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Introduction

Materials discovery is driven by modern technology striving to enhance energy efficiency for sus-
tainability. The accelerating pace of information processing, the recent renaissance of neuromorphic
computing, and the proliferation of communication systems demand for high-performance conducting
materials with higher processing speeds, greater data transfer capabilities, and minimal losses. Rapid
technological progress may even lead to a paradigm shift altogether, from the silicon-dominated
semiconducting era that relies on charge conductivity to new material platforms that utilize spin
and/or orbital momenta.1–3

This vision has encouraged extensive research in the field of quantum materials, which Robert Cava
defines as materials “whose electronic or magnetic properties are best described as having a nontrivial
quantum mechanical origin – in other words materials where classical particles or calculations that
do not take into account the full character of the system do not adequately describe the electronic
or magnetic properties displayed”.4 In the modern condensed matter∗ community, this umbrella
term broadly encompasses diverse classes of materials. They are of significant interest both for
their fundamental ability to host new types of quasiparticles and exhibit unprecedented quantum
phenomena, and for their potential to advance technologies in computation, communication, sensing,
and energy.3

The experimental research presented here focuses on materials optimization in the quantum
materials subclass of bulk topological semimetals (TSMs). Topological materials have entered
the spotlight after the experimental realization of first topological insulators in 2007–2009 in 2D
CdTe/HgTe quantum wells and 3D systems such as Bi2Te3, Bi2Se3, Sb2Te3, Bi1–xSbx .5 Those quantum
materials with the chemical potential in a bulk band gap exhibit spin-polarized, conducting surface
states. Those states are also resilient to charge carrier backscattering due to topological protection via
spin-momentum locking. The discovery of 3D TSM in the realization of Cd3As2 and Na3Bi in 2014
has extended this phenomenology to the bulk states.5 The first 2D material—graphene6–8—is also the
first example of a 2D Dirac TSM, whose linear energy-momentum relationship near the K points of
the Brillouin zone can be described by the Dirac equation.9,10

Charge carriers in the linearly-dispersing bands in a TSM can give rise to unique electronic
properties. Graphene realizes near-room-temperature quantum Hall effect,11 twistronics,12 which
includes unconventional superconductivity.13 TSMs demonstrate record characteristics exceeding the
ranges of trivial semiconductors and metals, for instance: extremely high electron mobility (Cd3As2
has 107 cm2/V·s at low temperatures, which is three orders of magnitude higher than silicon),14 large
non-saturating magnetoresistance (WTe2 has up to 13× 106 % under a magnetic field of 60 Tesla at
low temperatures,15 which is a million times higher than copper in similar conditions), high carrier
density (up to 1022 cm−3 in Na3Bi) combined with low effective mass close to that of free electrons,
and ultra-high low-temperature conductivity (a residual resistivity ratio (RRR) exceeding 103 in
PtSn4

16). Beyond that, TSM exhibit quantum phenomena enabling interesting and potentially useful
conducting behavior. For example: chiral anomaly, i.e. chiral charge is not conserved in the presence of
parallel electric and magnetic fields, and negative magnetoresistance, in which the resistance decreases
as the magnetic field increases. For example, in TaAs there is an 80 % resistivity decrease in magnetic

∗In this thesis, the terms “condensed matter” and “solid state” are used interchangeably. Historically, the
former is more common in physics, while the latter is preferred in chemistry. In the context of this thesis, both
terms apply to periodic crystalline solids.
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viii Introduction

field.17 Finally, Shubnikov-de Haas quantum oscillations at fields as low as 0.5 Tesla with the Berry
phase close to π in ZrTe5 deserve a mention.18

Despite all these interesting developments, research in topological materials is still in its early
stages, focusing on the discovery of new candidates of various types, and understanding how their
properties relate to their chemistry and crystal structure. Many research consortia around the world
are tackling this challenge in an interdisciplinary manner, with common efforts from physicists,
chemists, and theoreticians. First, expanding the pool of available materials is a crucial avenue in
the field, as we are still in the acquisition phase of identifying materials with the best-performing
properties. A chemist’s expertise is very helpful in designing experimental synthetic strategies for
predicted materials. This dissertation addresses this task from a chemist’s perspective and aims to
contribute to the following knowledge gaps.

Outline of the thesis

The scope of this thesis spans the intersection of inorganic chemistry, crystallography, and condensed
matter physics.

Chapter 1 introduces TSMs and explains the “composition–structure–property” guiding principle
of materials design illustrating how chemical composition and real-space crystal structure influence
the electronic properties of selected topological semimetals. Moreover, it highlights how seemingly
small misjudgments in structural analysis and chemical composition can result in controversies in the
band-structure analysis and, consequently, in the expected topological properties.

Chapter 2 outlines the foundations of the main synthetic techniques employed in the present
work. The general principles of phase diagrams are sketched, and various approaches to selecting
synthetic conditions based on the thermodynamics and kinetics of solid-state systems are discussed.
Chapter 3 provides general overview of characterization methods employed in this work.

Chapters 4–6 of this thesis thoroughly examine the subtle details of composition and structure,
which, in turn, influenced by the choice of synthetic conditions, in three different classes of quantum
materials, including topological semimetals and candidates for unconventional superconductivity.

Chapter 4 introduces TSM and superconductor PtBi2, and navigates through its rich poly-
moprphism. The goal is to optimize the synthesis of the trigonal γ-PtBi2 polymorph that is the
outmost interesting topological phase. Following the crystal growth of the target polymorph, its
crystal structure is re-investigated, solving the long-standing controversy about its lattice symmetry.
Consequently, this result clarifies which band structure model and topological electronic states are
inherent to γ-PtBi2. Moreover, several possible substitutional series are investigated and the effects
of the substitution on structure and properties are preliminary assessed.

Chapter 5 deals with a family of candidate type-II Weyl semimetals, ternary TaTMTe4 (TM
= Ir, Rh, Ru) compounds. Several members were published long ago, but no single crystals were
available. While TaIrTe4 has already been studied as a type-II Weyl semimetal (WSM) candidate and
crystal growth protocols were available, sizable crystals and reliable composition information for the
Rh- and Ru-containing members, and especially for substituted variants, remaining less developed. In
this chapter, crystal growth of TaIrTe4, TaRhTe4, and Ta1.25Ru0.75Te4 is explored, together with first
attempts at transition-metal substitution. This chapter also revisits crystal structures of the family
members, and finds out non-stoichiometry, atomic disorder and lattice changes in the Ta1.25Ru0.75Te4
compound∗. These findings suggest that Ru-compound may be structurally and electronically closer
to WTe2 than to the ordered TaIrTe4-type structure, making it attractive for future in-depth studies.

Chapter 6 addresses KxRhO2, a compositionally versatile material with a rich phase diagram of
physical properties as a function of x. We present a new synthetic approach to this material, which
may potentially give access to new compositions and properties. We show the preliminary results of
how the synthetic route impacts magnetic properties.

∗This was previously reported as the stoichiometric, isostructural TaRuTe4 compound19



Chapter 1

Design Tips for Quantum Materials

1.1 Main Mantra of Material Design

This section largely based on West,20Hoffmann,21Pauling,22 Atkins et al.,23 and Singleton.24

How can we practically steer the design of quantum materials toward non-dissipative, energy-
efficient conductive properties that are in high demand? The cornerstone of creating a new functional
material is to identify the key characteristics that are needed to achieve the desired properties. The
relationship between property and structure is widely recognized as central and crosscutting concept
in natural sciences, including all disciplines of chemistry. Linus Pauling in “The Nature of the
Chemical Bond” (1939)22 first introduced this concept into inorganic chemistry on the examples how
the structure of molecules and crystals determines their chemical and physical properties.

The term structure relates to arrangements of atoms in a chemical compound. For crystalline
inorganic solids that are considered here, it boils down to the crystal structure:∗ a periodically
repeated array of atoms (unit cell) in real-space (conventionally, in three dimensions, but can be 2D
or 1D as well) that possesses certain symmetries (labelled by a crystal class and a space group).25
Often, this part of the relationship is expanded to “composition–structure” to emphasize the decisive
role of the chemical nature of the involved atoms and their bonding interactions.†

A chemical compound exhibits a given array of descriptive properties. This broad array includes
chemical (reactivity, toxicity, flammability, solubility, volatility, etc.), mechanical, thermal, electrical,
magnetic and optical properties. In chemistry, property is often understood synonymously to purpose
or function. Materials design is aiming to find candidates that are specially fitted for an application.

The composition–structure–property concept states that a given property is related to the com-
pound’s chemical composition and crystal structure. The question of which particular ingredient is the
most influential is the crux of materials chemistry. Once unraveled, this tuning knob is used to guide
materials design strategies and optimization of the compound’s chemical and physical behaviors. Even
minuscule deviations from the idealized composition or high symmetry may entail strong alteration of
the related property. Basically, the task of materials design is to figure out these linkages, find out by
what they are steered and how strong the impact of various compositional and structural components
is on the related property. This algorithm describes in broad brushstrokes the workings of materials
chemistry.

In the 1960s, Roald Hoffmann contributed by laying out the theoretical foundations of how the
symmetry of molecular orbitals determines the chemical properties of a compound, namely, reaction
pathway and stereochemistry (Woodward–Hoffmann rules). Later, he developed the extended Hückel
method, a semi-empirical quantum chemistry technique used to approximate molecular orbitals, also
in periodic solids.21 This method helps chemists understand how changes in crystal structure affect the
electronic properties, such as energy levels and band dispersions, and how the overlap and interaction
of orbitals influence bonding and stability of solids.

∗Present work uses the term “structure” in this meaning.
†For sake of conciseness,we don’t mention here microstructure effects, defects of various order, etc.

1



2 Chapter 1. Design Tips for Quantum Materials

Hoffmann’s approach, adopted broadly into inorganic chemistry by von Schnering, Tremel, and
Ibers, is based on the visualization how atomic orbitals placed on a certain geometrical arrangement
interact with each other, in bonding or antibonding fashion, forming molecular orbitals. This picture
is valid for covalent (ionic) interactions of localized electrons when the orbital picture is applicable. It
also makes the assignment of oxidation states important in order to understand whether the electric
neutrality state (semiconductor or insulator) will be achieved between electron donors and acceptors
in a solid or would there be some uncompensated charges (metal).

By simplifying the calculation of molecular orbitals, Hoffmann enabled the exploration of structure–
property relationships in complex systems. His approach, albeit simplified as compared to the modern
DFT machinery, is still assisting the chemists today to explain why the atoms with certain oxidation
states built up frameworks in a certain way. This principle allows for quick crystal structure design
and prediction of the impact of doping on structure and properties without need to resort to
computationally expensive DFT methods. For instance, it explains the behavior of transition-metal
oxides in relation to their electronic conductivity and crystal structure. Undoped Sr2+Ti4+O2−

3 is an
insulator at room temperature due to the strongly covalent Ti–O bonding and electric neutrality which
results in a large band gap. Doped SrTiO3 with e.g. La3+ becomes a highly conductive material by
extra electrons occupying the conduction band, if the crystal structure of the cubic perovskite type
remains unchanged.20

This principle holds true even if we narrow down our scope to quantum materials. The “structure–
property” concept trains one to search the origins of physical phenomena in atomic structure and
interactions. The defining characteristics that influence the macroscopic electrical properties of a
periodic crystalline solid are found in their electronic band structures. In turn, the band structure of
a periodic crystal is determined by the types of the involved atoms, their geometric arrangement and
interatomic bonding.24 Bloch’s theorem links the direct and reciprocal periodic spaces and describes
the behavior of electrons in a periodic solid. Complexity arises from quantum-mechanical interactions
such as orbital mixing, hybridization, spin-orbit coupling and correlation effects. Moreover, quantum
materials harbor exotic quasiparticles, whose energy dispersion give rise to interesting emergent
phenomena, such as high electron mobility, giant magnetoresistance, etc. All of this obfuscates the
linkage between atomic structure and physical properties.26

When it comes to complex electronic systems like topological materials and superconductors,
chemical bonding concepts are insufficient. However, the importance of careful consideration of lattice
symmetry and chemical composition remains crucial for understanding the quantum material at hand.

Modern theory provides exciting predictions of new quantum materials. Theory often uses
entries from crystallographic databases as input to model the band structure and to make advanced
predictions of properties. Often these inputs are used for high-throughout screening for potential
candidates.27 However, some of these crystal structure descriptions date back to the early years of the
structure analysis and are incomplete or plainly wrong due to the limitations of the experimental
methods back then. Without a background in x-ray crystallography it is difficult to assess the quality
of available data, and high-throughput screening often does not sufficiently discard poor cases. As
exemplified below by my own work and published examples, very often a critical revision of the
crystallographic data is paramount the for the correct interpretation of the physical properties. So,
for many candidate quantum materials the first crucial step is to carefully examine their crystal
structure for possible superstructures or lattice-symmetry reductions, twinning or atomic disorder
phenomena in order to ensure accurate input for theoretical modeling.

As will be discussed in more detail in Sec. 1.4, another glaring omission that often occurs in
literature is insufficient or inadequate compositional analysis of the material. Even a straightforward
method with relatively high systematic errors such as energy-dispersive x-ray spectroscopy (EDX) can
give a crucial hint regarding a possible structural mishap, if one keeps in mind that the composition
gives rise to crystal structure. Another simple check is the oxidation states of the elements composing
the compound: a chemist may check whether the co-existence of assigned valence states is possible
within a compound—or would these two elements spontaneously engage in a redox reaction if they
had had these molar ratios and oxidation states. Coordination environments and connectivity of the
elements are also dependent on the valence state of the central atom, providing yet another way to
sanity check the material under consideration.



1.2. Property: Topological Semimetal Phase 3

Ongoing research shows that all the above-mentioned aspects are relevant for the young field
of topological semimetals and other quantum materials. Scientific and applied interest in them is
fueled mainly by their properties and envisioned functionalization, so the concept is often reversed
to “property – structure”. Essential information about the structural and compositional part of the
relationship is often missing, incomplete, or insufficiently accurate.

The remainder of this chapter will set the stage for the rest of the thesis, giving a brief overview
of a TSM band structure, and its arising properties, how the band structure is influenced by minute
detail in the structure and explore the importance of chemical and phase composition and its influence
on the material’s preparation and resulting crystal structure.

