase are greatly expanded by 2.1% and 1.8%, respectively, and
significant contraction by ∼ −3.8% along the c direction is observed
(Fig. 3.15c-d). This anisotropic behavior of lattice parameters in both phases
is also seen by changes of the Ir–Ir bonds. Whereas Z-bonds are shortened in
the LT-phase, X-bonds are shortened in the HT-phase, albeit only by small
margin, with the shortest Ir–Ir distance of 2.93 Å(Fig. 3.15e-f).
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Figure 3.15: (a) Volume fraction of the LT-phase of β-MgIrO3 as a function of
temperature upon warming and cooling. (b) Temperature dependence of the unit
cell volume V per formula unit of the HT- and LT-phases. (c),(d) lattice param-
eters and (e), (f) Ir–Ir bond distances in the XYZ -bond notation as a function of
temperature upon warming and cooling, respectively. If not shown, the error bar is
smaller than the symbol size. All lattice constants are normalized to the values of
the HT-phase at RT.
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The opposite behavior of the Ir–O–Ir bond angles in the HT- and LT-
phases completely complements the temperature evolution of Ir–Ir bond dis-
tances. Shortening of the Z-bond in the LT-phase leads to the drastic nar-
rowing of the Ir–O1–Ir and Ir–O2–Ir angles and expansion of other Θ’s (Ta-
ble 3.10).

Table 3.10: Ir–O–Ir bond angles of the HT- and LT-phases of β-MgIrO3 at room
temperature and 1.5 K obtained from the Rietveld refinement of the neutron diffrac-
tion data.

Angles ΘRT (deg) ΘBT
HT (deg) ΘBT

LT (deg) Bond direction

Ir–O1–Ir 96.1(6) 96.0(16) 81.8(5)
between chains Z

Ir–O2–Ir 94.9(5) 100.3(17) 84.6(5)

Ir–O3–Ir 95.2(4) 92.2(13) 100.3(5) intrachain X

Ir–O4–Ir 95.6(3) 93.8(9) 100.4(4) intrachain Y

3.2.4 Similarities of the β-MIrO3 compounds

In the previous section, the main features of the crystal structure of each
β-MIrO3 compound were highlighted separately. However, besides retain-
ing the hyperhoneycomb lattice of Ir atoms, new substituted Kitaev iridates
demonstrate other similarities that will be discussed now.

Lattice expansion. Two different strategies for tuning magnetic proper-
ties in the Li2IrO3 family can be assumed: external pressure and chemical
substitution. As discussed earlier, pressure experiments lead to a significant
contraction of the unit cell volume that eventually results in the dimeriza-
tion of Ir–Ir bonds and magnetic collapse. On the other hand, choosing the
right doping element for the Li substitution in β-Li2IrO3 may on the contrary
lead to the lattice expansion and be understood as the application of nega-
tive pressure to the hyperhoneycomb framework. The latter should leave the
system away from the long-range magnetic order as J, K and Γ terms in the
Kitaev model are strongly dependent on the local geometry: the distances
between Ir atoms and the Ir–O–Ir bridging angles on the hyperhoneycomb
lattice.

In the case of the new iridates β-MIrO3 synthesized by ionic exchange re-
action with divalent metals, the unit cell volumes have increased noticeably
compared to the parent compound β-Li2IrO3 (Table 3.11). Enlarged cell vol-
umes affect the crucial Ir–Ir bond distances and Ir–O–Ir bond angles leading
to their increase; the Θ angles approach 100◦ along particular bond directions
that probably tune the new iridates in the direction of the Kitaev limit, with
the large ferromagnetic K and |J|, |Γ| � |K| [17].

Interestingly, chemical substitution with divalent cations into the layered
iridate α-Li2IrO3 leads to lattice compression [31] and long-range magnetic
order in α-MgIrO3 and α-ZnIrO3 [138] (see also Table 3.12).
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Except clear changes of the cell volume, the expansion of the a param-
eter is also prominent from the pure β-Li2IrO3 to β-ZnIrO3. This may be a
result of one octahedral position being emptied rather than appearing of the
new tetrahedral one. This behavior can be compared to the fully substituted
β-H2IrO3 (Fddd) in which all Li atoms are exchanged by hydrogen. H atoms
mostly form short H–O bonds close to the IrO6 octahedra and rather occupy
a particular position [123]. Therefore, one can assume that the major part
of octahedral sites are emptied which also manifests itself in a great expan-
sion along the a direction (Table 3.11). Additionally, the same tendency can
be tracked between pure α-Li2IrO3 and partially depleted Li2−xIrO3 [153].
Deintercalation of Li atoms from pure α-Li2IrO3 upon electrochemical cycling
leads to a depletion of Li octahedral sites within the honeycomb Ir2O6 layers
and formation of interlayer tetrahedral positions of LiO4. In turn, this affects
the lattice parameters of Li2−xIrO3 with an expansion along the a direction
(Table 3.12).

Table 3.11: Comparison of parent β-Li2IrO3 and substituted compounds with the
hyperhoneycomb lattice: ionic radius r for the six-fold coordinated ion [140], lattice
parameters (a, b, c, β), and unit cell volume V per formula unit. Lattice parameters
of the new magnesium iridates, β-Li2IrO3 and β-H2IrO3 (Fddd) have been re-
calculated for the P21/c unit cell of β-ZnIrO3 to facilitate the comparison.

Compound r (Å) a (Å) b (Å) c (Å) β (deg) V (Å3) Ref.

β-ZnIrO3 0.74 8.7656 5.9228 9.9249 116.15 57.82 This work

β-MgIrO3 0.72 8.7221 5.9726 9.8325 116.02 57.54 This work

β-(Li,Mg)IrO3 0.76/0.72 8.6932 5.9433 9.8317 116.30 56.92 This work

β-Li2IrO3 0.76 8.4562 5.9104 9.8655 115.38 55.69 [97]

β-H2IrO3 − 9.0717 5.3961 10.3242 116.06 56.75 [123]

Table 3.12: Comparison of parent α-Li2IrO3 and substituted compounds with the
honeycomb lattice: ionic radius r for the six-fold coordinated ion [140], lattice
parameters (a, b, c, β), and unit cell volume V per formula unit. Lattice parameters
of AIrO3 with A = Mg, Zn (R3̄) have been re-calculated for the C2/m unit cell of
α-Li2IrO3 to facilitate the comparison.

Compound r (Å) a (Å) b (Å) c (Å) β (deg) V (Å3) Ref.

α-MgIrO3 0.72 5.158 8.935 4.418 90 53.46 [138]

α-ZnIrO3 0.74 5.199 9.005 4.445 90 54.20 [138]

α-Li2IrO3 0.76 5.175 8.936 5.119 109.83 55.68 [86]

Li0.5IrO3 − 5.219 8.898 4.455 91.36 51.71 [153]
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Symmetry lowering. The crystal structure of the new β-MIrO3 iridates
suggests the lower monolinic space group in contrast to the higher symmetric
orthorhombic one of the original β-Li2IrO3. Symmetry lowering introduces
the pronounced anisotropy of Ir–Ir bond distances and distribution of angles
between the X-, Y -, and Z-bonds caused by its non-uniform environment of
MO4 and MO6 polyhedra. In β-ZnIrO3, anisotropic behavior of the param-
eters is more distinct, but the structure remains ordered due to distinguish-
able positions of Zn atoms. In β-MgIrO3 and β-(Li,Mg)IrO3, the structure is
strongly affected by cation disorder, and the partial occupancy of tetrahedral
and octahedral positions additionally influence on the XYZ-bonds and corre-
sponding angles which ultimately leads to spontaneous dimerization upon
cooling in β-MgIrO3 (see the Section 3.2.3).

The presence of anisotropy in the XYZ-bond directions as well as cation
disorder in M metal positions affect the magnetic properties of the new Ki-
taev iridates that will be shown in the next chapter.
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Chapter 4

Magnetic properties of β-MIrO3

Despite the similarities of the β-MIrO3 crystal structures manifested in the
preservation of the hyperhoneycomb motif of Ir atoms and lattice expansion
in comparison with the parent compound β-Li2IrO3, magnetism in the new
Kitaev iridates is unique upon closer examination and significantly differs
from each other. Prominent anisotropy in the structure of each compound
described in the previous Chapter 3 leads to a noticeable diversity in mag-
netic properties of β-MIrO3. Therefore, each compound will be discussed
separately to emphasize the differences in magnetic behavior.

4.1 Methods of characterization

Magnetization. Magnetization was measured using the MPMS3 (Mag-
netic Property Measurement System) SQUID magnetometer from Quantum
Design. The molar susceptibility χmol was defined by the following equation:

χmol =
M
H
· Mmol

m
· 4π · 10−6

[
m3

mol

]
≈ M

H
· Mmol

m

[emu
mol

]
. (4.1)

Here, M stands for magnetization in emu, H is magnetic field in Oe, Mmol
is molar mass in g/mol, and m is mass of a sample in g. High-temperature
paramagnetic part of the magnetic susceptibility was fitted using the Curie-
Weiss law with subsequent calculation of the effective magnetic moment µeff
measured in Bohr magnetons µB per formula unit by the following expres-
sions:

χmol =
C

(T − θCW)
(4.2)

µeff = 797.8
√

χSI
molT µB ≈ 2.827

√
C µB [7] (4.3)

where C is a Curie constant measured in emu mol−1 K−1, θCW is the Curie-
Weiss temperature in K, χSI

mol is molar susceptibility measured in m3 mol−1.
The magnetization expressed in Bohr magneton per formula unit (µB/f.u.)

was defined as:

M =
M[emu]
µBNA

· Mmol

m
≈ M[emu]

5585
· Mmol

m

[ µB

f.u.

]
. (4.4)
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High-filed magnetization measurements were performed in the Dresden
High Magnetic Field Laboratory using a pulsed magnet powered by an 1.44 MJ
capacitor bank. With an inner bore of 20 mm, the magnet yielded fields up to
57 Tesla with a rise time of 7 ms and the total pulse duration of about 20 ms.
Magnetic moment of the sample was obtained by integration of the voltage
induced in a compensated pick-up coil system surrounding the sample. Each
measurement was performed twice, with and without the sample, in order
to remove the background signal contribution.

Heat capacity. Specific heat measurements were carried out on a poly-
crystalline sample pressed into pellets with the average mass of ∼ 7 mg in
the Quantum Design PPMS (Physical Property Measurement System) with
thermal relaxation method.

µSR measurements. Ambient-pressure µSR experiments were carried
out on the HiFi spectrometer at the STFC-ISIS (UK) pulsed muon source, and
on the GPS spectrometer at the PSI (Switzerland) continuous muon source.
The µSR time spectra were analyzed using the MUSRFIT software pack-
age [154] for the data collected at PSI, and the WIMDA software package [155]
for the data collected at STFC-ISIS. 2 g polycrystalline samples were used.

4.2 Static and dynamic spins in β-ZnIrO3

4.2.1 Magnetization and specific heat measurements

Figure 4.1a shows the temperature dependence of the DC magnetic suscep-
tibility χmol for β-ZnIrO3 measured in several fields. The curves do not
demonstrate any drastic temperature anomalies or a sharp increase/decrease
of the molar susceptibility in the entire temperature range meaning a com-
plete suppression of the magnetic order (TN ' 38 K) of the parent compound
β-Li2IrO3. Only below Ta ∼ 5 K the magnetic susceptibility changes slope
and reaches the constant value. Calculated Fisher’s heat capacity [156] cor-
responds to a broad rounded peak at the same temperature Ta at 0.1 T as
well as an increase below 50 K at different fields indicating a deviation from
the paramagnetic behavior. At higher temperatures, inverse susceptibility
follows the conventional Curie-Weiss behavior (Fig. 4.1b) with the paramag-
netic effective moment of 1.81(1) µB that resembles 1.73 µB expected for the
je f f =

1
2 state of Ir4+. The latter follows from:

µeff = gJµB

√
J (J + 1), where gJ = 2 and J =

1
2

[7] (4.5)

The Curie-Weiss temperature is ferromagnetic (θCW = 12.4(2) K), similar
to the powder-averaged value of θCW = 21 K in β-Li2IrO3 [98]. Here, one
might try to estimate the frustration index f = |θCW|/TN, but this parameter
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is determined only for the systems with a clear magnetic transition. There-
fore, in the case of β-ZnIrO3 this approach is not applicable.
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Figure 4.1: (a) Temperature dependence of DC magnetic susceptibility for β-ZnIrO3
at several fields. The black arrow marks the anomaly temperature Ta. The inset
shows the Fisher’s heat capacity at 0.1 and 7 T. (b) Inverse magnetic susceptibility
1/χ; the red solid line displays the Curie-Weiss fit at high temperatures between
150 and 300 K. (c) Zero-field-cooled (ZFC) and field-cooled (FC) susceptibility data
measured at 50 Oe. The inset shows the zoomed area of χ(T) up to 10 K.

In the absence of a clear long-range magnetic order, the next step was
measuring the magnetization in zero-field cooling (ZFC) and field cooling
(FC) regimes at small fields to inspect whether spins in the system freeze or
not. Indeed, the susceptibility curves most clearly bifurcate below Ta ∼ 5 K
and only above 15 K completely overlap (Fig. 4.1c). Despite the curves split-
ting in DC measurements, AC susceptibility data illustrated by Fig. 4.2 dis-
prove a typical spin-glass behavior in β-ZnIrO3: while the real parts χ′ re-
semble ZFC-susceptibility behavior without a characteristic for spin glasses
frequency shift of the peak maximum and decrease of the peak intensities,
the imaginary parts χ′′ almost remain constant and slightly fluctuate around
mean values.

Isothermal magnetization of β-ZnIrO3 at 3 K (the inset in Fig. 4.3a) demon-
strates linear behavior up to 7 T. In the high-field magnetization data, two
anomalies are observed at Hc1 ∼ 10 T and Hc2 ∼ 14 T, one is better visible
in the differential susceptibility dM/dH (Fig. 4.3b) and another one in M(H)
(Fig. 4.3a), respectively. While the origin of the anomaly in dM/dH is unclear,
a smeared kink observed at 14 T suggests an induced phase transition at this
field, however, the saturation plateau has not been achieved. The magnitude
of magnetization at Hc2 is remarkably large, ∼ 0.37 µB/f.u., but is very close
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to 1
3 of the saturation value (1 µB/f.u.) expected for Ir4+ with jeff = 1

2 and
observed magnetization at Hc ' 2.8 T for β-Li2IrO3 [97, 98]. Above 14 T, the
data demonstrate the linear increase in M(H), as confirmed by the flat curve
on the differential susceptibility dM/dH suggesting the absence of any fur-
ther field-induced transformations above Hc2.
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Figure 4.2: Real (χ′) and imaginary (χ′′)
parts of β-ZnIrO3 AC magnetic suscepti-
bility as functions of temperature for fre-
quencies from 10 to 250 Hz in the external
field of 10 Oe. The amplitude of the os-
cillating magnetic field is 2.5 Oe.

In accord with this, tempera-
ture dependence of the specific heat
divided by temperature C/T mea-
sured at different fields also demon-
strates the absence of a long-range
magnetic order in β-ZnIrO3 as well
as any anomaly at Ta visible in
the susceptibility data (Fig. 4.3c).
Based on the crystal structure anal-
ysis, the new zinc iridate is free
from the structural disorder and the
phonon contribution at low temper-
atures should be negligible meaning
that any possible magnetic transi-
tion would be visible in the recorded
data. On the other hand, in the
absence of a decent non-magnetic
compound with the similar struc-
ture to be used as a lattice contri-
bution, the full magnetic heat ca-
pacity of β-ZnIrO3 is not available
yet. However, the low-temperature
(T < Ta ∼ 5 K) specific heat data can
be analyzed using the power law
C/T = γ + βT2 (Fig. 4.3d), where
the Sommerfeld coefficient γ (the

linear term) represents the electron contribution to the specific heat, and β
is the Debye constant specific for each material. Although the resulted fits
are less accurate due to the limited number of measured temperatures, the γ-
values were found nonzero corresponding to γ = 10.1(3) mJ/mol K2 in zero
field measurements and γ = 2.3(3) mJ/mol K2 at 14 T. Therefore, the finite
term γ in the specific heat suggests possible fermionic excitations typical of
a QSL state.

Nevertheless, the preliminary characterization of β-ZnIrO3 by magneti-
zation and heat capacity measurements reveals the suppression of the long-
range magnetic order, but weak splitting of ZFC/FC susceptibility curves
below 5 K suggests some sort of spin freezing and deviation from the purely
spin-liquid behavior. To shed a light on this ambiguity, the new Kitaev iri-
date β-ZnIrO3 was studied by µSR technique which is sensitive to a local
magnetism in the frustrated systems.
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Figure 4.3: (a) Magnetization (M) and (b) differential susceptibility (dM/dH)
curves of β-ZnIrO3 at 3 K. The inset shows the DC isothermal magnetization M(H)
as a function of magnetic field measured at 1.8 K. (c) Temperature dependence of
the specific heat divided by temperature C/T for β-ZnIrO3. The inset displays
the enlarged view of the low-temperature range from 2 to 8 K. (d) C/T versus
T2 plots at 0 and 14 T below 7 K. The dashed lines are the fits to the equation
C/T = γ + βT2.

4.2.2 µSR study

Weak Transverse Field (wTF) measurements. First of all, it will be use-
ful to verify whether spins in β-ZnIrO3 fluctuate or freeze, and if there is a
mixture of static and dynamic contributions, then evaluate their ratio and de-
termine the characteristic temperatures. µSR transverse field measurements
in the weak external field (wTF) are commonly used [157] for such purpose.
The wTF data were described as a sum of two functions (multiplied by a
weak exponential decay) representing static and paramagnetic contributions,
respectively:

AwTF(t) = A0

[
fstGL

z (t) + (1− fst) cos(ωt + φ)
]

e−λt,

GL
z (t) =

1
3
+

2
3
(1− λstt)e−λstt

(4.6)

where fst stands for the fraction of static spins, ω is the oscillation frequency
corresponding to the weak transverse field of 20 G, GL

z (t) is the Kubo-Toyabe
relaxation function, and λst is the relaxation rate describing random local
fields at muon sites (so-called Lorentzian Field Distribution). Since the ex-
periments on β-ZnIrO3 were performed at both HiFi (STFC-ISIS) and GPS
(PSI) facilities, the absolute values of variable and starting parameters differ
from each other. The total asymmetry A0 was fixed during the fitting at a
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Figure 4.4: (a) Volume fraction of static spins measured in the wTF and ZF ex-
periments on β-ZnIrO3. The color panels separate different temperature regions
described in the text. (b) wTF-µSR time spectra at selected temperatures. The
solid lines represent a fit to the data.

constant values of 0.278 and 26.95 from the calibration of the GPS and HiFi
spectrometers, respectively. The phase φ was also set to an average values
of 31.5 and −4 from the fitting of high-temperature data in the paramagnetic
range. Therefore, the contribution of static spins fst in both experiments was
recalculated to the relative volume fraction illustrated in Fig. 4.4a.

The fit of the wTF data indicates three distinguishable temperature re-
gions. The first one manifests itself by a large static contribution below 5.5 K
that is close to the temperature Ta from the magnetic susceptibility mea-
surements. The fraction of static spins reaches 90–95% corresponding to a
"frozen" state in β-ZnIrO3. The rest of the spins seems to be intrinsic and dy-
namic because the paramagnetic background contribution, on the one hand,
is negligible in the experiments at the GPS, and, on the other hand, was
taken into account in the HiFi measurements. Additionally, the phase analy-
sis of high-resolution PXRD didn’t show a significant amount of any impu-
rity phases in the β-ZnIrO3 samples, therefore, the paramagnetic contribu-
tion from possible impurity phases is irrelevant. The strong effect of internal
static fields is also visible from the wTF-µSR time spectra at selected temper-
atures (Fig. 4.4b) from an abrupt drop of the asymmetry spectra as well as by
a reduced signal of the oscillating paramagnetic spins.

The second temperature range lies between 5.5 and ∼ 35 K in which the
fraction of frozen spins gradual decreases with temperature. The coexistence
of static and paramagnetic contributions in this range, "Dynamic region", can
also be seen from the wTF-µSR time spectra at higher temperatures of ∼ 3Ta
where the total asymmetry is still not fully recovered due to the presence
of static moments (Fig. 4.4b). The last temperature range starts above 35 K
where the whole sample becomes paramagnetic. In total, µSR data collected
at the different muon facilities are consistent, and the volume fraction of static
spins is reproduced quite well. To clarify the magnetism of β-ZnIrO3 in the
frozen and dynamic regions, further µSR measurements were performed in
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Figure 4.5: (a) Representative zero field (ZF) time spectra of β-ZnIrO3. The solid
line is a fit to the data at 1.5 K. The inset shows the fraction of static spins obtained
from the fit to the ZF and wTF measurements at GPS. (b) Muon asymmetry at
1.5 K with two approaches of describing the ZF data.

the absence of external fields (zero field (ZF) mode).

Frozen state. Preliminary wTF measurements revealed that around 90%
of the sample exhibits static magnetism, however, no well-defined oscilla-
tions that would be expected in the case of long-range magnetic order were
seen in the zero field measurements. Instead, ZF-µSR time spectra demon-
strate the fast relaxation at t < 0.2 µs with small but still pronounced dip as
a contribution of static spins, and the slow relaxation tail. The denoted min-
imum shrinks with temperature and vanishes above ∼ 5.5 K corresponding
to the transition into the dynamic region (Fig. 4.5a).

The ZF data representing the frozen state were primarily collected at GPS
(PSI) and fitted by the sum of two functions that describe frozen and dynamic
spins, respectively:

AZF(t) = A1

[
fstGL

z (t) + (1− fst)e−λdt
]

,

GL
1 (t) =

1
3
+

2
3
(1− λat)e−λat,

GL
2 (t) =

1
3

e−
2
3 νt +

2
3
(1− λat)e−λat

(4.7)

where fst stands for the fraction of static spins, GL
z (t) is the Kubo-Toyabe

relaxation function (see below), and λd is the relaxation rate of dynamic mo-
ments. The asymmetry A1 represents the signal amplitude of the sample
estimated from the wTF measurements through the total asymmetry and the
phase as A1 = A0 cos(φ) = 0.278 cos(31.5) ' 0.237. The Kubo-Toyabe re-
laxation function GL

z (t) in the form of GL
1 (t) with one variable parameter λa

(the spatial field distribution) was originally proposed to fit the main static
contribution below ∼ 5.5 K. In this form, the depolarization function GL

1 (t)
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corresponds to randomly oriented static magnetic moments when the inter-
nal field is mostly uniform but there is no clearly defined direction of the
field [157, 158]. The total relaxation function AZF(t) with GL

1 (t) describes
the fast relaxation part quite well, but does not fit the 1

3 -tail at longer times.
Therefore, the second function GL

2 (t) was applied to fit the ZF data. Indeed,
the modification of the 1

3 -tail to the form of 1
3exp(−2

3 νt) significantly im-
proved the fit of the data, as illustrated in Fig. 4.5b, while the initial damping
rate of the 2

3 -component was kept unchanged. Here, the relaxation rate λa
represents the half-width at half-maximum of the Lorentzian distribution of
random internal fields, and ν corresponds to the rate of fluctuations of the
local field [66, 159]. Moreover, the fraction of static spins fst obtained inter-
dependently from the fit of ZF-µSR is in a good agreement with the static
contribution calculated from the wTF data (Fig. 4.4a).
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Figure 4.6: Temperature dependence of
the relaxation rate λa representing the lo-
cal fields distribution and the fluctuation
rate ν in the frozen region – the case
of slow modulations or quasi-static local
fields. The dashed lines are guides for the
eye.