1.2 Property: Topological Semimetal Phase

This section largely based on Yan and Felser,26 and Singleton.24
Condensed-matter physics classifies solids into semiconductors (insulators)∗ and metals based on

their electronic band structure. The former have an energy separation—a bulk band gap Eg—between
the highest occupied electron state (top of the valence band) and the lowest unoccupied state (bottom
of the conduction band) at each momentum k of their three-dimensional Brillouin zone at 0K
(Figure 1.1b). The latter have a continuous energy spectrum of electronic states available for the
electrons excited from their ground state at any given temperature if the Fermi level is within the
valence or the conduction band. A semimetal is a sort of an intermediate state with a small density
of states at the Fermi level due to energy overlap (at different k) of conduction and valence bands in
the Brioullin zone (Figure 1.1a).

A topological insulator has a gapped energy spectrum like a conventional, trivial semiconductor,
but with an inverted band order at some k values (Figure 1.1d). This band inversion can be promoted
by spin orbit coupling (SOC). If a hybridization gap opens between the inverted states, the result is
a topological insulator possessing a bulk bank gap. In addition this system has two spin-polarized,
linearly dispersing surface states within the bulk gap (Figure 1.1d). If the two inverted bands touch
at one particular momentum k, a Dirac semimetal results (Figure 1.1c). The touching point of the
bands, called the Dirac point, is fourfold degenerate (twofold both in k and in spin).

A DSM can be also defined as the phase living at the critical point of a quantum phase transition
between a trivial semiconductor and a topological insulator. The transition may proceed upon
increasing SOC that brings the conduction and valence bands closer in energy, and the Dirac
semimetal (DSM) is the point where they touch and close the bulk gap. Upon further increasing
SOC, the gap reopens with an inverted energy-state order.

If time-reversal or lattice-inversion symmetry of the periodic crystal is broken, the degeneracy
in a DSM can be lifted, and one Dirac point splits into two spin-polarized Weyl points separated
in momentum space, forming a Weyl semimetal (WSM, Figure 1.1e). Each Weyl node is, thus,
twofold-degenerate. The Weyl state may arise in a magnetically ordered material or in a lattice with
a non-centrosymmetric space group. The latter highlights importance of the correct determination of
the lattice symmetry as it has direct consequence for the electronic state.

The peculiar conducting characteristics of TSMs exemplified in the introduction are related to
the linear dispersion relation of the topological bulk bands. Charge carriers in a TSM that are
close in energy to the Dirac (or Weyl) point cannot be described as nearly-free quasiparticles by
the Schrödinger equation. Instead, their energy dispersion relation is analogous to the behavior of
relativistic particles described by the Dirac-like Hamiltonian:

H(k) = ±h̄vFk · σ, (1.1)
where k = (kx, ky, kz) is the momentum matrix in 3D space, vF is the Fermi velocity, and σ is

the Pauli spin matrix.
This has the same form as the Dirac hamiltonian in high-energy physics, with the speed of light c

replaced by the Fermi velocity vF and the effective mass equal to zero.28 Zero effective mass of a Dirac

∗The difference between semiconductors and insulators is quantitative, with the boundary typically drawn at
3 eV.
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Figure 1.1: Schematics of band structures of (a) trivial semimetal, (b) trivial semiconductor,
(c) Dirac topological semimetal, (d) topological insulator, (e) lifting of degeneracy resulting
in Dirac point splitting into two Weyl points (red and blue bands indicate two spin-polarized
branches). On panels (a)–(d) conduction band is orange, valence band is green, topological
surface states are in purple. EF—Fermi energy (shown with dotted line).

(or Weyl) fermion quasiparticle results in gapless energy spectrum, as shown in Figure 1.1c. This
combination makes materials hosting such fermions, such as TSMs, candidates for applications in
high-speed and high-efficiency electronic devices, surpassing the performance of conventional (trivial)
conductors and many topological insulators.

Weyl fermions are chiral due to the lifting of spin degeneracy, making the WSM attractive
candidates for spintronic devices, which rely on the manipulation of electron spin rather than charge.
Two Weyl points, the solutions of the Eq. 1.1, have opposite chiralities, and are the source and the sink
(monopoles) of non-trivial Berry curvature (see Figure 1.2b). A topological surface state appearing in
a WSM is called a Fermi arc and it connects the Weyl points with opposite chiralities. Fermi arcs are
protected by the bulk Weyl topology as long as the Weyl nodes of opposite chirality remain separated
and the relevant symmetries and topological structure are preserved. Therefore, Fermi arcs are robust
against perturbations, making the WSMs candidates for the development of stable quantum bits
for quantum computing.3,26 Stronger SOC increases the splitting of Weyl nodes in momentum space
(Figure 1.2c,d), making compounds with heavier elements more attractive for spintronics applications.

Moreover, due to the protected locking between the spin and orbital momenta of the topological
bands, WSMs exhibit the chiral anomaly, a phenomenon where the conservation of chiral charge
is violated in the presence of parallel electric and magnetic fields. This can lead to novel transport
phenomena such as quadratic negative magnetoresistance, which is unique to TSM in contrast to
topological insulators and has strong potential for sensor applications.26,31

Nowadays, the classification of known TSMs has expanded dramatically5 and includes topological
features of various dimensionality (crossing points, nodal lines and surfaces), degeneracy (twofold,
threefold, fourfold, sixfold, eightfold) and dispersion of the Dirac-like bands (linear, quadratic, cubic).
Dirac and Weyl cones can be isotropic (respecting Lorentz invariance and Eq. 1.1) dubbed type-I, or
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Figure 1.2: Topological Fermi arcs in the TSM. (a) Schematic of a DSM with spin-polarized
Fermi arcs on its surface (red and light-blue; blue arrows shows spin texture) connecting
projections of two bulk Dirac nodes (blue and red circles). The black color of Dirac cones
indicates that one Dirac node is the degeneracy of two Weyl nodes with opposite chirality.
(b) Schematic of a WSM with spin-polarized Fermi arcs on its surface connecting projections
of two bulk Weyl nodes. The red and light-blue colors represent opposite chirality. For
clarity, only surface states on the top and bottom surfaces are indicated. (c) The calculated
and measured Weyl points and Fermi arcs in three transition-metal pnictides. (d) Extracted
Weyl point splitting plotted against the spin-orbit coupling strength. Figures from Liu
et al., Lv et al.29,30

tilted along a certain k direction (violating Lorentz invariance) dubbed type-II (Figure 1.3). Type-II
Weyl states give rise to particular optical and magnetic features thanks to the appearance of hole and
electron pockets, which enriches the portfolio of TSM exotic physical properties.26,32

In terms of real materials, the TSM class is very diverse. The prime examples of bulk DSM are
Na3Bi, Cd3As2 and PtTe2, whereas the most famous WSM are TaAs and its derivatives as well as
WTe2.26,33–36 Most interest in the condensed-matter community is placed on the property (function),
whereas chemical and structural features are usually investigated less thoroughly. Chemically, the
known TSM belong to very different classes, and it is challenging to find unifying characteristics.
This, in turn, complicates tailored materials design of these materials.

TaAs hosts a large number of Weyl points that are well separated in momentum space (Fig-
ure 1.4).34,37 As a result, it exhibits clear and well-defined surface Fermi arcs which have been
extensively studied with angle-resolved photoemission spectroscopy (ARPES) and scanning tunneling
microscopy (STM).33 TaAs also exhibits strong chiral anomaly effects. These clear experimental
signatures promoted TaAs and its derivatives, TaP and NbP, to the textbook examples of a WSM.

WTe2 exhibits Weyl points arising from a linear intersection of the conduction and valence bands.
The lack of inversion symmetry in WTe2 crystal lattice is essential for the occurrence of Weyl fermions
and their good separation in momentum space. In case of WTe2 this signature of the electronic
structure translates into the extremely high charge carrier mobility (exceeding 104 cm2/V·s at low
temperatures) and large, non-saturating magnetoresistance.15
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Figure 1.3: Schematic of a type-I (a) and type-II (b) WSM. The type-I features a point-like
Fermi surface. In the type-II, the Weyl point is a contact point between the electron and
hole pocket. Fermi energy denoted with gray plane. Figure from Soluyanov et al.32

Figure 1.4: The calculated band structures of TaAs (a) without and (b) with spin-orbit
coupling. The Weyl points exist off the high-symmetry lines and are not visible from
panel b. The numbers 1 to 4 denote the second valence band, the first valence band, the
first conduction band, and the second conduction band, respectively. Figure from Weng
et al.34

The isostructural van der Waals compounds PtTe2 and PdTe2 demonstate that TSM are proximate
to another intriguing and less-explored class of quantum materials, topological superconductors
(TSC).38,39 A TSC is a state with a full superconducting gap in the material’s bulk and gapless
topological states (Andreev bound states) protected by symmetry at the boundary. TSC represents
a distinct type of quantum phases and cannot be derived from the conventional superconductors,
namely, from the Bose–Einstein condensate of Cooper pairs. TSC are only found in unconventional
superconductors, and their excitations are not electrons, but exotic Bogoliubov quasiparticles, which
are linear combinations of electron and hole excitations.38,39 Fermi arcs are less stable in DSM than
in WSM. So if a DSM is in a superconducting state, the surface electrons may form Cooper pairs
and surface superconductivity may arise. The type-II DSM are believed to be good candidates for
the TSC state thanks to their large pockets of electrons and holes near the Dirac points as those
contribute to a large DOS which is favorable for SC. In this light, PdTe2 and PtTe2, which are Dirac
type-II TSM, are studied as viable TSC candidates.40

Fermi arcs and bulk non-trivial states can be observed directly in ARPES and many of the unique
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WSM properties manifest themselves in transport experiments and scanning tunneling microscopy
(STM) measurements; however, these time- and effort-consuming experimental techniques cannot
be used for high-throughput screening of potential new candidates. Moreover, they cannot yield
an interpretation of the observed signatures in terms of electron topology. This information can be
obtained by theoretical modelling, for instance, density functional theory (DFT) methods. These,
in turn, require a reliable structure model for enabling realistic outputs and making predictions.
Explorative synthesis of new materials often goes hand in hand with band-structure “screening” by
computational methods in order to spot the signatures of possibly topological band crossings. As has
been already repeatedly emphasized in the beginning of the Chapter 1, knowing the correct lattice
symmetry is crucial for correct band structure calculation.

TaAs has earned the place as a well-studied textbook example of a WSM also thanks to the
fact that it does not pose any serious challenges from the standpoint of crystal structure or crystal
growth. The scientific community keeps on searching for more optimal TSM. Since the topological
band crossing in a TSM is part of the bulk-band continuum, it is very challenging to design a material
which can boast the Dirac cones positioned at the Fermi energy, while other, trivial bands do not
contribute to the conductivity. New candidates are often being proposed, and some of them present
complicated cases of ambiguous structure or composition.

1.3 Structure: the Big Effects from Tiny Shifts

Here, we illustrate several challenges while studying the structure of a topological material using the
example of Cd3As2. Research on this material dates back to the 1930s, and it has garnered consistent
interest due to its extraordinary electron mobility above 104 cm2/V·s at room temperature. Even
after the discovery of graphene and other 2D materials with very high mobilities, Cd3As2 remains
competitive as it has the highest reported mobility of 107 cm2/V·s at low temperatures.14 Today, it
is widely recognized that this remarkable conducting property is linked to Cd3As2 being a TSM.41
However, there is still ongoing debate regarding its precise classification,42 and this open question is
strongly intertwined with its crystal structure.

Even though at first glance, it is a “simple” inorganic binary compound, Cd3As2’s crystal structure
is actually quite complex. The first thing to do is to decide which cadmium arsenide structure to
consider. Cd3As2 is a typical example of a system with rich polymorphism∗. Typically the different
structures, termed polymorphs, are thermodynamically stable under different external conditions,
with typical variables being temperature and pressure. The crystal structures of the polymorphs are
usually related to each other by a sequence of symmetry elements. A lower symmetry is usually found
for a polymorph stable at lower temperature.44 Cadmium arsenide has four polymorphs in total,45
which all can be derived from the basic antifluorite structure type (fcc, CaF2). The high-temperature
(HT) polymorph has the highest lattice symmetry as it crystallizes in a face-centered cubic lattice
(space group Fm3̄m, lattice parameter a = 6.24Å) with two vacancies† statistically distributed on
the cadmium site.46 The coordination sphere of an As atom is an idealized cube [As( 3

4
Cd)8] in the

average structure of this cubic polymorph (Figure 1.5 Fm-3m HT). As the temperature decreases, the
vacancies begin to arrange into channels, leading to the cadmium positions becoming non-equivalent.
The coordination sphere of an As atom changes to [AsCd6�2], which initiates a shift of the cadmium
positions towards these channels of vacancies (Figure 1.5 P42/nmc IT). These distortions entail
subsequent structure transitions at 600 and 470 ◦C to the intermediate-temperature (IT) polymorphs
with a primitive tetragonal lattice (space group P42/nmc and P42/nbc) and an expanded unit cell
(a = 8.95Å, c = 12.65Å).47 The fourth, low-temperature (LT) modification is stable below 220◦C. It
exhibits an even more complex vacancy arrangement (Figure 1.5 I41/acd LT), resulting in a larger cell:
this polymorph crystallizes in a volume-centered tetragonal lattice, with another parameter increase
to a = 12.67Å and c = 25.48Å.48 The exact space group was re-evaluated to be centrosymmetric
I41/acd instead of non-centrosymmetric I41cd only recently.48

∗The phenomenon in which the same chemical compound exhibits different crystal structures43
†The atomic composition of the unit cell can be written as Cd6�2As4 to match up with the A8X4 general

formula for the antifluorite cell, where � denotes a vacancy.
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Figure 1.5: Crystal structures of different polymorphs of Cd3As2. (a) Coordination sphere
of an As atom. Arrows show displacements of the Cd atoms toward the Cd vacancies.
(b) Structure relationship of the polymorphs: from the HT to the LT (see text). (c) The
Cd cubes and their ordering for each polymorph. In the cubic phase, the Cd atoms are
disordered over all of the pseudocube sites, it is antifluorite structure type. In the IT
structure, the Cd vacancy channels are shown running along the b-axis indicated with the ×
symbol. In the LT form, the cubes stack in corkscrews along the c-axis. Chains of vacancies
are no longer present. Figure from Ali et al.48

Further alternations in the lattice-symmetry, such as a transition from a primitive to an I-centered
tetragonal cell, and the possible lack or presence of the inversion symmetry in the LT polymorph,
have an immediate impact on the topological band structure of Cd3As2 and its carriers’ properties.
For instance, the lack or presence of the inversion symmetry in the LT polymorph decide whether
it is a DSM or a WSM, in which the Weyl states may appear due to the symmetry-related lifting
of the spin degeneracy as described in Chapter 1.2. The positions of the Dirac (or Weyl) cones in
momentum and energy, their total number and degeneracy, their anisotropy (Fermi velocity, tilting
and orientation in momentum space) are all influenced by the crystallographic details.

The room-temperature polymorph of Cd3As2 was originally described in a non-centrosymmetric
structure model with I41cd space group symmetry,49,50 incompatible with the symmetry requirements
for a DSM state. The linear dispersion in ARPES measurements consistent with a Dirac state led
to a careful re-investigation of the crystal structure in order to improve the model for theoretical
analysis. Indeed, an in-depth single crystal x-ray diffraction (SC-XRD) experiment resulted in a
revised structural description: the lattice parameters and the tetragonal crystal class of the previously
reported lattice were confirmed, but the space group was updated to the centrosymmetric I41/acd.48
This finding led to better reconciliation between the electronic structure simulated by the DFT
modelling, and the directly observed one in ARPES. Ambiguity between a centrosymmetric and a non-
centrosymmetric case is a frequently occurring, challenging problem in the field of crystallography.51,52
Resolving it becomes particularly important when distinguishing between various symmetry-dependent
topological phases, such as different types of TSMs. This theme will reappear in Chapter 4.

Next, we consider ZrTe5 as another example to illustrating the influence of subtle real-structure
effects onto physical properties. The structure of this compound can be described in the centrosym-
metric, orthorhombic Cmcm space group.53 Face-sharing [ZrTe6] prisms are linked into columns
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Figure 1.6: Topological phase diagram (a), crystal (b) and electronic (c, d) structures
of ZrTe5. (a) Schematic of the phase diagram: δ is the control parameter describing the
breaking of inversion symmetry, ε is Poisson’s ratio. (c) Size of band gap EG (color scale)
at the Γ point as a function of strain in the a and c lattice directions. (d) Calculated band
structures for different strain states taken at points along the dashed-line path in (c). STI
– strong TI, DSM – Dirac semimetal, WTI – weak TI. The band inversion involves Te
p-orbitals from Ted and Tez (b) (shown as red and green colors, respectively). Figure from
Mutch et al.54

extending along the crystallographic a direction. Along the c direction, the columns are connected by
tellurium links, Tez. The resulting [ZrTe5] layers are stacked along the b axis, and held together by
van der Waals forces (Figure 1.6b).

The electronic properties of this material are extremely sensitive to the magnitude of the lattice
parameters. ZrTe5 has a rich phase diagram as a function of the lattice dimensions (Figure 1.6a).
Applied strain, which from the viewpoint of a crystallographer is understood as a change in the lattice
parameters and their respective ratios, initiates a topological phase transition, i.e. the qualitative
change in the electronic structure. As was shown in Chapter 1.2 and Figure 1.1, a transition between
phases with different topology – a trivial and a topological insulator – proceeds via a critical point of
closing the gap and forming a DSM. In the case of ZrTe5, a transition occurs between two different
types of topological-insulator phases, in which each gapped energy spectrum is characterized by a
topological invariant Z2, describing the symmetries of all band inversions and the number and space
orientation of topological surface states.54 Due to topology of the band, the transition between those
states is accompanied by closure of the gap and results in a DSM state. The dependence of the band
gap size on strain along a and c, together with simulated band structures before, at and after the
transition are presented in Figure 1.6c,d.

High sensitivity of the electronic structure to strain originates from the details of the band
inversion, which are, in turn, rooted in the peculiarities of the structure. The p-states creating
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the band inversion belong to two different Te crystallographic positions, Ted from the prismatic Zr
coordination sphere, and Tez from the zigzag chains (Figure 1.6b). Since both Te species have similar
bonding situations and close oxidation states, the energies and symmetries of their p-states are very
similar. As they reside at the Fermi level, they hybridize and realize a topological band inversion, but
it takes place in a small range of momenta and energies, and is very susceptible to any minute changes
of the Te coordination spheres. Uniaxial strain affects the geometry of the one-dimensional chains by
slightly changing the bonding lengths and angles around the Te atoms, and, therefore, is capable of
changing the topological character of the material. Mutch et al. expose this effect by showing that
less than 1% strain is required to cause a topological transition. Additionally, there is no consensus
in the literature whether ZrTe5 hosts the Dirac or Weyl state,55–58 with an assumption made that the
TSM type may change with external temperature.54,59

Considering the required symmetry differences between a WSM and a DSM, a plausible hy-
pothesis arises: an external parameter (e.g., temperature or pressure) or a sample-dependent factor
(e.g., the synthetic method) could induce a structural transition from a centrosymmetric to a non-
centrosymmetric structure. Another possibility is that no such transition occurs, which nonetheless
underscores the need for more thorough structural experiments to definitively determine the pres-
ence or absence of lattice inversion symmetry in ZrTe5, or to identify any overlooked polymorphic
transitions within the material.

The extreme sensitivity to strain further emphasizes the importance of correct structural de-
scription, while the ambiguity between Weyl and Dirac physics demonstrates once again how the
structure–property relationship is a two-way street. In this context, unexpected behavior in observed
properties can prompt new research questions in materials chemistry.

Experimental characterization of topological properties has advanced significantly for layered ma-
terials, particularly because they provide well-cleaving specimens ideal for surface-sensitive techniques
like ARPES. In these experiments, the maximum signal depth is around 10 nm when using hard
X-ray radiation at a synchrotron.60 “Fresh” surfaces of layered crystals, cleaved in situ under ultrahigh
vacuum, are free from oxidation, contaminants or adsorbates. Moreover, because the interlayer
interactions are relatively weak, there is no significant force imbalance on the atoms at the surface,
resulting in minimal relaxation∗ or reconstruction†. This allows to study the material band structure
with a sound assumption that signal from this surface layer is representative of the whole material.

On the flipside, layered compounds are often plagued by a particular form of polymorphism
known as polytypism, where the compound can form several crystal structures that differ based on
the stacking sequence of nearly identical layers.62 These materials also commonly suffer from a high
amount of stacking fault defects. This issue arises from the same underlying reason: weak interlayer
interaction. It fails to hold the layers together firmly, resulting in low energy penalty for the formation
of a stacking fault or allows the coexistence of multiple polytypes under the same external conditions.
These defects, particularly stacking faults, significantly complicate X-ray diffraction analysis. The
defect itself and the surrounding structural relaxation can be thought of as variations in the d-spacings
within the crystal, causing the diffraction conditions to be satisfied over a wider range of angles,
thus, effectively “smearing out” the diffraction reflections. Additionally, these defects contribute to
diffuse scattering, which reduces the signal-to-noise ratio in the experiment. While both reflection
broadening and diffuse scattering can be informative, for instance, in total scattering methods, they
complicate the analytical models and often require advanced laboratory equipment or synchrotron
radiation to obtain usable data.63–66

Cadmium diiodide, CdI2, is the textbook example of a polytypic compound. It crystallizes as
sheets of [CdI6] edge-sharing octahedra, which are held together by van der Waals forces. Due to
weak interlayer interaction, these layers can easily change their relative positions and, thus, alter the
lattice periodicity along the stacking direction. The cadmium iodide structure class is remarkably
prolific; for example, a report by Chadha67 identified three new CdI2 polytypes at the time, and

∗“The case when the atomic structure of the topmost layer is the same as in the bulk but the first interlayer
spacings are modified”,61 i.e. a situation when the interplanar distances between the first several layers near the
surface are different from the bulk, or the layers near the surface are shifted relative to each other.

†“The cases when the atomic structure of the top layer is modified. In most instances, the reconstructed
surface is characterized by symmetry and periodicity different from those of the bulk”61
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Figure 1.7: Layered motifs and stacking variants of MoTe2 polytypes. Figure from Tao
et al.84

another report by Pałosz68 identified 19. Today, the Inorganic Crystal Structure Database contains
over 200 entries corresponding to the CdI2 composition. Although cadmium iodide with an optical
band gap of 3.8 eV is not of interest in the field of topological materials, this structure type serves as
the progenitor for many structurally related compounds. Notable examples of topological materials
within this class include WTe2 and MoTe2.

Both MoTe2 and WTe2 exhibit a reversible metal-insulator transition, making them attractive
candidates for two-dimensional nanoelectronics.69,70 WTe2 hosts a quantum spin Hall state both in
the bulk,71–73 as well as in monolayers,74 and it exhibits large, non-saturating magnetoresistance.15,75
Reports indicate that both MoTe2 and WTe2 exhibit type-II Weyl semimetallic behavior, as demon-
strated theoretically and experimentally.32,76–80 Additionally, MoTe2 has been found to host an edge
supercurrent.81 Another notable feature of these materials is the potential for the formation of
polar domains. As reported by Sharma et al.82 and Huang et al.,83 both WTe2 and MoTe2 exhibit
switchable spontaneous polarization and natural ferroelectric domain structures in seemingly non-
magnetic materials, with WTe2 showing this effect even at room temperature. Combined with their
metallic conductivity, these properties make WTe2 and MoTe2 the first reported real-world examples
of ferroelectric metals.

WTe2 and MoTe2 possess a van der Waals layered structure, which can be described as a distorted
CdI2 structure type. The metal atom is coordinated by 6 Te atoms, forming a distorted octahedron.
The metal atoms move towards each other to form zigzag chains along the a crystallographic axis,
with the W–W distance of 2.85Å (isostructural motif for molybdenum). The resulting layers are
held together by van der Waals forces, and stacked on top of each other along the c axis with a
translational shift along the b direction.19

There are several ways in which the layers can stack on top of each other, leading to multiple
polytypes for these compounds: Td and 1T ′ for WTe2 and MoTe2, with the addition of 1T ∗

d for MoTe2.
The only structural difference between these polytypes lies in the stacking order of the covalently
bonded layers. A schematic of these different stackings is presented in Figure 1.7.

In the Td polytype, the shift between the layers alternates along the stacking direction, with every
third layer positioned directly above the first. This arrangement results in a lattice described by the
orthorhombic crystal class in the non-centrosymmetric space group Pnm21. As the temperature
increases, the 1T ′ stacking becomes favored, where each successive layer is shifted in the same
direction, reducing the lattice symmetry to the monoclinic system, with the centrosymmetric space
group P21/m.84,85

While the geometric difference in these stacking sequences may seem minor, it yields a significant
change in the material’s overall symmetry. This is highlighted by the substantial differences in
physical properties: Weyl physics and various unconventional electronic properties are only present in
the orthorhombic, non-centrosymmetric Td polytypes of WTe2 and MoTe2 (Figure 1.8), while the
monoclinic, centrosymmetric polytypes are “boring” trivial semiconductors. Given that such polytypic
transitions may occur relatively easily, especially in layered materials, it is crucial to synthesize the
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Figure 1.8: Type-II WSM in the Td polytype of WTe2. Calculated band structure along the
Γ−X line (Σ = (0.375, 0, 0)) without (a) and with (b) SOC. (c) One of the four pairs of
Weyl points (fractional coordinates in the reciprocal space are given in units of reciprocal
lattice constants). Figure from Soluyanov et al.32

correct polytype and understand how factors like composition tuning can affect the transition and,
consequently, the material’s physical properties.

1.4 Composition: Chemical and Physical Tuning Knob

The composition of a material deserves to be at the first place of the composition–structure–property
mantra for a good reason. Its decisive influence on the geometric arrangement of atoms is the
fundamental topic in inorganic chemistry. It also impacts the electronic structure, both via changes in
the electron count and carrier concentrations, and due to more complex phenomena, such as variations
in the strength of SOC.

The remainder of this chapter examines two key aspects of how composition influences material
properties. First, we will consider the case where changes in composition primarily alter physical
properties, allowing for the design of materials with tailored characteristics. Second, we will examine
a situation where changes in composition also modify the underlying structural motifs of the atomic
arrangement.

The first category, in which compositional changes do not affect the crystal structure, comprises
doped materials that are termed solid solutions. These crystalline phases exhibit compositional
variability that influences their physical properties while keeping the lattice symmetry intact.20

Consequently, solid solutions are a go-to playground for bandstructure engineering and have been
central to semiconductor physics since its inception. For example, Ga1–xInxAs is a semiconductor
solid solution that allows for precise tuning of the material’s composition with little structural
change across any value of x. This allows to acquire a range of materials with variable direct
(x ≤ 0.35) or indirect bandgap.24 GaAs and InAs exemplify a special class of isostructural compounds
known as isomorphic compounds. These compounds not only crystallize in the same unit cell with
identical symmetry and geometric atomic arrangement but also share common constituent elements.
Such systems are particularly conductive to solid solution formation, enabling gradual tuning of
their physical properties. Numerous topological materials exhibit this behavior. Examples include
Bi2–xSbxTe3–ySey ,86,87 Pb1–xSnxTe88 , and the previously mentioned Mo1–xWxTe2 system.

The topologically non-trivial phases of MoTe2 and WTe2 are isomorphic. Moreover, they demon-
strate mutual solubility with a wide range of compositions that have been grown. In addition to a
number of topology-driven properties described above, MoTe2 transitions to a bulk superconducting
state at Tc = 0.1K.90 Materials combining Weyl physiscs and superconductivity are a frontier research
topic nowadays, since they may host a novel quasiparticle—the Majorana zero-mode—which of great
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Figure 1.9: Phase diagrams illustrating temperature- and pressure-dependent superconduc-
tivity in the Mo1–xWxTe2 series with various x. TS is the structural transition temperature,
TC is the superconducting transition temperature. Figure from Dahal et al.89

interest both for the fundamental physics and for the development of a next generation of quantum
bits.91 While theoretical modelling of new topological materials and states suffers, as pointed out
by Zunger,92 from “overprediction”, progress in superconductivity still mostly relies on experimental
outcomes, which includes material design by chemical principles.

In this context, the Mo1–xWxTe2 series serves as a good model system where both compositional
and structural tuning knobs play crucial roles, as outlined in the report by Dahal et al..89 This study
explored several compositions corresponding to x = 0.1, 0.4, and 0.75, examining the dependence of the
polytype transition (discussed in the previous section) and the superconducting critical temperature
on applied pressure. These dependencies are presented in Figure 1.9.