The extracted parameters λa and
ν are plotted in Fig. 4.6. Whereas
the relaxation rate λa as the local
field distribution reduces with tem-
perature down to 6 K, the hopping
rate ν rapidly increases up to ∼ 5 K
– around the same temperature Ta
of the anomaly in the magnetic sus-
ceptibility data. In the frozen state
below 5 K, the spins are not fully
static, and the resulting fitting func-
tion AZF(t) represents a coexistence
of slow fluctuating random fields
with a/ν � 1 (slow hopping) [66]
and a small fraction of dynamic
spins. The λa values that describe
the width of the local fields distribu-
tion return mean static field 〈B〉 =
a/γµ ' 105 Oe at 1.5 K and 〈B〉 ∼
71 Oe at 6 K (γµ = 2π × 1.35 ×
10−2 µs−1 Oe−1 = 851.615 MHz/T)
as a weakening of the internal fields.
In the case of α- and β-Li2IrO3 which
develop the long-range magnetic or-
der, the oscillation frequency ω for

the particular field direction is used instead of the spatial distribution of lo-
cal fields. For α-Li2IrO3, the oscillation frequency of ω ≈ 15 MHz [93] at
the lowest temperature would return the mean field 〈B〉 ' 176 Oe. For
β-Li2IrO3 with the three oscillating frequencies of 2.7, 3.3, and 4 MHz [106],
the mean field as a sum of these contributions corresponds to 〈B〉 ' 117 Oe.
The 〈B〉-value of the new β-ZnIrO3 appears to be lower but comparable with
the magnetically ordered parent compounds suggesting the similar contribu-
tion of the Ir magnetic moments, but leading to a disordered magnetic state
in β-ZnIrO3. Further data analysis between 5.5 and 6 K was performed with
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less accuracy due to the non-ideal fit of the data by the suggested relaxation
function AZF(t) with GL

2 (t), where a dip in the fast relaxation part vanishes
(Fig. 4.6a), and the fraction of static spins starts to gradually decrease indi-
cating the transition into the dynamic region.

Dynamic region The low temperature range, i.e. frozen region, was
comprehensively studied at GPS (PSI), while the informative ZF-µSR data
above 5 K were collected at HiFi (ISIS). In Fig. 4.7a, the fast relaxation is pri-
marily observed as a missing polarization at t < 0.2 µs which is outside the
bandwidth of the pulsed muon facility. However, the remaining data are suf-
ficient to make some conclusions about spin behavior in the dynamic region.

Generally, the coexistence of fast and slow relaxation processes may be fit-
ted by the sum of simple exponential decays. After trying several functions,
ZF-µSR spectra at temperatures above 5.5 K were described by

AZF(t) = A f aste
−
√

λ f astt + Apme−λpmt + Abg, (4.8)

where the first term represents a "root-exponential" decay of the fast depolar-
ization process, the second term expresses a paramagnetic spin contribution
to the muon depolarization, and the term Abg is a temperature independent
non-relaxing background signal from those muons that stop in the sample
holder or cryostat tails. The corresponding A f ast and Apm amplitudes were
recalculated into the fractions of static and paramagnetic spins with respect
to the background (Fig. 4.4a). It worth mentioning that the relaxation func-
tion in the form of stretched exponent e−(λt)β

was originally suggested to
describe the fast relaxation contribution in the ZF-µSR spectra. However,
data fit with β as a variable parameter led to the values of 0.44− 0.5 and did
not qualitatively affect the extracted relaxation rates λ f ast and λpm as well
as the ratio of static and dynamic contributions. Therefore, the parameter β
was fixed during the refinement and set to a constant value of 0.5 that yields

the final form e−
√

λ f astt. Moreover, the "root-exponential" form of the relax-
ation function may be interpreted as the case of rapidly fluctuating random
fields [66, 159].

In the dynamic region, the fast-relaxation rate λ f ast rapidly decreases with
temperature and follows the fraction of static spins obtained from the fit of
the wTF-µSR data. On the other hand, the paramagnetic rate λpm is much
slower than λ f ast with the maximum value of 0.089(6) µs−1 at 6.5 K and then
slightly decreases with temperature (Fig. 4.7b). The presence of two different
relaxation channels, λ f ast and λpm, in the dynamic region suggests that static
spins of the random local fields in the frozen region progressively "unfreeze"
above 5.5 K. One part of the spins contribute to the paramagnetic fraction
with the slow relaxation rate λpm, while the rest of them still demonstrates
fast relaxation component λ f ast caused by local fields.

The absence of a clear transition from the frozen to paramagnetic state
along with a broad intermediate (dynamic) region with the width of ∼ 30 K
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Figure 4.7: (a) Zero-field µSR time spectra in the dynamic region at selected
temperatures. (b) Temperature dependence of the muon relaxation rates, λ f ast
and λpm, in the dynamic region. (c) Ir–Ir bond distances of β-ZnIrO3 as a function
of temperature from the crystal structure refinement.

between them suggests the spin-glassy ground state in β-ZnIrO3. Upon cool-
ing, progressively developing short-range order correlations in the dynamic
region lead to almost complete freezing of spins below Ta ' 5 K. How-
ever, even at the lowest temperature of 1.5 K, a small fraction of dynamic
moments is still presented in the sample, and the "static" spins associated
with the quasi-static random fields retain slow fluctuations, as described by
the fluctuation rate ν. The main question is whether the formation of sep-
arate spin clusters takes place or the magnetic moments gradually freeze
in a random way. Most probably, the answer lies somewhere in the mid-
dle: strong anisotropy of the Ir–Ir bond distances facilitates the formation
of short-range order upon cooling or, in other words, clustering of iridium
pairs, but temperature-independent behavior of the Ir–Ir bond lengths
(Fig. 4.7c) suggests that at some point magnetic interactions between irid-
ium ions overcome thermal fluctuations resulting in the partially frozen-spin
state.

Interestingly, upon the completion of our work a publication reporting the
synthesis and basic magnetization measurements on β-ZnIrO3 appeared [160].
This compound is different from ours because it shows the Fddd symmetry
and, therefore, a significant amount of structural disorder related to the ran-
dom distribution of Zn2+ ions in the structure. Intriguingly, the magnetic be-
havior of such disordered samples is very similar to ours, yet no local probe
like muSR was used to analyze their spin dynamics.

4.3 Magnetic collapse in β-MgIrO3

4.3.1 Magnetic behavior of the nondimerized phase

Preliminary characterization. β-MgIrO3 shows a structural phase tran-
sition accompanied by the appearance of the dimerized low-temperature
(LT) phase that was extensively studied by x-ray and neutron diffraction
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Figure 4.8: Comparison of the volume fraction of the HT-phase (a) and magnetic
susceptibility measured at 7 T (b) as a function of temperature upon warming and
cooling. (c) Temperature dependence of the β-MgIrO3 magnetization at selected
fields. The inset shows inverse susceptibility at high temperatures in the field of 7 T
and the corresponding Curie-Weiss fit upon warming and cooling (dashed lines).

measurements described in detail in the Section 3.2.3. The transition, how-
ever, is incomplete; around 30 − 35% of the high-temperature (HT) phase
persists at the lowest temperature. Ir–Ir bond distances of the nondimerized
β-MgIrO3 slightly changes upon cooling leaving the HT-phase magnetic that
should be seen from magnetization measurements.

First of all, the LT-HT transition is observed in the magnetic susceptibility
data by a broad thermal hysteresis that corresponds well with the fraction of
the HT-phase from the PXRD measurements (Fig. 4.8a-b). The transition is
field-independent and completed at around 170 K and 270 K upon cooling
and warming, respectively (Fig. 4.8c). At higher temperatures, inverse sus-
ceptibility follows the conventional Curie-Weiss behavior with the paramag-
netic effective moment of∼ 1.90 µB close to the µeff of β-ZnIrO3 and expected
values for the jeff =

1
2 state of Ir4+. The Curie-Weiss temperature is ferromag-

netic (Θwarm = 62.6(3) K and Θcool = 50.7(1) K). At lower temperatures,
magnetic susceptibility decreases upon cooling, similar to the instances of
magnetic collapse in β-Li2IrO3 [118], α-MoCl3 [151], and α-RuCl3 [161]. How-
ever, the decreasing trend due to the gradual formation of the non-magnetic
LT-phase is countered by the increasing susceptibility of the remaining HT-
phase. Its contribution becomes dominant below 100 K where susceptibility
steadily increases as the fraction of the HT-phase reaches the constant value.
This proves that magnetic collapse in β-MgIrO3 is only partial, unlike in all
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Figure 4.9: (a) Hysteresis loops of β-MgIrO3 measured at 1.8, 30, 80, and 300 K.
The inset shows a zoomed area of the high-field magnetization at 1.4 K versus the
fit to the Eq. 4.11. (b) High-filed isothermal magnetization M(H) at 1.4 K (upper
panel) and differential susceptibility (dM/dH) curve (lower panel). The black
arrow marks the kink at Hc ∼ 2.5 T in the magnetization data. (c) Temperature
dependence of the specific heat divided by temperature C/T in zero field. The inset
shows the expanded view of the low-temperature data below 30 K. (d) C/T versus
T2 plot of β-MgIrO3. The solid line is the fit to the equation C/T = γ + βT2.

other materials studied to date. The HT-phase further shows an anomaly
around 23 K. In low fields, this anomaly is accompanied by the divergence
of the field-cooled and zero-field-cooled measurements, a hallmark of spin
freezing (Fig. 4.10a), and was probed by the AC susceptibility measurements
(see below).

Figure 4.9a demonstrates DC isothermal magnetization M(H) of β-MgIrO3
as a function of magnetic field measured at selected temperatures. Above
80 K, the sample shows a paramagnetic behavior by the linear increase of
M(H). A slightly bigger slope of the magnetization curve at 300 K than at
80 K is associated with the ratio of magnetic and dimerized phases: at room
temperature β-MgIrO3 is fully transformed into the HT-phase, while below
270 K the LT-phase gradually develops suppressing the fraction of the mag-
netic HT-phase. The deviation from the linear behavior of the magnetization
curve at 30 K, just above the anomaly in the susceptibility data, may indicate
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strongly interacting moments. At 1.8 K the hysteresis loop opens with a max-
imum coercive field of ∼ 1.6 kOe and remanent magnetization ∼ 0.00762 µB
per formula unit. Above Hc ∼ 2.5 T, there is a kink in magnetization, fol-
lowed by a gradual increase above 3 T. The magnitude of the magnetization
above Hc is rather small, ∼ 0.06 µB/Ir, suggesting a weak ferromagnetism as
in the case of the canted jeff = 1/2 moments in Sr2IrO4 [162].

At high magnetic fields up to 56 T it was not possible to reach a satura-
tion plateau. A smeared kink from the isothermal magnetization M(H) is
also observed by the drop in the differential susceptibility (dM/dH) around
Hc ∼ 2.5 T (Fig. 4.9b). Thus, we tried to fit the low-field part of M with
the Brillouin function at T = 1.4 K. In the case of paramagnetic spins, the
magnetization is described by

M = MsBJ(y), (4.9)

where Ms stands for the saturation magnetization and BJ(y) is the Brillouin
function given by

BJ(y) =
2J + 1

2J
coth

(
2J + 1

2J
y
)
− 1

2J
coth

(
y
2J

)
[7] (4.10)

with y = gJµB JB/kBT. Assuming J = 1
2 for β-MgIrO3, the Brillouin func-

tion 4.10 reduces to

B1/2(y) = tanh(y). (4.11)

Using gJ = 2, the Bohr magneton µB = 9.274× 10−24 J/T and the Boltz-
mann constant kB = 1.38× 10−23 J/K at T = 1.4 K, the variable parameter y
can be reduced to y = 0.48B, where B is the magnetic field in Tesla. Thus, one
can try to fit the low-field data by the Eq. 4.11. However, a close look at the
data revealed a noticeable deviation from the simple linear behavior of the
Brillouin function below the saturation magnetization (the inset in Fig. 4.9a),
meaning that spins in the magnetic HT-phase are not paramagnetic, and,
probably, demonstrate short-range order.

No sharp feature is observed in the zero-field specific-heat measurements
of β-MgIrO3 (Fig. 4.9c) indicating the absence of long-range magnetic order,
particularly, in the HT-phase. However, it’s difficult to say if a broad maxi-
mum typical for spin glasses is present in the measured data. The low-tem-
perature (T < 5 K) specific heat data plotted as C/T vs. T2 can be fitted by
the equation C/T = γ + βT2 (Fig. 4.9d), the finite linear term was found to
γ = 2.4(1) mJ/mol K2. However, the deviation from the linear behavior at
higher temperatures suggests that some additional contributions to the heat
capacity should be considered. The results of the specific heat measurements
must be taken into account with caution as the magnetic HT-phase is only
30% of the total sample volume, and the rest is an additional contribution to
the specific heat signal as the nonmagnetic LT-phase.
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Figure 4.10: (a) Zero-field-cooled (ZFC) and field-cooled (FC) DC susceptibility
data measured at 50 Oe. (b) Temperature dependence of the real (χ′) and imaginary
(χ′′) parts of the AC magnetic susceptibility of β-MgIrO3 measured at different
frequencies from 11 Hz to 850 Hz in the external field of 5 Oe. The amplitude of
the oscillating magnetic field is 2.5 Oe. (c) Estimation of the spin-glass transition
temperature TSG to the linear fit of Tf vs lg( f ). (d) Frequency dependence of
the freezing temperature plotted as a lg(τ) vs lg(t), where reduced temperature
t = (Tf − TSG)/TSG. The solid line represents the best fit to the critical dynamic
scaling law.