For the molybdenum-rich compound, an enhancement of the critical temperature (Tc) was
observed with increasing pressure, while the temperature range of the low-temperature polytype was
suppressed. In contrast, adding tungsten to the system stabilized the Td polytype over a broader
temperature range, but suppressed the superconducting state. The tungsten-rich compound exhibited
no superconductivity up to 18 kbar. This simple isoelectronic substitution alters the preferred
stacking order of the weakly bound layers, demonstrating how minute changes can significantly impact
interlayer interactions and strongly suppress the superconducting transition. The composition of
this series of isostructural and isoelectronic compounds acts as a well-defined “tuning knob”. By
varying the composition, we alter only a limited set of parameters, allowing for deeper insights into
the material’s properties from both theoretical and experimental perspectives.

The second category involves systems where compositional changes are accompanied by structural
and physical alterations. Instead of focusing on substitutional doping like in the first category, we now
examine cases where additional atoms are introduced into the compound, occupying new crystallo-
graphic sites within the structure. For the sake of conciseness, we exclude in this discussion materials
where substitutional doping, often heterovalent, induces structural changes, such as alterations in
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lattice symmetry. A prime example of such compositional modification is intercalation, a process
particularly common in layered compounds that provide ample, structured space between the layers
for intercalants. It is important to note that this process is not merely a simple geometric insertion of
new atoms into vacant sites: the addition of new elements alters the electron count and chemical
bonding within the material. These charge modifications can also lead to significant changes in both
the electronic and crystal structures due to interatomic interactions. However, the latter cases are
not the focus here.

The world of intercalated compounds is vast, and intercalation serves as a crucial tuning mechanism
for quantum materials.93 In the following, the focus is on a specific group closely related to the materials
discussed in Chapter 6. Intercalated layered transition-metal oxides AxMOy (A—intercalating species,
M—transition metal, O—oxygen) represent a broad group of functional materials which are particularly
interesting for battery applications due to their high capacity and high energy density.94 These oxides
efficiently store charge by intercalating ions into the interlayer vacant sites of the bulk material.
This structural flexibility is facilitated by reversible change of the transition metal’s oxidation state,
thereby accommodating the charged species. The most common intercalants, A, include alkali metals
(Li, Na, K), alkaline-earth metals (Ca, Ba), structural water, or organic molecules.

Alkali-metal intercalated cobalt oxides often referred to as cobaltites, and in particular NaxCoO2,
have attracted significant attention in condensed matter physics due to its remarkable transport
properties. The electronic configuration of NaxCoO2 is highly tunable by the amount of intercalated
Na (x), resulting in different degrees of electronic band filling. Experimentally x can be varied in a
wide range by varying synthesis parameters (Figure 1.10).

NaxCoO2 (0.65 ≤ x ≤ 0.75) has a high thermopower and a high thermoelectric figure of merit (ZT )
exceeding 1,97 despite having a metallic carrier density two orders of magnitude higher than traditional
thermoelectrics. The high thermoelectric performance of NaxCoO2 arises from the combination of
narrow bands, metallic conductivity when doped, and moderate thermal conductivity.98

Na0.5CoO2 exhibits a metal-insulator transition at T = 53K due to charge-ordering behavior.95
At lower Na content (x < 0.5) metallic NaxCoO2 demonstrates correlated electron properties: the
hydrated monolayer Na0.35CoO2 · 1.3H2O and bilayer-hydrated Na0.42CoO2 · 1.3H2O are both
superconducting with critical temperatures of 5K96,99 and 4.25K,100 respectively (Figure 1.10).
Interestingly, the triangular cobalt-oxygen lattice is chemically and structurally analogous to the
well-known copper oxide high-Tc superconductors. Applying the same model used for cuprates to the
cobalt oxides under consideration, the picture of electron correlations may look as follows: the parent
CoO2 hosts the Co4+ ([Ar]3d5) state, with one unpaired electron (s = 1/2). Upon Na intercalation,
electrons are doped into this orbital, reducing the x portion of cobalt atoms to the Co3+ ([Ar]3d6,
s = 0) state. This scenario describes NaxCoO2 as a doped spin-1/2 Mott insulator, similar to the
cuprate case. However, experiments show that electron correlations disappear in pristine CoO2,
which behaves as a conventional metal due to its three-dimensional crystal lattice.101 The highly
two-dimensional structure of intercalated NaxCoO2 is therefore an important prerequisite for the
appearance of electronic correlations. Another example that highlights the importance of enhanced
two-dimensionality for electron correlations in intercalated transition-metal oxides is that water
intercalation into non-correlated NaxCoO2 induces spin fluctuations and leads to the superconducting
state.96,100

While physics-focused research often treats all NaxCoO2 and their derivatives as hexagonal struc-
tures within the P63/mmc space group, the reality is more complex. Several polytypic modifications
are stable, depending on temperature and intercalant content. These hexagonal, trigonal, and mono-
clinic polytypes differ in their stacking sequences of identical layers, offering various coordination
environments for the intercalated Na ions.102 Experimentally, a surprisingly intricate variation in
Na ordering patterns across the range of x has been observed. However, the potential influence of
these stacking orders on the material’s electronic properties remains largely unexplored. Such a study
would be highly challenging due to the difficulty of accurately determining lattice symmetries and
dealing with phase separation among the different polymorphs.

To conclude, the composition, structure, property relationship remains an important guiding
principle for materials design, which should not be overlooked. Especially, in the cases when a
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Figure 1.10: Phase diagram of nonhydrated NaxCoO2. Structures of intercalated NaxCoO2.
Figures from Foo et al., Takada et al.95,96
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material in question is mostly interesting due to its unconventional electronic properties. A change in
composition may influence the electronic structure in a straightforward way by adjusting the carrier
concentration, e.g. by means of doping or changing the SOC strength. Alternatively, it may induce
minute changes in the crystal structure of the solid in question and, therefore, lead to an altered
electronic band spectrum.

The structure should be carefully assessed, especially, in the case of topological semimetals, as
failure to detect an inversion center could result in an incorrect type of TSM in the theoretical band
structure. Those electronic structures, in turn, are widely used to interpret experimental findings
and may bias interpretation of experimental spectroscopic data such as ARPES. Thus, expertise in
crystal chemistry and crystallography is vital for conducting an adequate theoretical assessment of the
material, and, in turn, for an interpretation of experimental studies of emergent physical phenomena.

Next, we move on to the question that was carefully avoided in the present chapter: how to
synthesise a compound with the desired composition and structure, preferably, in the form of a single
crystal, so its potential fascinating electronic properties can be further studied.



Chapter 2

Synthetic Approaches

This chapter largely based on West20 and Atkins et al..23
The previous chapter presented at length how the minute changes to composition and structure

of the material may make or break the topological properties. Experimental studies of the electronic
properties of a given material are impossible without the real material in hand.

These two facts present a challenge for material synthesis: a targeted single crystal growth or
powder synthesis experiment has to be employed, with its outcome aimed at one specific structure
and a tightly controlled chemical composition. This endeavor is additionally complicated by the fact
that strong SOC is a prerequisite for topological materials and TSMs, in particular. This, translated
to the domain of chemistry, means that material candidates should contain heavy elements with a
high atomic number Z. These elements may adopt many oxidation states and have a rich chemistry,
which often translates to an abundance of polymorphs, solid solutions, off-stoichiometry and other
phenomena, strongly complicating targeted synthesis. The latter needs, therefore, tight control of the
varied experimental parameters. Simultaneously, the phase space of these synthetic parameters can
be very rich.

Luckily, inorganic chemistry has developed a vast palette of synthetic approaches for compounds
with heavy elements. Suitable parameters for these techniques can be either chosen by navigating a
“map” through this chemical landscape (phase diagrams), or, if one finds themselves in a new blank
spot on that map, by using rules that constrain your choices from the experimental data (phase rule).
The rest of the chapter introduces these concepts and illustrates how they guide experimental design,
crystal-growth and powder synthesis of high-quality quantum materials.

2.1 Phase Equilibria and Phase Diagrams

Phase diagrams represent thermodynamically stable phases (or mixtures of phases) and their relations,
i.e. reactions between phases, as a function of temperature, composition etc. Even though phase
diagrams give no information on the kinetics, they are still a vital tool to gain understanding of the
synthesis process. If the phase diagram is available for the system under question, it helps to predict
the effect of temperature or charge composition on the reaction’s course. In case where there’s no
phase diagram published, the thermodynamic constraints can be used to simplify the search for the
right synthesis conditions during “lather-rinse-repeat”-style optimization.20

To formalize the description of phase equilibria in a system, i.e. a range of compositions in question,
we need to define a phase, a component and variance of the system. One defines a phase of a substance
as a form of matter uniform throughout in chemical composition and physical state. The “physical
state” also includes the crystal structure of the phase, e.g. carbon and diamond while being two solids
with identical chemical composition will still be two different phases. A component is a chemically
independent constituent of the system. Variance of the system is the number of intensive∗ variables
(e.g. temperature, pressure) that can be changed independently without affecting number of phases at
equilibrium. Variance is also often referred to as amount of the degrees of freedom.104

∗Physical quantity whose magnitude is independent of the extent of the system.103
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The phase rule relates the number of phases at equilibrium P to the number of components C
and the variance of the system F by equation:20,104

P = C − F + 2 (2.1)

In many situations in solid state synthesis conditions are close to isobaric at ambient pressure, and
influence of the difference in pressure between different setups (i.e. labs at different elevation) on the
solid state synthesis is negligible. In this conditions pressure is not a variable, so one can reformulate
Eq. 2.1 as the condensed phase rule:20

P = C − F + 1 (2.2)

Since in this model we consider pressure a constant, we loose one intensive variable, and hence we
loose one degree of freedom.

The condensed phase rule alone already puts a simple set of useful constraints to help with
determination of synthetic strategy and interpretation of experimental results. If, for example, we
take a two component system, Eq. 2.2 could be rewritten as P +F = 3, which already gives us general
rule regarding system reaction to different perturbations. If we have a single phase at equilibrium,
the system is bivariant, i.e. both composition and temperature could be changed independently. This
will correspond to a 2D field on a diagram. In a contrived example in Figure 2.1 the example of such
field is “Liquid”: both composition and the temperature of this liquid can be changed independently,
while the sample stays a single phase of melt of A and B mixture. More hands-on example would be
if we have two phases, e.g. crystals in equilibrium with the solution: In this case we are in univariant
regimen, since a change in temperature will result in a change of the composition of solution due
to crystals either dissolving or precipitating, represented by a line on a diagram. Consider the
equilibrium of A2B with the liquid phase along the liquidus (purple line in the phase diagram): a
change of temperature will result in a shift of the solid:liquid phase ratio along the liquidus line, and
vice versa: shift of the composition of the solution will change the equilibrium temperature. This
naturally leads to a limit of phases that can be in equilibrium in 2-component system: namely three.
At this point we’ve lost all degrees of freedom, change of any variable would change amount of phases
in equilibrium, which is naturally represented in the diagram by a single point. In our contrived
example one of such a points will be the eutectic point for A + A2B mixture, represented by a point
where liquidus touches the horizontal solidus line above A +A2B two-phase field. If we starting at
this point, change in temperature will result in either condensation of the liquid phase, or dissolution
of the solid phases’ mixture, hence, in this configuration we have no intensive variables that we can
change without affecting phase composition of the sample. Knowing the number of components in
the system, and measuring the number of resulting phases one can draw conclusions if system has
reached equilibrium or not, or how the variables could be changed to affect the result. In our example
if we somehow end up with the sample that contains four phases, we know that we didn’t reach
thermodynamic equilibrium. Or, if aiming at crystallization of pure AB2 from solution we end up
with mixture of AB2 and B, we can conclude that our starting composition was too B-rich, and the
system crossed the liquidus line too far right on the phase diagram.20,104

Phase Diagrams as a Tool for Synthesis Strategy Determination
Phase diagrams practically map out all phase equilibria in the corresponding system. Even though
phase diagrams are constructed using only thermodynamic information, and do not provide information
about the kinetics, they still can be used to predict evolution of the system as e.g. function of
temperature, assuming a quasi-static process.20,104

Since a full explanation of the theory behind the mapping and reading of a phase diagram would
require quite lengthy elaboration of physical and solid sate chemistry background, this section will
focus on phase diagrams as a tool in the process of determination of synthesis strategy based on
a typical example. We consider the phase diagram presented in Figure 2.1. This binary phase
diagram, shows two compounds between A and B: A2B and AB2. A2B melts congruently, while
AB2 decomposes peritectically. A and A2B, as well as A2B and AB2 form an eutectic. Since typical
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Figure 2.1: A sample binary phase diagram with a congruently melting compound A2B,
an incongruently melting compound AB2 that decomposes peritectically, as well as two
eutectic points. Adopted from West.20

synthesis takes plase in a closed system, the elemental ratios stay constant, usually the problem of
accessing the right phase is about finding a cooling curve, i.e. a vertical line on the diagram, from
which one can extract a phase-pure sample of the desired compound. For example, to obtain a pure
sample of A2B from the melt it is enough to start with stoichiometric composition above the melting
point, to alleviate the solid-state diffusion constraints (which will be further discussed in Sect. 2.2),
after which this mixture could be cooled directly. In this case, as soon as we cool down to the melting
point, we come to an equilibrium point in the phase diagram, and the desired compound will start to
precipitate from the melt.

In case of AB2, cooling of the stoichiometric composition would result in reaching the univariant
liquidus line above the compound’s temperature of decomposition. As soon as we reach the liquidus
line variance of our system is decreased to 2, and we ”lock in” on the line during the cooling. This
results in shift of the liquid phase composition towards A-rich side, with precipitation of pure B as a
solid phase. The precipitation of AB2 wouldn’t start until we reach the decomposition temperature,
so in case of stoichiometric mixture one will contaminate the desired AB2 phase with B. In this case as
starting composition for synthesis of pure AB2 one should choose something in the range of liquidus
line that corresponds to equilibrium between the AB2 solid phase and the melt, i.e. a shift in the
composition towards the A-rich side.