AC magnetization. The spin-glass-like state suggested by the bifurca-
tion of the ZFC/FC magnetic susceptibility, was probed by AC magnetiza-
tion measurements. The real part χ′ shows a peak around 23 K (the anomaly
in DC measurements) and, as it may be seen from Fig. 4.10b, does not demon-
strate a strong frequency dependence. However, a close look at the position
of the χ′ peak maximum suggests another scenario. To estimate the temper-
ature Tg of a possible spin-glass transition, AC magnetic susceptibilities at
each frequency f (Hz) were fitted by a smooth curve and then differentiated.
An intersection of the resulting curves with the abscissa axis was taken for
the frequency-dependent freezing temperature Tf as the peak maximum of
χ′. Firstly, the frequency shift in Tf is a useful criterion [66] for comparing be-
tween different spin-glass systems and distinguishing a canonical spin glass
from a spin-glass-like material or a superparamagnet. The relative shift in
the freezing temperature per decade of frequency denoted as δTf (the name
X is also used) can be defined as

δTf =
∆Tf

Tf ∆(lg f )
. (4.12)

For the HT-phase of β-MgIrO3, this parameter was found as
δTf ' 0.0033(13) that’s significantly smaller then the relative shift reported
for the canonical spin-glass systems (e.g., δTf ∼ 0.005 for CuMn) indicat-
ing an unconventional nature of the spin glass (SG) in the new magnesium
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iridate. Further, the value of the SG transition temperature TSG was deter-
mined by extrapolating the Tf versus lg( f ) plot (Fig. 4.10c), which gives
TSG = 22.5(1) K that should correspond to the DC (equilibrium) value of
Tf in the limit of f → 0. Indeed, the evaluated spin-glass temperature is
really close to the temperature of the susceptibility anomaly from the ZFC
measurements.

An effective way to probe the system for the SG behavior is to examine if it
follows the critical dynamics scaling law (CDS law) [66]; that is, the relaxation
time τ diverges at TSG as

τ = τ0

(Tf − TSG

TSG

)−zν

, (4.13)

where τ is the relaxation time corresponding to the measured frequency
(τ = 1/ f ), τ0 represents the microscopic flipping time of the fluctuating
spins, Tf is the frequency-dependent freezing temperature, and zν is called
the dynamic critical exponent.

It is useful to rewrite the Eq. 4.13 as

lg(τ) = lg(τ0)− zν lg(t), (4.14)

where reduced temperature t = (Tf − TSG)/TSG. The slope and intercept
of the plot give an estimate of τ0 and zν, respectively. Figure 4.10d illus-
trates a log-log plot of the relaxation times τ versus reduced temperatures
t with the fit to the CDS law. As far as one can see, the data points barely
follow a linear behavior and deviate from the conventional CDS law. The
best fit was obtained with τ0 = 1.5× 10−11 s and zν = 4.1(3). For the dif-
ferent spin glasses, the magnitude of zν typically varies between about 4 and
12 [66], particularly, 6− 8 for the diluted systems and 10− 12 for the con-
ventional three-dimensional spin glasses [163]. Meanwhile, for conventional
phase transitions, zν usually is around 2. In the case of the HT-phase of
β-MgIrO3, the value of zν lies on the border of values for the typical SG sys-
tems, whereas the magnitude of the microscopic flipping time τ0 is rather
larger than in conventional spin glasses (τ0 ∼ 10−13±1 s), however, it is still
of reasonable size. The poor fit of the frequency dependence of Tf along with
the almost negligible relative shift δTf may also be affected by the presence
of the dimerized LT-phase that should act as a diamagnetic contribution to
the measured values. Another scenario is that β-MgIrO3 does not really be-
have as a classical spin-glass system and weakly follows the CDS law, but
some sort of spin-freezing process is obvious. Nevertheless, as in the case of
β-ZnIrO3, the µSR measurements were performed on this compound to shed
further light on the low-temperature magnetism.

4.3.2 µSR study of β-MgIrO3

wTF measurements. The muon spin relaxation (µSR) experiments in
the zero field (ZF) and weak transverse field (wTF) of 20 G were performed
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on the GPS spectrometer at the PSI, Switzerland. Probing the local mag-
netism of the HT-phase in the presence of the large amount of the dimer-
ized LT-phase may be tricky as not much research has been done for dimer-
ized systems studied by muons so far. Nevertheless, the fraction of static
spins was determined from wTF measurements by fitting the data using the
same relaxation function AwTF(t) of Eq. 4.6 applied for the data analysis of
β-ZnIrO3. The fraction of static spins starts increasing below about 30 K and
changes by ∼ 0.3 between 30 K and 10 K (Fig. 4.11a). This change corre-
sponds to 30% fraction of the HT-phase in the sample, whereas the param-
agnetic signal is related to the fraction of the LT dimerized phase similarly
to the µSR study of β-Li2IrO3 under pressure [106]. Interestingly, the abso-
lute values of the static and paramagnetic fraction from the wTF-µSR do not
correspond to the ratio of the HT- and LT-phases in this temperature range
meaning that additional static contribution is present up to 40 K and possi-
bly at higher temperatures, probably due to an interaction of muons with the
Ir–Ir dimerized bonds. Above 30 K, above the anomaly of the magnetiza-
tion data, there is still some static contribution, which can be seen from the
presence of fast depolarization in the wTF µSR time spectra (Fig. 4.11c). On
the one hand, an incomplete transformation to paramagnetic state from the
wTF fit could be the result of muon-dimer interactions as it behaves at 10 K.
On the other hand, the static contribution may be explained in the view of
short-range order correlations above TSG as in the case of β-ZnIrO3

ZF measurements. First of all, the ZF-µSR time spectra do not demon-
strate well-defined oscillations (Fig. 4.11d), consistent with the absence of
long-range magnetic order in β-MgIrO3, and only show a small dip along
with the fast depolarization part at small times. Therefore, the corresponding
ZF data were fitted similarly to the frozen region of β-ZnIrO3 by the sum of
two functions that represent static and dynamic contributions, respectively:

AZF(t) = A1

[
fstGL

z (t)e
−λmt + (1− fst)e−λpmt

]
,

GL
z (t) =

1
3
+

2
3
(1− λLt)e−λLt

(4.15)

where fst stands for the fraction of spins, GL
z (t) is the Kubo-Toyabe relax-

ation function, and λL is the relaxation rate describing random local fields
at muon sites. The parameters λm and λpm are relaxation rates of the static
and dynamic contributions. Similar values of fst from the ZF and wTF fits
confirm an internal consistency of the measured data. In this case, the static
contribution expressed by GL

z (t) was described without additional modifica-
tions of the relaxation function. The ZF-µSR data identify static local fields
developing below 30 K as the origin of the magnetic susceptibility anomaly
at 25 K. The λL values that describe the width of the field distribution gradu-
ally increase upon cooling and return mean static field 〈B〉 = a/γµ ' 168 Oe
at 5 K. The broadening of the magnetic transition suggests magnetic inho-
mogeneity, which is probably related to the random distribution of the Mg2+

ions between the octahedral and tetrahedral sites.
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Figure 4.11: (a) Fraction of static spins from the wTF and ZF measurements on
β-ZnIrO3. (b) Relaxation rate λL as a function of temperature. (c) wTF- and (d)
ZF-µSR time spectra at selected temperatures. The solid lines are the fits to the
data.

Additionally, the abrupt drop in the local fields values λL (Fig. 4.11b) is
associated with the poor fitting of the high-temperature ZF data: while the re-
laxation rate λm of the static contribution is almost temperature-independent
up to 27.5 K with the average value of 1.3(2) µs−1, above 30 K it increases
drastically. Probably, another relaxation function should be used to properly
describe the high-temperature region, but in the absence of more data points,
all the ZF-µSR data were fitted by the proposed Eq. 4.15.

Despite the ambiguous interpretation of the µSR data, the main idea can
still be traced: the remaining HT-phase demonstrates some sort of disor-
dered magnetism which can be characterized by the development of a frozen
state upon cooling.

4.4 Spin-glass transition in β-Li2xMg1−xIrO3

New Kitaev iridates discussed previously – β-ZnIrO3 and β-MgIrO3 – show
a high degree of structural order along with the well reproducible magnetic
properties. The situation is different with partially substituted β-Li2xMg1−xIrO3.
As mentioned in the Chapter 3, the Li/Mg ratio was difficult to control, and
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synthesized compounds demonstrated a composition, which didn’t corre-
spond to the initial one in the synthesis. Therefore, this should affect mag-
netic properties of the final products. Indeed, figure 4.12 illustrates the field-
cooled and zero-field-cooled magnetization measurements of the samples
with a different ratio of initial reagents.
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Figure 4.12: Temperature dependence of
ZFC and FC susceptibilities for different
starting compositions given in the molar
ratio of β-Li2IrO3 and Mg(NO3)2· 6H2O
as 1 : X, measured in the field of 50 Oe.
The black arrows mark a peak position in
the ZFC susceptibility for each composi-
tion.

All samples show the divergence
of the ZFC/FC curves below 40 K
resembling glassy behavior of the
fully substituted β-MgIrO3. How-
ever, the magnetic susceptibility in
each case is accompanied by addi-
tional features, e.g. a secondary peak
or a stronger difference between
ZFC and FC susceptibilities, that do
not show any obvious dependence
of magnetic properties on the degree
of lithium substitution. Moreover,
the measured samples could contain
secondary phases or structural com-
plexity that, for instance, was shown
for two compositions with the initial
ratio of reactants – 1 : 0.8 and 1 : 0.9
– in the Section 3.2.2.

Thus, study of magnetic proper-
ties in the partially substituted se-
ries β-Li2xMg1−xIrO3 was focused
on the one well-reproducible com-
position with x ' 0.3 denoted as
β-(Li,Mg)IrO3 with the initial ra-
tio of reactants as 1 : 0.8. Par-
ticularly, this compound was used
for high-resolution PXRD and neu-
tron diffraction measurements that

demonstrate a well-defined crystal structure with minimum of structural am-
biguity (broadened / splitted reflections).

DC magnetization measurements. In the disordered β-MgIrO3, the first-
order phase transition was tracked by a broad thermal hysteresis in XRD
and magnetization data. In β-(Li,Mg)IrO3, the cation disorder is much more
pronounced and associated with the additional random distribution of Mg
and Li atoms between the tetrahedral and octahedral positions. However, no
structural transition was detected by high-resolution PXRD measured in a
wide temperature range. The bulk DC magnetization illustrated by Fig. 4.13a
indicates the absence of any phase transformation as well, and the suscepti-
bility curves measured upon cooling and warming perfectly overlap (for in-
stance, in the field of 1 T). Inverse susceptibility can be nicely fitted using the
Curie-Weiss law down to 50 K (Fig. 4.13b). The calculated effective moment
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of 1.67(2) µB corresponds to the je f f =
1
2 state of Ir4+, however, the absolute

value is lower than for the fully substituted β-ZnIrO3 and β-MgIrO3. The
Curie-Weiss temperature ΘCW of −16.0(3) K is now antiferromagnetic, but
the same order of magnitude as in other β-MIrO3 compounds. β-(Li,Mg)IrO3
further shows an anomaly around 5 K which in small field manifests itself by
an irreversibility of the field-cooled and zero-field-cooled data.

The isothermal magnetization measured at 2 and 10 K (Fig. 4.14a) shows
no hysteresis loop but a steady non-linear increase with no sign of satura-
tion up to 7 T. Even in high-fields measurements (the inset in Fig. 4.14a), the
magnetization does not reach the saturation plateau. Figure 4.14b shows the
temperature dependence of the heat capacity divided by temperature C/T
up to 35 K. No sharp anomalies as indication of a long-range order were ob-
served in the presented data, however, a broad peak around Tmax ∼ 6 K can
be seen in the absence of field. A close look at the low-temperature range
reveals a second anomaly at lower temperatures, a kink in C/T at Ta ∼ 2.5 K
(Fig. 4.14c). While the broad hump at Tmax can be referred to the spin-glass
behavior as a shift of the freezing temperature (a broad maximum 20− 40
percent above Tf [66, 67]), the origin of the second anomaly at Ta remains
unknown. In the applied magnetic fields, these anomalies are mostly sup-
pressed. Interestingly, the low-temperature specific-heat data do not follow
the power law C(T) = γT + βT3 temperature dependence as can be seen
from the C/T versus T2 plot (Fig. 4.14d) indicating the presence of an addi-
tional contribution to the specific heat.
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Figure 4.13: (a) Temperature-dependent magnetic susceptibility χ(T) of β-
(Li,Mg)IrO3 measured in various magnetic fields. At 1 T, the susceptibility curves
upon cooling and warming are fully overlapped. The inset shows the splitting of the
magnetization curves in the ZFC and FC regimes below 5 K. (b) Inverse magnetic
susceptibility with the fit to the Curie-Weiss law at 7 T.
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Figure 4.14: (a) Magnetization curves of β-(Li,Mg)IrO3 at 2 and 10 K. The orange
and purple dots are the data taken at 2 K upon warming and cooling, respec-
tively. The inset shows the high-filed isothermal magnetization M(H) at 0.5 K.
(b) Temperature dependence of the specific heat divided by temperature C/T in
zero magnetic field, and at 1 and 3 T. The black arrow marks an anomaly at Tmax.
(c) Enlarged view of C/T between 2 and 10 K (the shaded area in (b)). Two
anomalies at 2.5 and 6 K are labeled. (d) C/T versus T2 plots up to 7 K at zero
magnetic field and 3 T.

AC magnetization measurements. Splitting of the ZFC/FC susceptibil-
ity curves below the anomaly temperature Tf as well as a broad peak at
slightly higher temperatures in the specific heat imply spin-glassy behav-
ior, now in the case of the partially substituted β-(Li,Mg)IrO3. Moreover, the
FC magnetization almost remains temperature independent below 5 K that is
also a feature of canonical spin glasses. Applying the same measurement pro-
cedure that was used for β-MgIrO3, the spin-glass transition in β-(Li,Mg)IrO3
was studied by AC magnetization measurement.

First of all, the real χ′ and imaginary χ′′ parts of the AC magnetic sus-
ceptibility exhibit pronounced anomalies: the amplitude and peak position
of which strongly depend on the excitation frequency, and the position of the
maxima increases with the increasing frequency (Fig. 4.15a-b). Such behavior
of χ′(T) and χ′′(T) is the characteristic feature of a spin-glass ordering and
hence indicates a spin-glass-type transition in β-(Li,Mg)IrO3 with a freezing
temperature Tf ∼ 4.5 K. The relative shift of the freezing temperature calcu-
lated by the Eq. 4.12 was found as δTf = 0.032(3), which is five times larger
than the relative shift for the diluted spin glasses (CuMn, AuMn) and an or-
der of magnitude smaller than for a superparamagnet (e.g., δTf = 0.28 for
a-(Ho2O3)(B2O3) [66]). However, the magnitude of δTf is comparable to that
of insulating spin glasses [69, 70] and characterizes β-(Li,Mg)IrO3 as the so-
called cluster glass. The spin-glass transition temperature determined by the
linear fit of the frequency dependence of Tf corresponds to TSG = 4.51(2) K
(Fig. 4.15c).

In contrast to the fully substituted magnesium iridate, β-(Li,Mg)IrO3 can
be much better described by the critical dynamics scaling law using the equa-
tions 4.13 and 4.14. The best fit was obtained with τ0 = 7.0 × 10−8 s and
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zν = 4.3(1) (Fig. 4.15d). The value of zν is consistent with the spin-glass
behavior in β-(Li,Mg)IrO3. However, the microscopic flipping time τ0 is sig-
nificantly large compared to the canonical spin-glass systems suggesting a
slow spin dynamics in β-(Li,Mg)IrO3, likely due to the presence of strongly
interacting clusters rather than individual spins.

Another route to describe the spin-glass transition through AC magne-
tization measurements is the analysis by the empirical Vogel-Flucher law
(VFL) [66, 164] originally proposed for describing the viscosity of super-
cooled liquids or real glasses [165, 166]. Now, the frequency dependence
of the freezing temperature Tf can be described in terms of the VFL as

f = f0 exp

(
− Ea

kB(Tf − T0)

)
, (4.16)

where kB is the Boltzmann constant, f0 stands for the characteristic attempt
frequency, Ea is the average thermal activation energy, and T0 is a new param-
eter – the Vogel-Fulcher temperature, which is often interpreted as a measure
of intercluster interaction strength. For different spin glasses, the value of T0
is usually lower than the transition temperature TSG. The estimation of three
variable parameters f0, Ea, and T0 can be done in two different ways, both
of which give consistent values of these parameters. The first one is fixing
the value of attempt frequency to f0 = 1/τ0, the microscopic flipping time
τ0 = 7.0× 10−8 s as determined from the CDS law fit. In order to get the
linear behavior of the freezing temperature Tf , it is convenient to rewrite the
equation 4.16 as

ln
(

f0

f

)
=

Ea

kB(Tf − T0)
,

which can be rearranged to

Tf =
Ea/kB

ln( f0/ f )
+ T0. (4.17)

Thus, Ea/kB and T0 can be estimated from the slope and intercept of the semi-
logarithmic plot shown in Fig. 4.15e-f. The value of Vogel-Fulcher tempera-
ture T0(< TSG) = 4.03(3) K and the activation temperature Ea/kB = 9.1(3) K
were obtained from the fit. The other way to determine the key parameters of
the VFL is to independently calculate T0 by following the method suggested
by Souletie and Tholence [164] in order to avoid inconsistencies due to fix-
ing the attempt frequency f0. The Vogel-Fulcher temperature was found as
T0 = 3.95 K and then used to find Ea and τ0 = 1/ f0. By rearranging the
equation 4.16 as

ln( f ) = ln( f0)−
Ea/kB

Tf − T0
, (4.18)

the characteristic parameters were estimated as τ0 = 2.24 × 10−8 s and
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Ea/kB = 11.1(4) K that are in a good agreement with the previously esti-
mated activation energy and characteristic relaxation time. Thus, the Vogel-
Fulcher temperature T0 is nonzero indicating the formation of spin clusters
in β-(Li,Mg)IrO3 and suggesting a cluster spin-glass behavior.
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Figure 4.15: Temperature-dependent real χ′(T) (a) and imaginary χ′′(T) (b) parts
of the AC magnetic susceptibility of β-(Li,Mg)IrO3 measured at different frequen-
cies from 10 Hz to 630 Hz in the external field of 10 Oe. The amplitude of the
oscillating magnetic field is 2.5 Oe. CDS law fits plotted as frequency dependence
of the freezing temperature (Tf vs lg( f )) (c), and frequency dependence of the
reduced temperature (lg( f ) vs lg(t)) (d). Vogel-Fulcher law fits plotted as Tf vs
100 ln( f0/ f ) at the constant attempt frequency f0 = 1/τ0 (e), and ln( f ) vs
1/(Tf − T0) at the constant VF temperature T0 = 3.95 K (f).
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4.5 β-MIrO3: tendency to spin-freezing?

Achieving the quantum spin-liquid state in the Ir-based compounds initiated
the research in the way of chemical substitution of the parent sodium and
lithium iridates. However, most of these modified materials still show the
long-range magnetic order, or demonstrate disordered magnetism of some
sort. Unfortunately, the new Kitaev iridates – β-ZnIrO3, β-MgIrO3 and
β-(Li,Mg)IrO3 – have also failed to become true spin liquids and also show
disordered ground state.

In contrast to the magnetically ordered α-ZnIrO3 and α-ZnIrO3 compounds,
the new Kitaev iridates with the hyperhoneycomb structure do not demon-
strate the LRMO. Although the magnetic order is suppressed in β-MIrO3
in contrast to the parent compound β-Li2IrO3, the short-range order corre-
lations intensively develop below critical temperatures. In the case of par-
tially and fully substituted magnesium iridates, freezing processes are pro-
nounced, leading to the conventional spin-glass transition in β-(Li,Mg)IrO3,
which is hitherto rare in Kitaev magnets [31]. In the case of β-ZnIrO3, spins
seem to gradually freeze with temperature lowering, however, there is no
sign of the spin-glass transition. Instead, the system shows a coexistence of
static and dynamic spins at the lowest temperatures. Moreover, the random
local fields in β-ZnIrO3 are not associated with completely frozen moments,
but lead to some sort of slowly fluctuating state.

Table 4.1: Comparison of parent iridates and their derivatives, as well as new Kitaev
iridates: effective magnetic moment µeff, Curie-Weiss temperature θCW, critical
temperature TC (i.g. TN or spin-glass transition TSG), mean value of the Ir–O–Ir
angle Θ, and unit cell volume V per formula unit. The asterisk denotes the lowest
measured temperature for H3LiIr2O6.

Compound µeff (µB) θCW (K) TC (K) Θ (deg) V (Å3) Ref.

α-Li2IrO3 1.83 −70 ∼ 15 91.1 55.68 [86]

β-Li2IrO3 1.7–2.0 +21 ' 38 94.6 55.69 [97, 98]

Cu2IrO3 1.93 −110 2.7 98.2 71.37 [131]

H3LiIr2O6 1.60 −105 0.05* 99.5 56.07 [135]

α-MgIrO3 1.73 −67.1 31.8 94.0 53.46 [138]

α-ZnIrO3 1.73 −47.5 46.6 95.7 54.20 [138]

β-ZnIrO3 1.81(1) +12.4 ∼ 5 96.2 57.82 This work

β-MgIrO3 1.89–1.92 +56 22.5 95.5 57.54 This work

β-(Li,Mg)IrO3 1.67(2) −16 4.51 95.8 56.92 This work

Ionic exchange in β-Li2IrO3 by Zn2+ and Mg2+ expands the unit cell
with the increase of the Ir–Ir bond lengths and Ir–O–Ir angles (Table 4.1)
that should push the new β-MIrO3 compounds closer to the Kitaev limit.
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In fact, presence of the non-equivalent tetrahedral and octahedral positions
of the non-magnetic cations also affect the magnetic properties in the new
Kitaev iridates emphasizing the influence of structural disorder for the QSL
candidates. The partially substituted β-(Li,Mg)IrO3 demonstrates random-
ness of the Li and Mg positions which undoubtedly affects the local environ-
ment of Ir atoms on the hyperhoneycomb lattice leading to the conventional
spin-glass state. The less disordered β-MgIrO3 still develops a spin-freezing
tendency, but less pronounced that leads to the non-canonical SG state. Fi-
nally, β-ZnIrO3 shows a high degree of structural order without site mixing
or partially occupied positions. However, the strong anisotropy of the Ir–Ir
bonds and non-uniform local environment of the IrO6 octahedra lead away
from the spin-liquid state that results as short-range order correlations and
the magnetically disordered ground state in β-ZnIrO3.

Additionally, the random distribution of the Mg2+ ions between the oc-
tahedral and tetrahedral sites in β-MgIrO3 also results in an unconventional
glassy state below 30 K. But what is more interesting, this causes the unex-
pected first-order phase transition associated with the structural dimeriza-
tion and magnetic collapse of the LT-phase. Chemical substitution acting
as negative pressure still destabilizes magnetism in β-MgIrO3. Therefore, a
logical question arises: how would β-MgIrO3 exhibit a magnetic–dimerized
phase transition upon compression? The high-resolution PXRD experiments
as well as magnetization measurement performed under external pressure
would shed some light on it, and the results of these measurements will be
discussed in the next chapter.
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Chapter 5

Magnesium iridates under pressure

5.1 Methods

High-resolution PXRD. A small sample of the β-MIrO3 powder was
loaded into a diamond anvil cell (DAC) for pressure generation, and helium
was used as pressure transmitting medium. The powder x-ray diffraction
patterns were obtained using synchrotron radiation at the beamline ID15B at
the European Synchrotron Radiation Facility (ESRF), Grenoble at T = 100 K
and room temperature. A Eiger2 9 M CdTe (DECTRIS) detector and a wave-
length of 0.41055 Å were used. The pressure in the DAC was determined in
situ by the ruby luminescence method. Additional high-pressure XRD ex-
periments performed on the extreme condition beamline P02.2 at PETRA
III (DESY) in Hamburg using a Perkin Elmer XRD1621 area detector and a
wavelength of 0.2902 Å. The pressure was determined by the shift of the
ruby luminescence line.