2.2 Solid State Powder Synthesis

Thermodynamically, as discussed in Sect. 2.1, to form a compound we just need to expose stoichiometric
mixture of the elements to conditions at which the phase is thermodynamically stable. However,
thermodynamics doesn’t deal with kinetic aspects of the process, so even though the desired phase has
the lowest energy in a given set of conditions, the process can be slowed down beyond any practicality
by either the activation energy (e.g. H2–O2 mixture at standard conditions) of the process, or the
diffusion (e.g. FeS would ignite spontaneously in the air, but only in the form of fine powder).20,23,104

Diffusion between two solid phases is usually the slowest out of any other combination of state of
matter, so during solid state synthesis most of the effort is going towards alleviating effects of it. The
overall course of the reaction could be accelerated via increasing the volume to interface ratio, and
increasing the temperature. The former can be achieved by grinding down the starting components,
or using commercially available fine mesh powders which increases the surface to volume ratio and, in
some cases, provides mechanical activation energy to ease the tip over the activation energy. These
fine powders could then be thoroughly mixed, or grinding can be preformed in situ, to achieve the
maximum surface of the interface between phases. The diffusion coefficient is quite often obeys the
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Arrhenius formula:
D = D0 exp

(
−∆H

RT

)
, (2.3)

and depends on the temperature exponentially. So, increasing the temperature to increase the solid
state diffusion speed is very effective. In experimental reality this means that to achieve maximum
reaction speed, the best temperature to carry out the synthesis is one close to upper limit of desired
phase stability. That way we insure the formation of desired phase (due to it being most favorable
under the conditions selected), as well as completion of the reaction in a reasonable time, with
phase-pure equilibrium sample as the result of the synthesis.20,23,104

It is also worthwhile to mention that in limited cases even single crystal growth is possible by this
method via subsolidus abnormal grain growth.105–109 But in general this only viable in a limited list of
systems under specific conditions.

In this work, solid state synthesis was carried out in Nabertherm box furnaces or Gero tube
furnaces. As a container, evacuated quartz silica tubes were employed. All the quartzware was
cleaned with commercially available detergent (Fit), rinsed with deionized water and baked out at
800°C overnight, to avoid any contamination. Reagents employed in the synthesis were in a form of a
fine-mesh powder, and were mixed thoroughly by grinding in a agate mortar. Atmosphere sensitive
reagents were handled, and silica tubes were filled in a dry argon glovebox. After filling, the ampules
were evacuated to ≈ 10−4 mbar and sealed to prevent oxidation during synthesis.

2.3 Solvent Single Crystal Growth

Kinetic Considerations
For detailed studies of structure or physical properties the samples in the form of single crystals are
preferable. To perform growth of a single crystal material in addition to the constraints outlined in
Sect. 2.1 and 2.2, we need to lay out additional kinetic constraints. When the solid phase precipitates
from a solution, there’s an energy barrier associated with free energy of the created phase boundary.
This leads to overcooling of the solution below the single liquid phase stability boundary, after which
spontaneous nucleation occurs. Nucleation can occur by itself, but quite often happens on “catalytic
amounts of dirt”, i.e. on some impurities or container surface imperfections that lower the free energy
of formation of initial nuclei. After the nucleation has happened, together with formation of the phase
interface, the nuclei start to grow, since with addition of stable phase volume free energy decreases
faster than energy gain of the formation new surface. Decrease in Gibbs free energy associated
with the volume and increase of free energy associated with the surface evolve as Evolume(x

3) and
Esurface(x

2) correspondingly.20,23,104
Another consideration is the speed of the cooling after precipitation has started. During the

growth of the single crystal the material needs to diffuse from the volume of the liquid phase to the
interface, adsorb on the surface, and incorporate itself into the crystal structure. With a fast rate of
cooling, this process can become diffusion-limited or adsorption-limited, resulting in a gradient of
concentration, which could lead to more spontaneous nucleation in the volume of the liquid phase.
Since, assuming we started with fully melted material, the total amount of the precipitate is only
dependent on the temperature at which cooling ends one of the priorities of single crystal growth
process is to limit nucleation. By lowering the number of individual nuclei, we end up with fewer, but
bigger and less defect-ridden crystals. Another consideration is crystal quality: lower speed results
in enough time for diffusion at the interface to take place. This lowers the defect concentration of
resulting crystal.20,23,104 In case of a laboratory synthesis, this is, of course, a balancing act, because
while often bigger and less defect-ridden crystals are favorable, the crystals need to be obtained in
reasonable time.

Solvent Selection
Selection of solvent (or flux) is an important step during synthesis planning. As we have seen in
Sect. 2.1, sometimes congruent crystallization of the compound is possible, where solvent is not needed
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Figure 2.2: Three Canfield crucible sets of different sizes. Figure from Canfield et al.110

per se, but then crystallization has to happen at a nonvariant point in the phase diagram, and we
don’t have control of precipitation speed with temperature. Adding flux can lower the crystallization
temperature, avoiding possible “container problem”, i.e. absence of suitable container material for
required conditions, as well giving us control over the crystallization kinetics. Quite often a self-flux,
i.e. a component of the system, is a favorable solvent, since it helps to avoid contamination of the
desired phase with third-party elements.20,23,104

In this work, as a general consideration for single crystal growth all the containers in contact
with reaction mixture were cleaned thoroughly both chemically and mechanically. After, all the
quartzware was baked out at 800°C overnight, and all ceramics at 1000°C overnight, to ensure absence
of adsorbed impurities or residuals of cleaning agents, to avoid contamination or unwanted nucleation
centers. The reaction mixtures were thoroughly homogenized to avoid any concentration gradients
on heating. To ease the flux separation from the crystals, some growth runs were carried out inside
of the frit-disk crucibles, shown in Figure 2.2, commonly referred to as Canfield crucible set. This
facilitated flux separation by high-temperature centrifugation.110





Chapter 3

Methods

Introduction chapter highlights importance of the composition, structure, properties chain in materials
chemistry, and previous chapter deals mostly with acquisition of the sample with desired composition
and structure. In experimental reality we don’t control many factors of the experiment, e.g. 100%
pure reagents and furnaces with infinitely precise temperature control are subject of science fiction.
Kinetic considerations add another layer of complexity, and differ strongly per experiment. So even
when working with well-studied systems which have a trustworthy phase diagram published, control
of composition and structure is essential. This chapter gives a whirlwind tour of main methods used
in present work to study the composition and structure of the materials synthesised, with main focus
on scanning electron microscopy and X-ray diffraction, with a short mention of other experimental
analysis methods employed in this work.

3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a vital tool in material synthesis, which allows for simultaneous
characterization of both relatively local and general composition and topography of single crystal
samples. In a SEM setup, the sample is scanned by the primary electron beam generated inside
of the machine, and scattered electrons and/or radiation produced in this interaction is detected
as a function of beam position on the sample in the form of rasterized image. The beam-sample
interactions are presented schematically in Figure 3.1. When the primary beam hits the sample, the
electrons from primary beam interact with pear-shaped volume of the sample with the size of the
order of 1µm3. Primary electrons can either scatter elastically, or interact with the sample while
losing energy, producing electromagnetic radiation or secondary particles. Of particular interest
among them are back-scattered electrons (BSE) providing chemical contrast, secondary electrons (SE)
giving topographic information, and X-Ray radiation, containing spectral information which helps to
spatially map the elemental composition of the sample.111

In this subsection we discuss the experimental applications and data that can be extracted
from BSE, SE and X-Ray radiation, while assuming “perfect” experimental conditions, e.g. flat and
well-conducting sample with primary beam impinging perpendicular to the surface of a sample.

Back-Scattered Electrons
BSE are electrons that undergo enough scattering events to reverse their trajectory by an angle
close to 180°, and exit the sample in the general direction of the primary beam source. The BSE
can carry information on composition, topography, mass thickness, and crystallography. We focus
here on aspects regarding the elemental composition. Intensity of the BSE can be characterized by
backscatter the coefficient

η =
NBSE

NP
, (3.1)

where NBSE is the number of BSE, and NP is number of electrons that enter the specimen from
the primary beam. The backscatter coefficient η is proportional to atomic number as third-degree
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Figure 3.1: Schematic of interactions of electron beam with a sample inside of a SEM.
Figure courtesy of Ref. [112]

polynomial, so intensity of BSE rises with atomic number. And, the backscatter coefficient of the
mixture of different atoms can be expressed as111

ηmixture =
∑
Z

ηZCZ , (3.2)

where ηZ is backscatter coefficient of the element with atomic number Z, and CZ — element’s
mass fraction in the sample. This dependence of the fraction of backscattered electrons gives rise to
Z-contrast, which is sensitive to the average atomic number in the specimen being analyzed. When
we scan along the surface of the specimen with a constant flux of electrons in primary beam, locations
with different concentration of heavy elements, i.e. with different average Z, would result in different
BSE intensity. The contrast between two points with η1 and η2 backscatter coefficients (which are
related to the amount of BSE by Eq. 3.1 and 3.2), can be expressed as:111

CZ =
|S1 − S2|

S1
=

|η1 − η2|
η1

, (3.3)

where S1 and S2 is intensity of the signal from different points.111
Experimentally, the dependence shows up as difference in brightness in the resulting BSE image

— the higher average atomic number Z of the point, the higher the brightness of the resulting pixel
of the image. This is an important tool that can directly reveal phase separation or concentration
gradients along the surface of the sample or absence of thereof, limited by microscope resolution.111

Secondary Electrons
SE are created when primary beam electrons scatter inelastically and eject conduction band (for
metals) or valence electrons (for ionic or covalent compounds) which are weakly bound in the samples,
with binding energies of E ≈1–15 eV. Some of these electrons are emitted from the sample, which can
be detected in the sample chamber of a SEM. Due to large mismatch in relative velocities of incident
primary beam and weakly bound sample electrons, energy transfer to SE is rather small, so electrons
of this type exit the sample at energy of several electronvolts. Due to this low energy, the SE can be
efficiently collected by the detector by applying electrostatic field inside of SEM setup.111
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Figure 3.2: Schematics of characteristic X-ray generation process in SEM. Figure courtesy
of Ref. [114]

The measured rate of emitted SE is strongly dependent on surface tilt, i.e. on angle between
primary beam and the surface of the sample, as was shown by Koshikawa and Shimizu.111,113 This
results in strong dependence of measured intensity on sample surface topography. This helps to
visualize the sample at higher spatial resolution than optical microscopy can enable. Coupled with
Z-contrast, SE images help to attribute possible artifacts in BSE images to topography of the
sample.111

Energy-Dispersive X-Ray Spectroscopy
When the primary electron beam hits the specimen, a variety of X-ray signals is generated. Among
them are Bremsstrahlung (Continuum X-rays), fluorescent X-rays, and characteristic X-rays. Of
particular interest are characteristic X-rays which is the signal analyzed during EDX. As the name
hints, characteristic X-rays are generated at specific energies for each distinct element of the sample.
During interaction with the primary beam an atom in the sample might lose one of its strongly bound
electrons from an inner shell. If, for example, the electron from the K-shell gets kicked out, the atom
is now in an excited state, and one of the ways to lower its energy would be for an electron from the
L-shell to drop down to K-shell, while emitting an X-ray photon carrying away the energy difference
Eγ = EK −EL. These X-rays can be detected using semiconductor X-ray detector, where both the
count rate and the energy of the X-ray photons are registered.111

The transition giving rise to the X-rays is unique for the relevant core levels of each element,
thus the atomic identity behind the X-ray energies are simply tabulated. Consequently, after the
measurement, the spectral line positions and intensities can be fitted and compared with known
standard intensities, after which the elemental composition of the measured area can be determined.
This provides an opportunity to measure the sample composition both locally, with lower limit being
the excitation volume in the sample, as well as over a large area.111

The big advantages of SEM is that spatially resolved EDX data is being collected in situ with
imaging, which provides both Z and topographic contrast, with low time and effort cost of sample
preparation and fast turnover. This simplifies attribution to features in the image to composition, and
allows to to study composition of any peculiarities discovered in imaging, enabling e.g. study of phase
separation or concentration gradients in relation to the sample topography. This is an invaluable tool
to gain insight not only into the specimen composition, but also into the process of the growth itself.

In this work, SEM imaging both in BSE and SE modes as well as EDX was performed on Zeiss
EVO MA 10 microscope with incident beam energy of 20–30 keV. For single crystal measurements,
the crystal was mounted on the sample holder with conducting carbon-based adhesive tape, after
which some crystals were cleaved with commercially available Scotch tape to obtain a fresh surface.
The imaging was then performed both in SE and BSE mode at the same magnification, which allowed
both to record any composition gradients and investigate sample topology, as well as to compare
features in both types of contrast to assess any topography artifacts in Z-contrast images. The
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Figure 3.3: General scheme of the diffraction experiment. Figure courtesy of Ref. [115]

investigation was done over the whole sample at first, after which identified regions of interest were
studied at higher magnification. The EDX measurements were preformed at around 10 points, each
point uniformly spaced over measurement area. In addition to point analyses also spectra were taken
from wide areas of the crystal. Final compositions were calculated assuming Gaussian statistical error
in each individual measurement. In this work the standard deviation in the least significant digit is
presented in brackets, where applicable.

3.2 X-Ray Diffraction

After the composition of our specimen is obtained from SEM data with added bonus of imaging in Z
and topographical contrast, structure of the sample needs to be studied. Solid state materials feature
high periodicity, which allows for a wave with a wavelength similar to the interatomic distance to
diffract on the atomic lattice, which acts as a diffraction grating. These scattered waves carry a lot of
information about the arrangement of the atoms in the material, as well as types of atoms therein.
X-ray diffraction is a widely employed method for structure determination and refinement. It uses
monochromatic electromagnetic radiation with wavelength on the order of λ ≈ 1Å as the light source,
widely available in the laboratory setting, and allows for in-depth study of not only study of the
structure of the specimen, but in case of powder diffraction, also phase composition. The following
section lays out the basics of the powder x-ray diffraction (PXRD).