The resulting two-dimensional (2D) x-ray images were integrated using
the Dioptas program [167]. The collected data were analyzed by Le Bail and
Rietveld refinements using the Jana2006 software [144].

Magnetization measurements. Magnetization measurements under ap-
plied pressure were performed by Bin Shen at Institute of Physics, University
of Augsburg (Augsburg, Germany). Magnetization was measured using the
MPMS3 SQUID magnetometer from Quantum Design. The powder samples
were loaded into an opposed-anvil-type CuBe pressure cell. Measurements
of β-MgIrO3 were carried out with a 1.8-mm anvil culet and a gasket with
the sample space diameter of 0.9 mm. In this case, pressures up to 1.8 GPa
could be reached. Higher pressures, up to 2.1 GPa, were achieved in the case
of β-(Li,Mg)IrO3 with a 1-mm anvil culet and a gasket with the sample space
diameter of 0.5 mm. Daphne oil 7373 was used as the pressure-transmitting
medium. Pressure was determined by measuring the superconducting tran-
sition of a small piece of Pb. Magnetization of the empty cell was taken as
the background.

Pressure was applied at room temperature. The data were collected upon
cooling up to 4 K and then upon warming to room temperature. Then the
pressure was increased at room temperature, and the procedure was repeated
until the highest pressure feasible with the current gasket was reached.
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5.2 Irreversible pressure-induced dimerization in
β-MgIrO3

β-MgIrO3 demonstrates an unusual structural and magnetic behavior at am-
bient pressure: it undergoes a first-order phase transition upon cooling ac-
companied by a magnetic collapse due to formation of the shortened Ir–Ir
bonds of ∼ 2.67 Å in the dimerized LT-phase. Such a tendency to dimeriza-
tion probably means that an application of external pressure will also lead
to the structural transition from magnetic to non-magnetic state at relatively
small pressure values.

Compression. Indeed, a stability region of the HT-phase of β-MgIrO3
ends at Pd1 ' 1.5 GPa (dimerization pressure) above which the coexistence
of HT- and LT-phases is observed at room temperature (Fig. 5.2a). How-
ever, the pressure-induced structural transition is complete in contrast to the
β-MgIrO3 transformation upon cooling and warming at ambient pressure,
and above Pd2 ' 2.7 GPa the system converts into the LT-phase that can be
tracked by suppression of the reflections of the magnetic phase above Pd2
(Fig. 5.1a) and HT/LT fraction ratio obtained from the Rietveld refinement
of the PXRD data (see the inset in Fig. 5.2b). NB: preservation of the HT/
LT notation for the magnetic and dimerized phases is caused by the identity
of the phase transition upon compression and cooling. As will be shown be-
low, pressure dependence of the lattice parameters and Ir–Ir bond distances
of β-MgIrO3 follows the same way as temperature one.

First, a small volume collapse is observed across the phase boundaries,
reaching ∼ −1.09% trough the HT/LT phase transition (Fig. 5.2) that is in
a good agreement with the temperature-induced dimerization (the reduced
volume by ∼ −1.27% at 1.5 K, Section 3.2.3). Similar volume collapses have
been observed in β-Li2IrO3 at 300 K [116, 168] (∼ −0.7% at the Fddd→ C2/c
transition).

Second, the main contribution to the volume reduction is caused by the
anisotropic behavior of the lattice parameters of the LT-phase. While the lat-
tice constants of the HT-phase decrease linearly with pressure, the c parame-
ter of the dimerized phase has a stronger pressure dependence than its a and
b counterparts (Fig. 5.2b). Upon transition to the LT-phase (Pd1 ' 1.5 GPa), a
remarkable expansion of the a (∼ 2.1%) and b (∼ 1.6%) lattice parameters is
observed, whereas the c axis is compressed drastically (∼ −3.7%) followed
by a monotonic decrease with pressure. Compression rates of the HT- and
LT-phases listed in Table 5.1 additionally highlight an anisotropic behavior
of the lattice constants and unit cell volume.

Third, this anisotropic behavior also affects the changes of the Ir–Ir bonds
in both phases. A complete description of the evolution of the Ir-Ir bond
distances across the phase boundaries is shown in Fig 5.2c. Despite the pre-
ferred orientation that affected the accuracy of the extracted Ir–Ir distances,
the main features are clearly distinguishable. Above 1.5 GPa, 1

3 of the bonds
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Figure 5.1: Powder x-ray diffraction patterns of the pristine (a) and pressurized (b)
β-MgIrO3 as a function of pressure at T = 300 K. (a) Between 1.5− 2.7 GPa, a
coexistence of the HT- and LT-phases is observed. (b) Asterisk marks the presence
of the LT-phase at P ' 0.3 GPa.

is drastically shortened up to ≈ 2.66− 2.7 Å as a consequence of faster con-
traction of the c lattice parameter, indicating formation of the Ir–Ir dimers
along the Z-bond between two iridium zigzag chains (Fig. 5.2d), whereas the
X- and Y-bonds are slightly lengthened. Such bond separation in length is
an evidence of dimerization process in the LT-phase of β-MgIrO3, and the
behavior of the lattice constants along with differentiation of the XYZ-bonds
under applied pressure corresponds to the dimerization of β-MgIrO3 upon
cooling.

Table 5.1: Compression rates of the lattice parameters and volume for each iden-
tified structure at T = 300 K upon compression of the pristine and pressurized

β-MgIrO3. The compression rate is defined as
x−x0

x0

p− p0
, where x(x0) is the final

(initial) parameter and p(p0) is the final (initial) pressure for each phase boundary.
All values are in units of %/GPa.

Phase ∆a/a0
∆P

∆b/b0
∆P

∆c/c0
∆P

∆V/V0
∆P

HT-MgIrO3 (pristine) −0.33(3) −0.23(3) −0.16(2) −0.67(3)

LT-MgIrO3 (pristine) −0.14(3) −0.21(4) −0.28(5) −0.63(1)

LT-MgIrO3 (pressurized) −0.16(2) −0.23(1) −0.20(1) −0.58(2)

HP-MgIrO3 (pressurized) −0.12(2) −0.14(1) −0.14(1) −0.42(2)
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Figure 5.2: (a) Lattice parameters of β-MgIrO3 at T = 300 K as a function of
pressure measured upon compression. All lattice constants are normalized to the
parameters at the lowest pressure of 0.2 GPa. (b) Pressure-volume relationship of
β-MgIrO3 at T = 300 K. The solid lines are fits with the second-order Murnaghan
equation of state (see text). The inset shows the volume fraction of the LT-phase
as a function of pressure. (c) Pressure dependence of the Ir–Ir bond distances for
the HT- and LT-phases in the XYZ -bond notation at T = 300 K. If not shown, the
error bar is smaller than the symbol size. The solid lines are guides for the eye. (d)
Hyperhoneycomb network of Ir atoms in the LT-β-MgIrO3 with the corresponding
bond labeling. The direction of dimerization – the Z -bond – is colored in blue.
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Pressurized β-MgIrO3. However, the pressure-induced phase transition
was not fully reversible meaning that once the β-MgIrO3 was pressurized
and transformed into the dimerized LT-phase, its return to the magnetic HT-
phase upon decompression was incomplete and accompanied by a pressure
hysteresis. Even at P = 0.29 GPa (T = 300 K), that is 5 times smaller than
the dimerization pressure Pd1, there are small (roughly 2% of the volume
fraction) but visible traces of the dimerized phase in the β-MgIrO3 sample.
Therefore, pristine β-MgIrO3 means the sample previously not affected by the
pressure, and pressurized β-MgIrO3 stands for the sample which has already
been compressed.
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Figure 5.3: Pressure dependence of the volume (a) and lattice parameters (b) of the
pressurized β-MgIrO3 at T = 300 K measured upon compression. Additionally, the
volume of the HT-, LT- and HP-phases of β-MgIrO3 upon decompression is given
(a). All lattice constants are normalized to the parameters at the lowest pressure of
∼ 0.3 GPa. (c) Pressure-volume relationship of β-MgIrO3 at T = 200 K measured
upon compression.

Nevertheless, application of external pressure to the pressurized sample
reveals the completion of the phase transition from the HT- to the LT-phase
at P ' 2.8 GPa and a small volume discontinuity (∼ −1.0%) that is consistent
with results of the phase transition for the pristine β-MgIrO3. Interestingly,
above Pd3 = 8.8 GPa another phase transition can be detected by the signif-
icant volume collapse (∼ −6.5%) and a symmetry lowering. As mentioned
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above, the sample shows signs of texturing, and subsequent data processing
was done only by profile (Le Bail) fitting without the crystal structure deter-
mination. The best profile refinement of the new high-pressure (HP) phase
of β-MgIrO3 could be performed in the triclinic space group P1̄. The second
phase transition is characterized by the narrow region of the LT/HP-phase
coexistence (' 1.9 GPa), and above Pd4 = 10.7 GPa only the high-pressure
phase remains (Fig. 5.1b). Whereas the unit cell angles (α, β and γ) of the HP-
phase slightly deviate from the parameters of the LT-phase (see Table 5.2), the
lattice constants are strongly affected by the pressure: enormous compres-
sion of∼ −6.8% in the b direction unlike the minor changes of the a (∼ 0.3%)
and c (∼ −1.4%) lattice parameters. An anisotropic contraction of the lattice
constants is seen for most phases (see Table 5.1). The reason of such a drastic
volume reduction of the HP-phase may be a subsequent dimerization of one
of the Ir–Ir bonds (X or Y) within the zigzag chain in addition to the already
shortened Z bond. For instance, the remarkable compression along the b axis
in β-Li2IrO3 above 4.5 GPa leads to the dimerization of the Y-bond in the
C2/c phase [116, 168]. Similar correlations between lattice contraction and
bond dimerization may also take place in the case of the HP-MgIrO3.

In addition, the pressure dependencies of the volume V and lattice pa-
rameters r (r = a, b, c) at room temperature were fitted separately for the HT-
and LT-phases with a second-order Murnaghan equation of state (EoS) [169]
to obtain the bulk moduli B0,V and B0,r according to

V(P) = V0

[(
B′0

B0,V

)
P + 1

]−1/B′0
, (5.1)

r(P) = V0

[(
B′0
B0,r

)
P + 1

]−1/3B′0
, (5.2)

with B′0 fixed to 4. The data in the phase coexistence regions were excluded
to avoid ambiguities caused by the two-phase refinement. The results are
summarized in Table 5.3. For the HT-phase, the bulk modulus was found as
B0,V ≈ 160(6) GPa that is a significantly large value compared to the other
(hyper)honeycomb iridates, such as α-Li2IrO3 (106 GPa) [113] and β-Li2IrO3
(100 GPa). Additionally, the bulk moduli B0,r related to the cell parameters
are anisotropic with the highest value B0,c = 170(11) GPa along the c direc-
tion. For the pristine LT-MgIrO3, the bulk moduli B0,r were calculated with
less accuracy due to a limited number of data sets below Pd2 ' 2.7 GPa.
Therefore, the calculated parameters from the EoS fit were considered for the
pressurized LT-MgIrO3. On the one hand, the bulk modulus B0,V slightly
decreases to ≈ 152(2) GPa. On the other hand, the bulk moduli B0,V of the
HT- and LT-phases are merely the same within the error bar, however, the
dimerized LT-phase was found to be stable up to Pd3 ∼ 8.8 GPa. The bulk
modulus B0,b is lower among others for the cell parameters, thus LT-phase
is more compressible along the b direction. Further compression leads to a
transition into the HP-phase of β-MgIrO3 accompanied by the drastic reduc-
tion of the b parameter; above Pd4 = 10.7 GPa the bulk modulus increases to
B0,V ≈ 185(8) GPa, while B0,b and B0,c are almost the same.
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Table 5.2: Lattice parameters and unit cell volume per formula unit of β-MgIrO3
at T = 300 K. Lattice constants of the HT-phase (at 1.5 GPa) are given for the
pristine sample, parameters of the LT-phase (at 8.4 GPa) and the HP-phase (at
18.4 GPa) are listed for the pressurized sample.