General Principle
Since crystalline material is highly periodic, it can be studied by diffraction of electromagnetic waves.
We can consider scattering of X-Ray radiation on every atom of the specimen as isotropic and elastic.
Given that our crystal lattice has primitive translation vectors a, b, and c, wavevector of a primary
X-ray beam k0, and wavevector of the diffracted beam kd, we can write down the constructive
interference condition in the form of the Laue equations:

k · a = 2πh, (3.4)
k · b = 2πk, (3.5)
k · c = 2πl, (3.6)

where k = kd − k0 is a scattering vector, and h, k, and l are integers, called Miller indices. This
directly ties the spatial positions of the diffracted peaks on a detector in the far field relative to
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the sample and the primitive lattice parameters of the structure. In case of a powder measurement
we lose some spatial resolution, due to rotational averaging caused by random orientation of every
crystallite inside of a specimen. Due to this we lose some point group symmetry information, but
can still extract the crystal system and lattice parameters from diffraction peak positions and some
information about open symmetry elements from peaks absent due to reflection selection rules.20,25,63

In a laboratory diffraction experiment, this translates to X-Ray generation in a diffractometer by
an electron beam hitting a target material. Copper, cobalt, molybdenum or silver being the most
common. During that process one of the characteristic X-Ray radiation lines of the target material is
selected using a monochromator. The resulting X-Ray radiation used for diffraction has a wavelength
on the order of ≈ 1Å. Next, the monochromated X-Ray beam is collimated, and brought to the
specimen. The diffracted beams, that are either reflected from or transmitted through the sample
depending on the device geometry, are recorded at the detector.20,25,63

In this work powder X-ray diffraction measurements were performed on STOE STADI diffrac-
tometer. The material was ground by hand in agate mortar, after which it was mixed with glue
and transferred to the sample holder. The samples were measured in Bragg-Brentano transmission
geometry, 2θ : ω scan, Co Kα1, Mo Kα1, or Cu Kα1 radiation, using a curved Ge monochromator.
With Co and Cu radiation typical 2θ scan range was 10–110°; for Mo radiation — 5–55°. Samples
were scanned 2–3 times over the desired 2θ range, after which the scan ranges were added together in
the WinXpow software package.

Phase Analysis and Indexing
Miller indices of the reflections can be selected by brute force, i.e. by guessing the indices until all
peaks are indexed. The primary beam wavevector is a known value from the experimental setup, and
the diffracted wavevector can be inferred from the angle at which reflection was measured. From this,
one of the diffraction peaks can be assigned the Miller indices by educated guess, e.g. in general the
most intense peaks are usually have low indices. After that, the lattice parameters can be inferred
from the position of this peak and the expected position of other peaks in the diffraction pattern
can be calculated via the Laue reflection conditions. Further, the calculated diffraction peaks can
be compared to experiment, and conclusion can be drawn if the indices are assigned correctly. This
process is repeated until a matching set of indices is found for every peak.25,63

Additionally, the positions and intensities of the diffraction peaks of most known crystalline phases
are deposited in the crystallographic databases, or can be calculated easily from a crystal structure
model. This allows to identify the known phases quickly in the diffraction experiment, making it a
vital tool for the quick analysis of phase composition of solid state crystalline samples.25,63

Indexing step allows to identify known phases in the sample, as well as allows to extract the
lattice translation vectors. This gives information on the crystal system in which the phase has
crystallized, as well as lattice parameters of the phase in question. Additionally, the presence of open
symmetry elements or centering vectors in can be identified by absence of diffraction peaks due to
associated reflection selection rules. While at this step we now nothing about the unit cell contents,
i.e. atomic positions inside of the material, this can be dealt with employing a full-profile analysis of
the diffraction patterns.

Full Profile Analysis
Further information can be extracted by analysis not only of the peak positions, but considering the
experimentally acquired intensity vs angle dependence as a whole. In the diffraction experiment, in
addition to the basic information carried by Laue conditions, a lot more information is imprinted in
the X-rays scattered by the sample. Peak positions and intensity, in addition to lattice parameters,
carry information about absorption and porosity of the sample, as well as wavelength, alignment
and beam divergence of the instrument. Peak intensity can be used to extract information about
atomic parameters, preferred orientation, microstructure parameters such as strain, and absorption
of the sample together with configuration and radiation of the machine. Peak shape is affected by
crystallinity, disorder and defects in the structure, grain size and strain on the sample as well as beam
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conditioning of a machine. Background can give information about the presence and relative amount
of amorphous, non-diffracting phases. The instrument effects can be characterized by measuring
a standard sample with sample-dependent parameters tabulated by the standardization body that
produced the sample, and after that the instrument effects can be separated from effects of a specimen
under question.25,63

One of most popular methods of full-profile analysis was proposed by Rietveld.116 In this method,
observed diffraction peaks are fitted with so-called peak shape function (PSF), which is a convolution
of functions describing the instrumental broadening, wavelength dispersion, and specimen function,
which are added to a polynomial describing background. Exact inner workings of the methods are
beyond the scope of this introduction, but the method allows to deconvolute many contributions,
some of which are presented above, to the diffraction pattern. This allows for calculation of both
phase fractions in the sample, as well as enables refinement of the structural model of the material at
hand. The result of such refinement is a full structural model, with both unit cell parameters, as well
as atomic positions and displacements inside the unit cell. This allows not only to precisely identify
the structure of the material, but also study effects of composition on the structure, e.g. continuous
structural changes on substitution. On top of that Rietveld refinement enables study of the sample
microstructure by estimating strain, particulate size, etc.25,63

One of the experimental limitations of X-Ray diffraction in general is inability to focus the X-ray
beam. So information carried from the sample to the detector is averaged out over illuminated area.
This limits our ability to study materials with e.g. high defect concentration, which causes serious
peak broadening. Also, in highly ductile materials standard sample preparation methods introduce a
lot of new defects into the crystal structure, sometimes rendering the X-Ray diffraction data unusable
for further analysis. One way to deal with this problem is to use a local diffraction method, so the
analyzed volume is shrunk to the point where defects stop playing such a prominent role. One of
such methods is selected-area electron diffraction (SAED), which is discussed in the following section.

3.3 Selected Area Electron Diffraction

A unique strength of the electron diffraction in a transmission electron microscopy (TEM) setup
is ability to focus the monochromatic beam in the single spot. This allows to study the structure
of the compound locally, considering only the small volume in the sample, which allows to collect
diffraction data from the samples with e.g. high amount of stacking faults, which is common situation
in van der Waals materials.117

While the guiding principles of the diffraction stay the same as laid out above in Sect. 3.2, there’s a
set of important differences. Electrons’ interaction with matter is stronger than that of X-rays, and, as
obvious from the name, in a TEM the only available geometry is transmission through the sample, so
sample has to be thin enough. In case of van der Waals materials this is easy to mitigate by repeated
cleaving, until sample is thin enough to extract useful signal. At a typical accelerating voltage in
a TEM of 100-200 kV de Broglie wavelength of an incident electron is is on order of magnitude of
10−3 Å, which is 3 orders of magnitude shorter of a typical lab X-ray with wavelength of ≈ 1Å. This
results in way larger magnitudes of the incident and diffracted wavevectors, and in practical terms
allows to project an almost flat cut through the 3D diffraction pattern on a detector, i.e. one doesn’t
need to rotate the single crystal, or average all the rotations by performing the diffraction on many
particulates of a powder. Locality of the measurement, enabled by our ability to focus the beam,
on one hand prohibits us from looking at the sample as a whole, allows us to avoid defects such as
stacking faults. This not only enables to get structural data in cases where either defects in as-grown
sample or defects introduced e.g. during grinding in preparation for PXRD measurement significantly
lower the quality of conventional PXRD data, but also allow more close study of the local symmetry.
This information is first to be lost in conventional PXRD, so combination of both PXRD and SAED
is a powerful tool for structure analysis.117

At this point, we laid out state of the art in Chapter 1, know how to get to desired material
from Chapter 2, and from present chapter we have a robust way to identify both composition and
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structure of our materials. For the remainder of the thesis we’ll be dealing with original research in
three different material systems.





Chapter 4

PtBi2: Centrosymmetric or not?

This chapter is based upon the publication: Shipunov, G. et al. Polymorphic PtBi2 Growth, Structure,
and Superconducting Properties. Physical Review Materials 2020, 4, 124202118

4.1 Introduction

PtBi2 belongs to the materials class of TSM and exhibits an array of fascinating electronic properties.
In particular, trigonal γ-PtBi2∗ is in the spotlight as a promising quantum material due to its giant
linear magnetoresistance (MR) of up to 684% at 2K in a field of 15T, and 61% at room temperature.119
The MR in PtBi2 is strongly anisotropic, with a transition between saturating and non-saturating
behavior depending on the angle between the external field and the crystallographic [001] direction.
Notably, the MR becomes linear at the specific angle of 8.3° with respect to the trigonal axis.120

Furthermore, γ-PtBi2 is an attractive candidate for potential spintronics applications thanks to
a giant, 3D spin splitting (so-called Rashba splitting) of the bulk bands with Rashba coefficient of
αR = 4.36 eVÅ.121 Spin-resolved ARPES experiments by Feng et al.121 observed helical spin textures
at the M points in the Brillouin zone of PtBi2 that are enabled by both the strong spin-orbit coupling
of high-Z platinum and bismuth and bulk inversion-symmetry breaking. The size of the SOC-induced
bulk-band splitting in PtBi2 is one of the largest observed so far, surpassing even 3.8 eVÅ for BiTeI,122
which for a long time was the champion in giant Rashba-type bulk splitting.

The van der Waals nature of the material facilitates the studies of thickness-dependent properties.
Monolayer-thick PtBi2 possesses several consecutive hybridized band gaps with topologically non-
trivial character in the vicinity of its Fermi energy. Nie et al.123 coined “multiple topological insulator”
for this scenario, in which every such gap is shown to host a robust edge state, by means of STM
measurements.

The palette of exotic conducting properties of PtBi2 is enriched by the possibility that it is a
topological superconductor.124 Bulk crystals show superconducting transition at around 600mK118,125

with Tc enhancement of up to ≈2K under hydrostatic pressure higher than 6–7GPa.126 Furthermore,
in the studies enabled by the research presented in this thesis, a 60 nm γ-PtBi2 flake demonstrated
two-dimensional superconductivity (Tc ≈ 370mK), with signs of a Berezinskii-Kosterlitz-Thouless
transition at TBKT ≈ 310mK.125 Investigation of those crystals by STM and ARPES has brought
further confirmation of topological superconductivity such as gapping out of the surface Fermi
arcs.127–130 Despite this growing wave of interest in PtBi2 as a quantum material, its chemistry and,
especially, crystallography still present open questions due to the rich polymorphism within the
system.

A compound with the composition PtBi2 was first reported in 1895,131 and it caught the attention
of physicists as early as the 1950s with the first report of superconductivity in a PtBi2 alloy.132 Unfor-
tunately, this report does not mention any details of sample preparation or chemical characterization,
making it impossible to infer the structure of the compound. Further studies of compounds with this

∗If not mentioned otherwise, for remainder of this chapter PtBi2 refers specifically to the trigonal modification
γ-PtBi2
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composition revealed that PtBi2 has at least four polymorphic modifications, each stable in different
temperature ranges.133 Up to 270°C, the α-modification (space group Pbca №61, orthorhombic system,
AuSn2 structure type) is stable. In the 270–420°C temperature range, the β-modification (Pa3̄ №205,
cubic system, pyrite structure type) is thermodynamically favorable.133,134 Above 420°C, a polymorphic
transition to γ-modification (trigonal crystal family, controversy about the space group, see below)
takes place, and this phase remains stable up to 640°C, where the signature of another transformation
to the δ-modification is observed. This δ-modification is stable only within a very narrow temperature
window, and decomposes peritectically at 660°C, only approximately 20°C above the polymorphic
transition.133,134 This rich polymorphism complicates the synthesis of the desired material. Extra
attention must be paid to match the synthesis conditions to the window of thermodynamic stability
of the targeted polymorph.

Among this array of polymorphic modifications, two have captured the scientific community’s
attention due to their emerging topological properties and strong potential for application-relevant
transport behavior: cubic β-PtBi2 and trigonal γ-PtBi2.

The former, pyrite-type form has been proposed to be a 3D Dirac TSM135 with one of the largest
observed MR among the known nonmagnetic metals so far, and a unique electronic structure with
relativistic fermions identified via Shubnikov–de Haas (SdH) quantum oscillations and the de Haas–van
Alphen (dHvA) effect.136,137 While β-PtBi2 has a crystallographically straightforward pyrite-type fcc
lattice, the structure of γ-PtBi2 is itself of significant scientific interest.

γ-PtBi2 is a layered material, where layers of covalently bonded Pt and Bi are held together by
weak van der Waals forces. The literature contains two different models to describe the γ-PtBi2
structure: some researchers assume that this compound crystallizes in centrosymmetric P 3̄ space
group,119,138–140 while others employ the non-centrosymmetric P31m structural model.121,123,141 The
lack of an inversion center in the latter leads to significant alterations in electronic properties compared
to the P 3̄ model, as shown by the results of theoretical band structure calculations. Modelling of the
P 3̄ centrosymmetric lattice finds a trivial metal with a topologically inverted band gap deep in the
valence band (−2 eV) that hosts surface Dirac fermions139 projecting onto the Γ̄-point of the surface
Brillouin zone. However, experimental studies based on this model find Dirac-like states not only at Γ̄
at E −EF ≈ − 1 eV, but also at the M̄ point at ca. −0.1 eV.138,140 Calculations assuming the P31m
model predict a metallic electronic spectrum with the signatures of Weyl TSM (allowed by inversion-
symmetry breaking) with multiple, nearly linear bulk-band crossings in a ±0.3 eV energy range near
the Fermi level.141 This unique combination of two types of TSM signatures yields triply-degenerate
points (TPs) in the band structure. TPs can be viewed as an intermediate state between fourfold
degenerate Dirac points and twofold degenerate Weyl points and are highly sought-after as a source of
exotic transport phenomena. Particularly attractive is the close proximity of the TPs in the electronic
spectrum of γ-PtBi2 to the Fermi energy. A set of type-I Weyl nodes is positioned just 48 meV above
the Fermi energy125 and, thanks to a large separation within k-space, can be the source of large,
robust Fermi arcs observed in ARPES.127 Indeed, this material exhibits pronounced Shubnikov–de
Haas (SdH) quantum oscillations with a gigantic MR greater than 1.3× 105 % without any sign of
saturation at 32 T and 1.8 K, and similar oscillations in magnetization due to the de Haas–van Alphen
(dHvA) effect.141 Its rich topological phase diagram and the experimentally observed properties render
determination of the correct space group for γ-PtBi2 paramount for further studies of the material.