Phase a (Å) b (Å) c (Å) α (deg.) β (deg.) γ (deg.) V (Å3)

HT (C2/c) 8.6903(4) 5.9554(3) 9.8027(6) 90 115.94(1) 90 57.03(1)

LT (C2/c) 8.7825(4) 5.9626(3) 9.2992(4) 90 117.49(1) 90 54.00(1)

HP (P1̄) 8.6928(6) 5.5044(4) 9.0316(5) 89.93(1) 116.44(1) 88.97(1) 48.36(1)

Table 5.3: Equilibrium volume V0 per formula unit, bulk moduli B0,V and B0,r, with
r = a, b, c, in the HT-, LT- and HP phases of β-MgIrO3, as obtained from fitting
the volume V and lattice parameters r with the second-order Murnaghan equation
of state (EoS), with B′0 set to 4. The fits were performed for the data collected at
room temperature.

Phase V0 (Å3) B0,V (GPa) B0,a (GPa) B0,b (GPa) B0,c (GPa)

HT (pristine) 57.56(1) 160(6) 130(3) 157(3) 170(11)

LT (pristine) 56.97(5) 133(6) 211(25) 111(10) 126(24)

LT (pressurized) 56.73(2) 152(2) 193(5) 127(6) 143(5)

HP (pressurized) 52.61(14) 185(8) 226(12) 172(11) 174(12)

Despite the pressure hysteresis between the measurements of the pristine
and pressurized samples, no significant differences in the phase boundaries
and volume changes in the pressure range from 2 to 12 GPa were found upon
compression and decompression of the pressurized β-MgIrO3 (Fig. 5.3a).

In addition, the offset of the second phase transition from the LT to HP-
phase was observed at T = 200 K (Fig. 5.3c). While the boundaries of the
phase mixture are shifted to the lower pressure values of 7.7 and 9.9 GPa, its
width remains unaffected by pressure.

P− T phase diagram. In addition to the isothermal experiments upon
compression/decompression, the isobar measurements at P ' 0.6 GPa were
performed on the pristine β-MgIrO3 at PETRA III (DESY). The relevant infor-
mation about the phase fractions is illustrated in Fig. 5.4a. In the compressed
sample, the phase transition from the HT- to LT-phase upon cooling occurs
at a higher temperature (Tcool

d ∼ 180 K at ambient pressure vs Tcool
d ∼ 240 K

at 0.6 GPa), but still doesn’t demonstrate a full transformation into the dimer-
ized state at low temperatures. The width of the thermal hysteresis appears
to remain unaffected by pressure and reaches around 100 K. Therefore, at
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0.6 GPa the transformation of the LT-phase into the HT-phase is not com-
plete even at 300 K, the highest temperature reached in our measurements,
while at ambient pressure the LT-phase disappears above Twarm

d ∼ 280 K
(Fig. 5.4a-c).

Compression experiments along with temperature-dependent PXRD study
revealed a remarkably complex pressure-temperature (P-T) phase diagram for
β-MgIrO3. Therefore, two independent cases in the view of P− T diagram
should be considered here. The first one is when the pristine β-MgIrO3 is
examined upon cooling and compression (Fig. 5.4b). A remarkable feature of
this case is a broad region of phase coexistence: even at sufficiently low tem-
peratures, there is still a small fraction of the magnetic HT-phase in a wide
range of pressures. The pressure-dependent magnetization measurements
(Fig. 5.5a) revealed a noticeable magnetic response due to the presence of the
HT-phase, even at 1.6 GPa. Moreover, the spin-glassy behavior of β-MgIrO3
seems to persist under pressure. In ZFC/FC measurements in small fields, a
bifurcation of the susceptibility curves originates below 30 K at any pressure
without a shift of the spin-glass temperature TSG (Fig. 5.5b).
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Figure 5.4: (a) Temperature dependence of the volume fraction of LT-MgIrO3
upon cooling and warming at 0 and 0.6 GPa. The horizontal left right arrows mark
the width of the thermal hysteresis at each pressure. (b) P− T phase diagram of
the pristine β-MgIrO3 upon cooling and compression. The dashed lines represent
possible boundaries of the phase transitions. The light-blue dashed line connects
the spots where the ratio of the LT and HT volume fractions is equal (50% of each
phase). In (a) and (b) the black arrows label the temperature of dimerization Tcool

d
upon cooling. (c) P− T phase diagram of the cooled/pressurized β-MgIrO3 upon
warming and compression. The data points represent the boundaries of the phase
transformation from the pure phase to the mixed state and vice versa. The open
symbol marks the point at 0.3 GPa in which the fraction of HT-phase is roughly
98%. Below this pressure, the pure nondimerized phase is suggested. The dashed
lines are guides for the eye.
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Figure 5.5: (a) Temperature-dependent magnetic susceptibility χ(T) of β-MgIrO3
measured under several pressures from 4 to 300 K in the 1 T magnetic field. The
closed and open symbols represent the data upon cooling and warming, respectively.
The inset shows the magnifications of the steplike features due to the dimerization
transition at Td shown by the black arrows. The hysteresis loops are seen at 0 and
0.6 GPa upon cooling and warming. (b) Zero-filed-cooled (ZFC) and field-cooled
(FC) DC susceptibility data measured under several pressures in the magnetic field
of 100 Oe. The spin-glass transition temperature TSG is indicated by the black
arrow.

Now, the second case of the P− T phase diagram for β-MgIrO3 is consid-
ered when the sample was initially cooled/pressurized and then examined
upon warming (at ambient pressure) and compression (at 100 and 300 K).
Here, the region of stability of the pure HT-phase is drastically narrowed,
and the dominant phase is the dimerized LT-MgIrO3 which is stable between
Pd2 and Pd3 at room temperature. At higher pressures above Pd4, the new HP-
phase is formed corresponding, probably, to the subsequent dimerization of
the Ir–Ir bonds. The areas of the phase mixture are also narrowed (∼ 2 GPa),
however, further investigation of β-MgIrO3 can shed light on more precise
phase boundaries at low temperatures.

5.3 Compression of β-(Li,Mg)IrO3

In contrast to the previously described pressure-induced dimerization in the
pure β-MgIrO3, the study of the partially substituted β-(Li,Mg)IrO3 under
pressure was quite complicated due to the even stronger preferred orienta-
tion. This affected the accuracy of the crystal structure refinement, however,
some conclusions about the dimerization transition can be made based on a
qualitative analysis of the collected data.
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Figure 5.6: (a) Powder x-ray diffraction patterns of β-(Li,Mg)IrO3 as a function of
pressure at T = 300 K. 2D x-ray images of β-(Li,Mg)IrO3 at 3.11 GPa (b) and
7.85 GPa (c) (ID15B, ESRF), and 16.7 GPa (PETRA III, DESY) (d). The effect
of sample texturing and directions of single crystal diffraction are marked by yellow
circles and arrows, respectively.

First of all, neither symmetry lowering nor phase coexistence were ob-
served for β-(Li,Mg)IrO3 upon compression up to 10 GPa. When apply-
ing pressure, the reflection position of the non-dimerized low-pressure (LP)
phase only shifts to higher angles 2θ without new peaks appearing, indicat-
ing a gradual compression of the original unit cell to the high-pressure HP
phase (Fig. 5.6a). However, at high pressure values, the sample appears to be
strongly affected by texturing that is less pronounced at low pressure and can
be seen from the comparison of two-dimensional x-ray images illustrated by
Fig. 5.6b-c. The presence of a large number of individual high-intensity re-
flections due to the single crystal diffraction (Fig. 5.6d) doesn’t allow to prop-
erly refine the crystal structure. Therefore, the collected data of β-(Li,Mg)IrO3
were analyzed only by profile refinement, and both LP- and HP-phases were
refined in the original monoclinic space group C2/c.

Nevertheless, the first-order phase transition from the LP into the HP-
phase can be suggested by the anisotropic changes of the lattice parame-
ters along with a small volume collapse of ∼ −1.02% at the critical pressure
Pc ' 5.3 GPa at T = 300 K (Fig. 5.7a-b). While the b and c parameters are
less affected by pressure, the unit cell exhibits a noticeable contraction along
the a direction around the same critical pressure value. Different behavior in
the compression rates of the lattice parameters (Table 5.4) indicates the phase
transformation around the same pressure of 5.3 GPa. Upon decompression,
no deviation from the compression measurements in the phase boundaries
and volume discontinuity were observed indicating the absence of pressure
hysteresis in comparison with fully substituted β-MgIrO3. Comparable val-
ues in the volume reduction of ∼ 1% and anisotropic behavior of the lattice
constants assume that in β-(Li,Mg)IrO3, probably, one of the intrachain Ir–Ir
bonds is dimerized above 5.3 GPa as a consequence of the structural phase
transition.

Fits to the second-order Murnaghan EoS with Eq. 5.1 and Eq. 5.2 at room
temperature resulted in the bulk modulus B0,V of 87(2) GPa for the LP-phase
and 131(5) GPa for the HP-phase of β-(Li,Mg)IrO3 (Table 5.5). A relatively
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low bulk modulus of the low-pressure phase reveals a high compressibil-
ity of this structure associated also with a high value of the critical pressure
Pc ' 5.3 GPa in comparison with the fully substituted β-MgIrO3. Below
Pc, the contribution of the a axis to the bulk modulus is the lowest, with
B0,a = 35(2) GPa, as already indicated by the fast compression rate along
this direction (Table 5.4). Thus, the material is most compressible along the
a direction confirming that dimerization probably occurs along one of the
intrachain Ir–Ir bonds. For the HP-phase, the bulk modulus B0,V is compa-
rable with the dimerized LT-MgIrO3 (152(2) GPa) and the layered α-Li2IrO3
(125(3) GPa) [113], however, the low bulk modulus B0,b = 81(5) GPa suggests
the possibility of a further compression along the b direction accompanied
with the second phase transition at higher pressures.

Table 5.4: Compression rates of the lattice parameters and volume for LP- and
HP-phases of β-(Li,Mg)IrO3 at T = 300 K (ID15B, ESRF). All values are in units
of %/GPa.

Phase ∆a/a0
∆P

∆b/b0
∆P

∆c/c0
∆P

∆V/V0
∆P

LP-(Li,Mg)IrO3 −0.74(2) −0.21(1) −0.25(1) −1.02(1)

HP-(Li,Mg)IrO3 −0.23(2) −0.32(1) −0.16(1) −0.64(2)

Table 5.5: Bulk moduli B0,V and B0,r, with r = a, b, c, in the LP- and HP-phases
of β-(Li,Mg)IrO3, as obtained from fitting the volume V and lattice parameters r
with a second-order Murnaghan equation of state (EoS), with B′0 set to 4. The fits
were obtained from the data collected at room temperature at ID15B (ESRF).

Phase V0 (Å3/f.u.) B0,V (GPa) B0,a (GPa) B0,b (GPa) B0,c (GPa)

LP-(Li,Mg)IrO3 57.05(4) 87(2) 35(2) 175(7) 123(4)

HP-(Li,Mg)IrO3 55.79(10) 131(5) 111(9) 81(5) 199(25)

Additional high-pressure PXRD measurements of β-(Li,Mg)IrO3 were per-
formed at PETRA III (DESY) at T = 100 K and room temperature. The profile
refinement of the collected data was still complicated due to the sample tex-
turing/orientation (Fig. 5.6c), but the volume collapse appears at the same
pressure Pc at room temperature and shifts to the low pressure of ∼ 3.8 GPa
at T = 100 K. It seems suspicious that at high pressures (above 10 GPa) there
is no further volume drop like in β-MgIrO3.

Magnetization measurements performed up to 2.1 GPa confirm that in
this pressure range β-(Li,Mg)IrO3 remains nondimerized, because no step-
like feature is observed in the magnetic susceptibility (Fig. 5.7e).



94 Chapter 5. Magnesium iridates under pressure

0 . 9 5
0 . 9 6
0 . 9 7
0 . 9 8
0 . 9 9
1 . 0 0

L P  p h a s e
 a / a 0
 b / b 0
 c / c 0

p/p
0

H P  p h a s e
 a / a 0
 b / b 0
 c / c 0

( a ) ( c )

( d )

β - ( L i , M g ) I r O 3
( e )

P E T R A  I I I  ( D E S Y )

P E T R A  I I I  ( D E S Y )
1 2 3 4 5 6 7 8 9 1 0

5 2

5 3

5 4

5 5

5 6

 V L P
 V L P ( d e c o m p r . )

V (
Å3 /f.u

.)