Detailed studies of the crystal structure of PtBi2 are presented in two reports. The first published
structure assumed P 3̄ space group. Lattice parameters a = 6.57Å, c = 6.16Å were determined
from PXRD data indexing.134 Later, PtBi2 was synthesized by Kaiser et al., where a single crystal
sample was made by low-temperature reduction of Bi13Pt3I7.142 In this report, the authors solve
the structure from SC-XRD data in the space group P31m with lattice parameters of a = 6.573Å,
c = 6.167Å, which are practically the same as in the P 3̄ model. This two models are presented in
Figure 4.1. Crystallographically, these two models are very similar, in both cases [PtBi6] edge-sharing
octahedra form [PtBi2] layers, and the layers stack on top of each other along [001]. However, in the
P31m case the Pt atoms move closer to the 3-fold rotation axis forming equilateral triangles in the
structure (compare Figure 4.1 a and c). Bi atom in the middle of the triangle thereby moves into the
van der Waals gap, giving a Bi–Bi interlayer distance lower than that of elemental Bi, hinting at
stronger interlayer interactions in PtBi2. All of this results further distortion of the [PtBi6] octahedra.
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Figure 4.1: Reported crystal structures for trigonal PtBi2: in space group P 3̄ (a,b),134
and in P31m (c,d).142 Dotted lines are highlighting Pt triangles forming in P31m model.
Dashed lines are guide for eyes to highlight the corrugation of one of the Bi planes in P31m
model.

While this structural motif is unusual, this can be explained by counting electrons: assuming that
every atom of the less electronegative bismuth is a 3e− donor, platinum (neutral atom electron
configuration [Xe]6s14f145d9) has only 16e− in its valent shell. With the addition of two Pt–Pt
covalent bonds (resulting in the triangles), the platinum atoms can be considered to each have two
more valence electrons, bringing the outer shell electron count to a magic number of 18, i.e. the outer
shell of the atom is filled with configuration [Xe]6s24f145d106p6 (isoelectronic to radon).142

Most crystals on which physical properties were studied were synthesized via self-flux growth,
with crystallization happening in high temperature range, in which γ-PtBi2 is thermodynamically
stable.139 On the other hand, the report by Kaiser et al.142 employs a “soft chemistry” synthetic
approach known to provide access to metastable phases.143,144 In this light, the discrepancy in the
determined space groups for γ-PtBi2 may originate from the more precise structure characterization
method (SC-XRD) used by Kaiser et al. or from the low-temperature reduction method, resulting
in a new metastable phase of PtBi2. Indeed, the reduction of Bi13Pt3I7 takes place at T = 70°C
over two days, 350°C below the lower bound of the polymorph’s thermodynamic stability region of
420–640°C. Kaiser et al.142 leave the mechanism of the reduction as an open question. Therefore the
characterization and comparison of “high temperature”-grown crystals, i.e. crystals that are formed at
thermodynamic equilibrium, is provided here. These results is of significant interest as it will provide
better input for theory models.

The reported targeted synthesis of single crystal γ-PtBi2 employs direct crystallization from
a stoichiometric melt. The mixture of Pt:Bi with molar ratio of 1:2 is heated up to 700°C, after
which crystallization takes place during cooling to 450°C at a rate of 3°C/h.139 Although Xu et al.139
managed to extract PtBi2 single crystals of desired phase in this manner, careful examination of the
phase diagram reveals several pitfalls in this growth protocol. First, if employing this method, the rich
polymorphism in the system guarantees at least one polymorphic transition of already crystallized
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material at 640°C, due to existence of the δ polymorph with a higher temperature of thermodynamic
stability. Second, according to the literature, δ-PtBi2 does not melt congruently, but decomposes
peritectically to Pt0.67Bi on heating,133 which should result in contamination of the precipitate with
Pt0.67Bi during the start of the crystallization. To solve the problems outlined above, the research
presented here was aimed to provide a protocol for the targeted growth of γ-PtBi2.

The phase diagram of Pt–Bi system published by Okamoto133 shows a precipitation zone for
γ-PtBi2, allowing for selective crystallization of the compound via the self-flux technique. For clarity,
the relevant region of phase diagram is shown in Figure 4.2. This method allows direct crystallization of
γ-PtBi2, avoiding polymorphic transitions and contamination by the phases of different compositions.
Since the flux does not introduce new elements to the mixture, we also avoid undesired doping of the
crystals.

To recap: γ-PtBi2 has a wide array of interesting physical properties. This diversity of different
effects makes the PtBi2 system extremely attractive both for fundamental research and as possible
candidate for applications. Meanwhile, the reported synthesis is suboptimal and structural data
seems incomplete, posing interesting question about chemistry and crystallography of the material.
Understanding the structure is essential for further research into the electronic properties. To remedy
this, the present works deals with optimization of the synthesis of trigonal PtBi2, followed up by
careful structural reassessment of the material. In parallel, element substitution is also attempted, in
search for “tuning knobs” for studying the evolution of the crystal chemistry, and as a consequence,
the properties of the material.

4.2 Synthesis

For the crystal growth temperature profile and Pt:Bi ratio were selected in such a way that only
trigonal polymorph crystallizes from the solution. Synthesis was stopped before possibility of pyrite-
type polymorph formation. To try to alter or tune the properties of the materials substitution at the
Pt site was attempted, yielding Pt1–xTMxBi2. To select the elements, we considered the coordination
geometry of Pt position, the electron count on the outer shell and the ability of the substituent to
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Figure 4.3: As-grown single crystals on millimeter scale background: (a,b) PtBi2, notice
the regular 60° edges on the top of (b); (c) crystal of Pt0.65Rh0.35Bi2.

dissolve in the Bi flux. Naturally, the radii of the elements also play a role and due to intermetallic
nature of original compound, the metallic radii were the ones considered. For isoelectronic substitution
we chose Ni (electron configuraion [Ar]4s23d8, metallic radius 1.24Å vs. platinum’s [Xe]6s14f145d9;
1.385Å). For non-isoelectronic substitution we settled on Ir ([Xe]6s24f145d7, hole doping; 1.355Å),
Rh ([Kr]5s14d8, hole doping; 1.34Å), and lastly Au ([Xe]6s14f145d10, electron doping; 1.44Å).

Self-flux Single Crystal Growth
Pristine γ-PtBi2 Single crystals were synthesized by first mixing powders of elemental Pt
(powder, 99.99%, Saxonia Edelmetalle GmbH) and Bi (325-mesh powder, 99.5%, Alfa Aesar) in a
molar ratio of Pt:Bi=1:4. The mixture was then homogenized thoroughly via manual grinding in an
agate mortar and then placed into a Canfield crucible set,110 for easier flux removal after synthesis.
The crucible was then placed in evacuated fused silica ampoule to prevent oxidation. This setup was
then placed in a box furnace and heated to 850°C at a rate of 100°C/h, and held at this temperature
for 10 h to ensure homogeneous melt. After that, the furnace was slowly cooled to 420°C at a rate of
2°C/h, to allow the solid phase to precipitate. Finally, the ampoule was taken out of the furnace at
420°C and quickly placed in the centrifuge to separate the flux from precipitated crystals.

Pt1–xTMxBi2 The method for single crystal growth of the substituted compounds was mostly
the same as for the pristine material described above. Due to absence of data of the phase relations
in such ternary systems, the mixture was cooled only to 500°C during growth to avoid precipitation of
hypothetical secondary phases. Elements were mixed in the molar ratios presented in Tab. 4.1∗, with
total charge mass of ≈0.3 g. The mixtures were ground until homogenous in an agate mortar, after
which the mixture was put into a Canfield crucible set and sealed inside an evacutated fused silica
tube. The growth was carried out in a box furnace, with a hot centrifugation at 500°C immediately
after.

4.3 Morphology and Composition

Crystals of PtBi2 were obtained as gray platelets with metallic luster. For clarity, typical as-grown
crystals are shown in Figure 4.3. Crystals were obtained in hexagonal tabular habit, the shape of the
crystals corresponds nicely to the structure of the desired trigonal polymorphic modification. Edges
of the platelets that were not in contact with the crucible walls or did not formed aggregates are
demonstrating regular 60° edges. The acquired crystals are extremely ductile. Thin platelets are
foil-like under handling. The compound cleaves extremely easily along the shear planes parallel to
the face of the platelet, which is in line with van der Waals nature of the crystal structure of γ-PtBi2.

∗Pt1–xRhxBi2 single crystal compounds where synthesized by Irina Kovalchuk in the course of her Master’s
project that I supervised.
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Table 4.1: Nominal compositions of reaction mixtures and compositions according to SEM-
EDX analysis for the obtained Pt1–xTMxBi2 compounds.

Reaction mixture SEM-EDX
PtBi4 PtBi2.03(4)
Rh substitution:
(Pt0.9Rh0.1)Bi4 Pt0.97(1)Rh0.02(1)Bi1.89(2)
(Pt0.7Rh0.3)Bi4 Pt0.64(2)Rh0.35(1)Bi1.9(3)
(Pt0.5Rh0.5)Bi4 Pt0.42(6)Rh0.58(6)Bi1.94(3)
(Pt0.25Rh0.75)Bi4 Pt0.17(2)Rh0.82(2)Bi1.94(2)
(Pt0.1Rh0.9)Bi4 Pt0.10(2)Rh0.89(2)Bi1.7(4)
Ir substitution:
(Pt0.9Ir0.1)Bi4 PtBi2
Ni substitution:
(Pt0.9Ni0.1)Bi4 See Sect. 4.3 and Tab. A.1
(Pt0.8Ni0.2)Bi4 ”
(Pt0.7Ni0.3)Bi4 ”
Au substitution:
(Pt0.9Au0.1)Bi4 PtBi2
(Pt0.8Au0.2)Bi4 PtBi2
(Pt0.7Au0.3)Bi4 PtBi2

The chemical composition of the crystals was studied via SEM with EDX. For PtBi2, a stoichio-
metric composition was confirmed. BSE contrast images show uniform surfaces, indicating absence
of macroscopic element concentration gradients. In the case of the Pt1–xAuxBi2 and Pt1–xIrxBi2
compounds, substitution didn’t result in Au or Ir incorporation. From the published Au-Bi phase
diagram,145,146 one can expect that gold fully dissolved in the flux during the synthesis. Absence of
incorporation most probably can be explained by the lower chemical potential for dissolved gold (or
iridium) at those temperatures and concentrations.

Pt1–xNixBi2 shows rather peculiar behavior. At low nominal content (x = 0.1), Ni incorporates
into the crystals, but does so extremely unevenly. One can see nickel content varies anywhere between
≈ 1.5mol% and ≈ 22mol% at different places in the same crystal at the scale of a millimeter (See the
appendix, Tab.A.1). For nominal x = 0.3, the Ni content seems to stabilize, now being uniform
inside the crystal, but we observe two kinds of composition, corresponding to approximately 6 and
10 mole percent. For x = 0.5, the nickel content is at the lower boundary of detection limit for
the device. The uneven distribution at low nominal concentration might be explained by formation
of some intergrowth phase. Decrease in the incorporated nickel content with increasing nominal
concentration is more peculiar, with one possibility being that increasing the Ni concentration drives
the system further to the middle of Pt–Ni–Bi phase diagram, where nickel either stays dissolved in
the flux, or precipitates as some other phase that is getting discarded during handling. In any case,
from composition studies alone we can conclude that Ni doesn’t show conventional solid solution
formation with PtBi2. In view of the above, equilibria in the Pt–Ni–Bi system do pose interesting
scientific questions, but they are beyond the scope of this work.

In contrast to the Ni case, Pt1–xRhxBi2 shows more stable behavior. Crystals in this series
resemble those of PtBi2 in color and luster. The habit remains tabular throughout the substitution
series, but the shape of the platelets changes. For Pt0.97Rh0.03Bi2 (nominal Rh substitution x = 0.1),
the platelets still show 60° edge angles. With higher Rh substitution levels, the platelet shape becomes
irregular, and by Pt0.1Rh0.9Bi2 becomes elongated rectangular, and flattened, needle like. Examples
of whole-crystal SEM pictures can be found in the Appendix, in FigureA.1. Compositions with
higher levels of nominal substitution change non-linearly (Tab. 4.1). For example, nominal x = 0.1
result in a composition shifted to Pt-rich side of the phase diagram, with only 3% Rh substitution in
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Figure 4.4: Normalized intensity PXRD patterns for Pt1–xRhxBi2 series of compounds.
Dotted black lines are positions of the well-resolved, high-intensity peaks for PtBi2, with
Miller indices labeled (P31m structure model). For clarity curves are offset along ordinate.
Unprocessed data is presented in the Appendix in Figure B.1.

the crystals. For nominal x = 0.3, we already see a shift in opposite direction, crystals being more
Rh-rich than the reaction mixture, corresponding to Pt0.65Rh0.35Bi2 composition. This change in Rh
distribution might indicate that system is entering a different crystallization field in the ternary phase
diagram, and extra attention should then be paid for qualitative changes during e.g. PXRD analysis.
This trend continues up to nominal x = 0.9, at which point relative Rh content of the crystal is
approximately the same as in the melt.

4.4 Crystal Structure

To get the first glimpse at the crystal structure, PXRD from crushed crystals single was employed.
The as-grown aggregates of crystals of PtBi2 and Pt1–xRhxBi2 were ground by hand in agate mortar,
after which the powder was transferred to the sample holder, wetted with x-ray glue. The reflections
in the diffraction pattern from crushed aggregates are abnormally broadened, signal-to-background
ratio is rather poor, and the resulting PXRD pattern shows quite strong texture. Also, since as-grown
crystal aggregates were used, peaks of minority phases are present, most likely attributable to the
flux. A combination of these effects forbids Rietveld analysis of the data. The poor quality of the
data could be attributed to high ductility and ease of cleavage of the material.

Nonetheless, we can draw some conclusions from these measurements. PXRD patterns in Figure 4.4
show peaks in agreement with the literature for the PtBi2 compound. As x in Pt1–xRhxBi2 increases,
we don’t see much qualitative change for nominal x = 0.1. For nominal x = 0.5 and x = 0.75, one can
see prominent clusters of unresolved peaks at around 2θ ≈ 14.3◦ and 2θ ≈ 19◦, which correspond to
the RhBi2 structure. Since RhBi2 is the main phase formed those experiments, we exclude them from
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Figure 4.5: Comparison of PXRD patterns of PtBi2, prepared using the conventional and
with our newly-developed method for sample preparation. Notice lower FWHM, better
peak resolution, lower texture, and better signal to background ratio for the preparation
method presented in this thesis.

further consideration. In the case of x = 0.3, one can see weak features corresponding to the PtBi2
phase, but the main phase formed in this compound doesn’t seem to correspond to either RhBi2 or to
PtBi2. This hints at some interesting chemistry in the PtBi2 –RhBi2 system, which requires further
studies of the phase relations between the end members. For more in-depth structural investigation,
we focus on pure γ-PtBi2 and nominal x = 0.1 sample due to hints of it being isostructural to PtBi2.