P r e s s u r e  ( G P a )

∼ − 1 . 0 2 %

( b )

∼ − 0 . 9 7 %

∼ − 0 . 9 9 %

 V H P
 V H P ( d e c o m p r . )

0 4 8 1 2 1 6
5 1
5 2
5 3
5 4
5 5
5 6
5 7

 V L P
 V H P

V (
Å3 /f.u

.)

P  ( G P a )

T  =  3 0 0  K

T  =  1 0 0  K

T  =  3 0 0  K

I D 1 5 B  ( E S R F )

0 2 4 6 8
5 2

5 3

5 4

5 5

5 6  V L P
 V H P

V (
Å3 /f.u

.)

P  ( G P a )

0 1 0 0 2 0 0 3 0 0
0

1

2

3

4

χ (
10

-2  em
u/m

ol)
T e m p e r a t u r e  ( K )

P  ( G P a )
 0
 1 . 5 6
 2 . 1 0

β - ( L i , M g ) I r O 3

Figure 5.7: (a) Pressure dependence of the lattice parameters of β-(Li,Mg)IrO3 at
T = 300 K. All lattice constants are normalized to the parameters at the lowest
pressure of 0.65 GPa. (b) Pressure-volume relationship of β-(Li,Mg)IrO3 upon com-
pression and decompression shown by closed and open symbols, respectively. The
solid lines in (b) are fits with the second-order Murnaghan equation of state. Unit
cell volume as function of pressure from the DESY data refinement at room temper-
ature (c) and T = 100 K (d). (e) Temperature-dependent magnetic susceptibility
χ(T) of β-(Li,Mg)IrO3 measured under several pressures from 6 to 300 K in the
magnetic field of 1 T. No steplike features due to the dimerization transition are
observed in the presented data.
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Chapter 6

Summary and Outlook

New Kitaev iridates – β-ZnIrO3, β-MgIrO3 and β-Li2xMg1−xIrO3 – have been
successfully synthesized by a low-temperature topotactic ionic exchange re-
action from the parent compound β-Li2IrO3. Structural characterization of
β-MIrO3 has been performed by high-resolution x-ray diffraction, neutron
diffraction and electron microscopy measurements which unambiguously re-
vealed the symmetry lowering from the orthorhombic Fddd space group of
β-Li2IrO3 to the monoclinic P21/c and C2/c groups in the case of Zn and Mg
doping, respectively. The crystal structure refinement demonstrated that the
hyperhoneycomb motif of edge sharing IrO6 octahedra in the new iridates is
not affected by the chemical substitution suggesting spin-1

2 behavior of Ir4+

ions. The symmetry lowering is caused by the presence of two distinguish-
able positions of the nonmagnetic elements: tetrahedral and octahedral sites
of the dopant Zn2+ or Mg2+ ions. The degree of disorder in the positions of
doping elements plays a significant role in magnetic properties of β-MIrO3.

The long-range magnetic order observed in the parent β-Li2IrO3 is sup-
pressed in the new iridates. The well-ordered β-ZnIrO3 does not show any
sharp anomalies in the magnetization and heat capacity data, while the AC
susceptibility data exclude a conventional spin freezing below Ta ∼ 5 K. The
finite linear term of γ = 10.1(3) mJ/mol K2 in the specific heat suggests the
presence of unconventional excitations in the ground state. The local mag-
netism examined by µSR study demonstrates the coexistence of static and
dynamic contributions below 35 K. The ground state of β-ZnIrO3 can be rep-
resented as a combination of slowly fluctuating random fields and dynamic
spins up to 5.5 K. Above Ta the fraction of static spins is gradually suppressed
with temperature until reaching the paramagnetic state at around 35 K.

In the fully substituted β-MgIrO3, the cation disorder of Mg atoms be-
tween the tetrahedral and octahedral positions induces the structural first-
order phase transition at ambient pressure at Td ∼ 180 K and Td ∼ 280 K
upon cooling and warming, respectively. The transition is incomplete, char-
acterized by a broad thermal hysteresis, and accompanied by a magnetic col-
lapse in β-MgIrO3 with the formation of the dimerized LT-phase and mag-
netic HT-phase. The crystal structure refinement of β-MgIrO3 indicates a
drastic shortening of 1

3 of the Ir–Ir distances in the LT-phase and dimeriza-
tion along the Z-bond.

The HT-phase exhibits a non-canonical spin-glass behavior below TSG =
22.5(1) K that was confirmed by DC and AC magnetization measurements.
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The µSR study of β-MgIrO3 revealed the absence of long-range magnetic or-
der along with the presence of short-range correlations in the HT-phase. The
dimerization transition was further investigated by the pressure-dependent
x-ray diffraction and magnetization measurements. The full transformation
from the magnetic to dimerized phase occurs at Pd2 ' 2.7 GPa at room
temperature that is the lowest pressure of dimerization transition among
all known iridates [31]. The spin-glass-like behavior of the HT-phase was
found to be robust against pressure. Upon further compression, the second
phase transition into the high-pressure phase was observed at Pd3 ∼ 8.8 GPa.
The crystal structure of the HP-phase was not determined, however, pres-
sure evolution of the lattice parameters suggest the subsequent dimerization
along one of the X- or Y-bonds.

The partially substituted β-Li2xMg1−xIrO3 exhibits the highest degree of
cation disorder of nonmagnetic ions due to the mixing of Li and Mg atoms
between the partially occupied tetrahedral and octahedral positions. Prop-
erties of the synthesized compounds with the different degree of Li substi-
tution demonstrated a strong sample dependence without a clear connection
to the initial composition of reactants. Only the composition with x ' 0.3
[β-(Li,Mg)IrO3] has demonstrated reproducible results, and was used for
further characterization in terms of magnetic properties. The controlled Li
substitution as well as the possibility of the solid solution between β-Li2IrO3
and β-MgIrO3 remain an open question. In contrast to the fully substituted
β-MgIrO3, the derivative β-(Li,Mg)IrO3 does not undergo a phase transition
as well as spontaneous dimerization upon cooling. The partially substituted
magnesium iridate shows a canonical spin-glass behavior below the transi-
tion temperature TSG = 4.51(2) K. The analysis of AC magnetization mea-
surements by using the critical dynamic scaling law and the Vogel-Flucher
law revealed a cluster SG state in β-(Li,Mg)IrO3. An additional investigation
of the local magnetism by µSR in β-(Li,Mg)IrO3 is planned to compare this
material with other new Kitaev iridates. High-resolution x-ray diffraction
under pressure revealed a volume collapse at Pc ' 5.3 GPa which is prob-
ably related to a phase transition into the dimerized state. Unfortunately,
the strong sample texturing did not allow us to refine the crystal structure in
detail.

This thesis work has demonstrated that chemical substitution into Ir-based
materials with the hyperhoneycomb lattice can be considered as a power-
ful tool for finding new quantum spin-liquid candidates. Although the QSL
state has not been achieved in the new Kitaev iridates β-MIrO3, the mag-
netic order of the parent compound β-Li2IrO3 is suppressed, and magnetic
properties of its derivatives are strongly affected by the nature of the doping
elements and the degree of disorder of nonmagnetic dopants. Thus, search
of new QSL materials can be performed in other perspective systems by their
chemical modifications.
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Appendix A

Details of crystal structure
refinement

Powder neutron diffraction patterns of β-MIrO3 are presented in Fig. A.1.
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Figure A.1: Rietveld refinements versus neutron diffraction data of β-ZnIrO3 (a),
β-MgIrO3 (b), β-(Li,Mg)IrO3 (c) at room temperature as well as β-MgIrO3 (d) at
T = 1.5 K. Experimental data are shown by red points, calculated patterns – by
black lines. Positions of peaks and the difference plot are shown in the bottom part
by green ticks and the blue line, respectively.

Data collection and refinement details are shown in Tables A.1 and A.2.
The refined parameters of atomic positions are presented in Tables A.3, A.4
and A.5 obtained from the Rietveld refinement of the neutron diffraction data
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at T = 1.5 K. g denotes site occupancy. In the case of β-ZnIrO3, the g values
are 1 for all atoms. The isotropic displacement parameter Uiso was fixed dur-
ing the refinement for all atoms at 0.001 Å2.

Table A.1: Data collection and refinement details for the β-M IrO3 compounds
against the neutron diffraction data (λ = 1.594 Å) collected at room temperature.

Parameters β-ZnIrO3 β-MgIrO3 β-(Li,Mg)IrO3

space group P21/c C2/c C2/c

a (Å) 8.76368(17) 8.7238(2) 8.6880(3)

b 5.92098(11) 5.97367(13) 5.94142(16)

c 9.9227(3) 9.8320(2) 9.8104(4)

β (deg) 116.125(3) 115.993(2) 116.20(1)

V (Å3) 462.28(2) 460.55(2) 454.38(3)

Z 8 8 8

ρ (g cm−3) 8.78 7.63 7.00

µ (mm−1) 0.654 0.655 0.774

2θ range (deg) 10.05-146.8 13.5-155.7 13.9-148-9

No. of ref. param. 51 38 38

Rp 0.0367 0.0343 0.0356

Rwp 0.0486 0.0456 0.0472

goodness-of-fit 2.09 2.25 2.10

residual density (e Å−3) 0.97/-0.96 0.91/-0.95 0.98/-0.82
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Table A.2: Data collection and refinement details for the β-M IrO3 compounds
against the neutron diffraction data (λ = 1.594 Å) collected at T = 1.5 K.

Parameters β-ZnIrO3 HT-MgIrO3 LT-MgIrO3

space group P21/c C2/c C2/c

a (Å) 8.7492(2) 8.7104(9) 8.8955(5)

b 5.91635(12) 5.9627(5) 6.0790(3)

c 9.9190(3) 9.8322(10) 9.4563(6)

β (deg) 116.083(2) 115.985(7) 117.597(4)

V (Å3) 461.15(2) 459.03(8) 453.18(5)

Z 8 8 8

ρ (g cm−3) 8.80 7.66 7.75

µ (mm−1) 0.655 0.657 0.665

2θ range (deg) 10.05-146.8 14.3-146.6 14.3-146.6

No. of ref. param. 50 54 54

Rp 0.0401 0.0348 0.0348

Rwp 0.0520 0.0446 0.0446

goodness-of-fit 2.20 2.25 2.25

residual density (e Å−3) 0.97/-0.96 0.84/-0.66 0.50/-0.48

Table A.3: Atomic coordinates for the crystal structure of β-ZnIrO3.

Atom Site x y z

Ir1 4e 0.3277(13) 0.123(3) 0.4182(8)

Ir2 4e 0.1586(13) 0.126(3) 0.0820(8)

Zn1 4e 0.5108(17) 0.380(4) 0.2774(9)

Zn2 4e 0.1235(12) 0.623(4) 0.2506(16)

O1 4e 0.0738(18) 0.614(4) 0.4238(15)

O2 4e 0.1038(19) 0.129(4) 0.4285(14)

O3 4e 0.3991(19) 0.151(3) 0.0925(12)

O4 4e 0.5587(19) 0.114(4) 0.4194(15)

O5 4e 0.7452(16) 0.393(5) 0.2558(15)

O6 4e 0.2546(16) 0.354(5) 0.2533(14)
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Table A.4: Atomic coordinates and displacement parameters for the crystal structure
of the HT-phase of β-MgIrO3

Atom Site x y z g

Ir 8 f 0.9086(18) 0.868(3) 0.0772(12) 1

Mg1 8 f 0.754(6) 0.136(14) 0.239(4) 0.407(19)

Mg2 8 f 0.632(3) 0.852(4) 0.242(3) 0.593(19)

O1 4e 0 0.637(6) 0.25

1
O2 4e 0.5 0.582(6) 0.25

O3 8 f 0.691(3) 0.886(4) 0.081(2)

O4 8 f 0.657(2) 0.387(3) 0.091(2)

Table A.5: Atomic coordinates and displacement parameters for the crystal structure
of the LT-phase of β-MgIrO3

Atom Site x y z g

Ir 8 f 0.9203(7) 0.8701(11) 0.0903(4) 1

Mg1 8 f 0.739(2) 0.129(4) 0.2206(12) 0.516(8)

Mg2 8 f 0.624(2) 0.867(4) 0.251(3) 0.484(8)

O1 4e 0 0.616(2) 0.25

1
O2 4e 0.5 0.612(2) 0.25

O3 8 f 0.6878(11) 0.8446(15) 0.0824(7)

O4 8 f 0.6418(11) 0.3953(16) 0.0768(9)
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