To obtain PXRD patterns suitable for in-depth structural investigation via Rietveld refinement,
the sample preparation was modified. Crystals were ground in a ball mill for 30min, after which
the powder was sealed in evacuated fused silica tube, and annealed in a box furnace for 72 h. The
temperature was set as the “end” temperature of the corresponding single crystal growth, to guarantee
recrystallization in the same polymorphic modification as the grown single crystals. To prevent
polymorphic transitions taking place on cooling, at the end of the annealing period ampules with
samples were quenched to ambient temperature water. To alleviate texture effects, the powder was
first suspended in x-ray glue, after which a drop of the suspension was transferred to the holder with
the help of a Pasteur pipette. This modification of the preparation method led to higher crystallinity
of the PXRD sample and as a result, enhanced peak resolution and signal-to-background ratio. Such
a method also significantly reduces the strong preferred orientation seen with the conventional PXRD
sample preparation method. For clarity, comparison of PXRD patterns from conventional and our
new method is presented in Figure 4.4.

The improved sample preparation method developed here allows for Rietveld refinement of the
PXRD data. The results for the PtBi2 re-annealed powder are presented in Figure 4.6. Diffraction
data were analyzed in the framework of both structural models reported earlier: P 3̄ and P31m.134,142
While in both cases refinement results in lattice parameters that agree well with the literature,
refinement in the P 3̄ space group results in negative isotropic displacement parameters for the “Pt”
and “Bi1” positions. Tables with structure factors, residual parameters and refined atomic coordinates
are presented in the appendix B (Tab.B.1 and Tab.B.2). Residual parameters of the refinement
corroborate the story: in case of the refinement in the P31m model, the profile residual is Rp = 5%,
and weighted profile residual Rwp = 7%. These residuals are significantly better than in case of
the P 3̄ model fit: Rp = 12%, Rwp = 19%. Visual inspection, an essential method for assessing
Rietveld refinement quality, reinforces the fact that P31m model describes the data significantly
better. For clarity, a zoom-in of the pattern is presented in the Appendix in Figure B.3. In case of the
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Figure 4.6: Rietveld refinement of PtBi2 structure from PXRD: In the top panel the
experimental data (markers) are superimposed with the Rietveld fit in the P 3̄ (orange)
and P31m (green) space groups. Peak positions (colorful ticks) and difference curves (two
bottom panels) are plotted in corresponding colors. The theoretical peak positions expected
for the Bi flux are marked as black ticks. Notice the intensity mismatch on difference curve
for P 3̄ model, especially between 40–60◦ 2θ. For clarity, a zoom-in into high resolution part
of the pattern is presented in the Appendix in Figure B.3
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Figure 4.7: SAED data from PtBi2 and Pt1–xRhxBi2. (a,b) SAED pattern of a representative
PtBi2 nanoflake oriented in the [001] zone axis overlaid with theoretical SAED patterns
(yellow dots) using P 3̄ (a) and P31m (b) space group models. (c,d) SAED pattern of a
Pt0.65Rh0.35Bi2 representative nanoflake oriented in the [012] zone axis, with the theoretical
pattern overlay, in P 3̄ (c) and P31m (d) space group models. The red circles in (a–d)
indicate the 200 and symmetry-equivalent reflections which are virtually forbidden for P 3̄
symmetry (a,c), but clearly show up for P31m (b,d)118

P31m model, the difference curve is “cardiogram”-like. This is typical when imperfect peak profile
description is present, together with noise, both of which are inherent to a diffraction experiment. On
the contrary, the difference curve with respect to the P 3̄ model shows serious intensity mismatch for
pretty much every diffraction peak. This tells that P31m model provides better description of the
atom positions in the unit cell than the P 3̄ case.

Due to the fact that the lattice in case of both models is the same, and symmetry of two structural
descriptions is quite similar, one would ideally want to complement the findings above with single
crystal diffraction. Unfortunately selecting a crystal for SC-XRD is rather difficult in this system.
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The material’s high ductility in combination with weak interlayer bonding eases the formation of
stacking faults in the crystal, which smear out some of the reflections or leads to an intergrown-like
diffraction picture (i.e. diffraction from several misoriented crystals). However, this complication
can be circumvented by shrinking the analyzed volume to the point where macroscopic defects stop
playing a serious role. One such “local” diffraction method is SAED, which we applied to PtBi2 and
Pt0.65Rh0.35Bi2 crystals to seek further confirmation of the PXRD findings∗. SAED was measured using
FEI Tecnai G2 transmission electron microscope with a LaB6 emmiter operated at 200 kV acceleration
voltage. The nanoflakes were exfoliated from the bulk crystals using commercially available adhesive
tape (Vivess). The flakes were separated from the tape in an ultrasonic bath while immersed in a 1:1
acetone-isopropanol mixture. Subsequently, the exfoliated flakes were transferred onto Cu-grids. To
ensure the purity of the sample, elemental composition was checked using in-situ EDX. Theoretical
kinematic electron diffraction patterns were simulated in the “SingleCrystal” software package, version
3.1.5 (CrystalMaker Software Ltd., UK).

The results of SAED are presented in Figure 4.7. SAED patterns were recorded in the [001]
zone axis for PtBi2 Figure 4.7 a, b and in the [012] zone axis for Pt0.65Rh0.35Bi2 Figure 4.7 c, d. These
SAED patterns are compared to the ones simulated with Pt1–xRhxBi2 models in space groups P 3̄ and
P31m. As can be seen, the 200 and symmetrical equivalent reflections are present in both recorded
patterns. Since these reflections are forbidden in the P 3̄ space group, i.e. their scattering factor is
three orders of magnitude lower compared to computed diffraction from the P31m structure model,
SAED data strongly support the P31m symmetry assignment for PtBi2. For Pt0.65Rh0.35Bi2 the local
SAED result shows that at least some crystallites retain a P31m-related structure. However, because
Pt1–xRhxBi2 samples are multiphase in PXRD, this observation on local scale cannot be interpreted
as a proof of a homogeneous Pt1–xRhxBi2 solid solution.

To conclude, data from PXRD with Rietveld refinement together with TEM SAED data corrobo-
rate the P31m structural model for the description of the γ-PtBi2 structure, as suggested by Kaiser
et al.142 Additionally, this confirms that crystals obtained by Kaiser et al. via their low temperature
route are of the γ-PtBi2 phase. This bears significant consequences for further studies of physical
properties, as it speaks for the predictions of Weyl semimetal states (lack of inversion center), instead
of Dirac ones (centrosymmetric structure). While studies of physical properties of the materials are
outside the scope of the present work, the bulk magnetic properties are screened in the following
section.

4.5 Magnetization and Superconductivity

Since pure γ-PtBi2 hosts superconductivity (as measured on crystals obtained in this work118,125,127),
magnetization was measured for PtBi2 and Pt1–xRhxBi2 crystals. PtBi2, Pt0.97Rh0.03Bi2 and Pt0.65Rh0.35Bi2
exhibit regular diamagnetic behaviour, both in zero field and field-cooled measurements, the results
of which are presented in the left panel of Figure 4.8. In a magnetic field of 0.5T, all samples show
no magnetic order down to 1.8K, and a Curie-Weiss tail at low temperatures, probably due to
paramagnetic impurities. To check for a possible superconducting response above the reported Tc of
PtBi2, the magnetization was also measured in low external field (2mT), with results presented in the
right panel of Figure 4.8. In the case of Pt0.97Rh0.03Bi2, we do not see any signal down to 1.8K, but in
the case of Pt0.65Rh0.35Bi2 we see well-pronounced superconducting-like downturn in the magnetization
at ≈3K. The zero-field cooled susceptibility monotonically decreases with temperature down to 1.8K,
and shows no signs of saturation. The volume shielding fraction at 1.8K is rather low at ≈2%, which
may reflect a broad transition, incomplete superconducting volume, or that superconducting phase is
a minor phase of the sample. Therefore, this results demonstrates that the Pt-Rh-Bi system can host
a superconducting-like response near 3K. This is not, however, a definitive proof of a homogeneous
Tc enhancement of PtBi2 by Rh substitution.

∗Selected-area electron diffraction data and analysis courtesy of Subakti Subakti, Dr.Daniel Wolf, and Dr.Axel
Lubk.
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Figure 4.8: Temperature dependence of magnetization for Pt1–xRhxBi2 compounds. Left
panel: molar magnetization in 0.5T field in 1.8–300K temperature range. Right panel:
magnetic susceptibility in 1.8–20K temperature range.

4.6 Summary and Outlook

In conclusion, large γ-PtBi2 single crystals were grown successfully via the self-flux method. The
present work optimized the growth protocol with a special attention to the rich polymorphism and
temperature-induced structural phase transitions in the Pt–Bi system.

Chemical composition of the pristine PtBi2 was found to be stoichiometric using EDX. A thorough
reinvestigation of the γ-PtBi2 crystal structure was performed by means of PXRD and SAED. A novel
sample preparation method was developed for PXRD experiments to overcome the complications
caused by the material’s mechanical properties. This helped to alleviate strong preferred orientation
and avoid broadening of the reflections. Rietveld refinement was carried out on the powder diffraction
data. A combination of nonsensical displacement parameters, worse residuals and poor model fit
overall was found in the case the of centrosymmetric P 3̄ model, and a reasonable fit resulted in the
noncentrosymmetric P31m model. These data resolve the existing confusion between the models.
This conclusion is corroborated by local diffraction data from SAED.

The clarification of the lattice symmetry has far-reaching implications for further studies of this
material’s electronic properties. The confirmed model corresponds to a band structure with type-I
Weyl states in the vicinity of the Fermi energy, which determine the exotic conducting properties of
this material. The refuted structure model also happens to be that accorded with a less attractive
electronic structure, with trivial metallic states at the Fermi level and surface Dirac fermions stemming
from a topological band inversion at −2 eV. Before this work, the latter structural model was, however,
the prevalent description in the published literature. Furthermore, the non-centrosymmetric crystals
obtained in the course of this work show signs of topological superconductivity, making γ-PtBi2 a
strong candidate for breakthrough quantum behavior.127–130

We also conducted partially successful attempts of elemental substitution at the Pt site in order to
study the structural evolution. Nickel incorporates into the crystals, but quite unevenly as confirmed
by EDX spectroscopy, and likely does not form a typical solid solution with PtBi2. Rhodium does
incorporate into the crystals according to EDX, but the structural interpretation is more complex.
The nominal x = 0.1 product is closest to PtBi2 in PXRD, and therefore was used in for Rietveld
analysis. At higher nominal Rh contents the products become multiphase. In particular, the nominal
x = 0.3 product contains weak PtBi2-like features, but its main diffraction features do not correspond
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cleanly to either PtBi2 or RhBi2. SAED on a selected Pt0.65Rh0.35Bi2 flake nevertheless suggests
that P31m-related crystallites can be present in this composition range. Preliminary magnetization
screening further shows a superconducting-like diamagnetic downturn near 3K in the nominal x = 0.3
sample, although the low shielding fraction and imcomplete bulk phase assignment prevent this feature
from being assigned unambiguously to a homogeneous Pt1–xRhxBi2 phase. This findings indicate
that the Pt-Rh-Bi system is a promising target for further work on superconducting properties, but
they do not confirm an extended Pt1–xRhxBi2 solid solution at this stage. Since PtBi2 and RhBi2
represent different topological material classes, better-controlled samples in this compositional region
could also be interesting for future studies of topological transitions and superconducting behaviour.





Chapter 5

TaTMTe4: Ordered and Disordered Structures

This chapter is based upon the publication: Shipunov, G. et al. Layered van Der Waals Topological
Metals of TaTMTe4 (TM = Ir, Rh, Ru) Family. The Journal of Physical Chemistry Letters 2021, 12,
6730–6735147

5.1 Introduction

We now turn from PtBi2 to a materials system closely related to the transition metal dichalcogenide
(TMDC) WTe2. Ternary transition-metal tellurides MM*Te4 (M=Nb, Ta; M* = Rh, Ir, Ru, Os) were
discovered by Mar et al.19,148 in the early 1990s. The crystal structures of TaIrTe4 and NbIrTe4 are
closely related to orthorhombic WTe2, which is nowadays among the most studied TMDC quantum
materials.149 In contrast to WTe2 and other binary TMDC materials, interest in the ternary derivatives
was rekindled only in recent years and currently is on a steep rise. Published research has so far
focused on the most well-characterized member TaIrTe4: it has the band structure of a type-II Weyl
semimetal150–152 and demonstrates a nonlinear Hall effect with temperature-induced sign change.153
Thanks to its layered nature, the compound is easy to cleave, facilitating studies of thickness dependent
properties: booth mono- and bilayer TaIrTe4 demonstrates the quantum Hall effect,154,155 as well as
signatures of surface superconductivity at critical temperatures up to 1.54K.156 Another member of
this ternary telluride family, NbIrTe4, has been proposed to host type-II Weyl fermions, effects of
which have likely already been observed experimentally in charge transport measurements,157 and
this system also exhibits non-saturating magnetoresistance.158 The exotic electronic properties of
these ternary tellurides make them of interest for technological applications. This potential has been
illustrated recently by the observation of bi-stable, resistive metal-insulator switching in point contact
measurements at room temperature.70

The crystal structures of TaIrTe4 and NbIrTe419,148 have been solved in the orthorhombic space
group Pmn21 on the basis of data from single-crystal X-ray diffraction experiments. These structures
can be described as stacks of van der Waals layers along the c direction, as shown in Figure 5.1. Each
layer consists of edge-sharing, distorted octahedra centered around a transition-metal cation, M or M*.
The distortion in the transition-metal coordination environment arises from the underlying chemical
bonding, making it dependent on the chemical composition. The ideal octahedral coordination
becomes distorted because the transition elements shift towards each other to engage in metal-metal
bonding, forming zigzag chains along the a direction. Due to its more covalent nature compared to
sulfur or selenium and its low electronegativity, tellurium does not form purely ionic M–Te bonds.
This often results in tellurides having distinct structures compared to sulfides and selenides.

In a hypothetical ionic picture, formal charges would be assigned as Ta5+Ir3+(Te2−)4. However,
charge transfer from Te to Ta and Ir reduces formal charge of the Te atoms and induces attractive
Te–Te bonding interactions, and observed as shortening of the Te–Te distances well below the sum
of the respective van der Waals radii. Simultaneously, the transition-metal cations M and M* acquire
extra electrons (more metallic character) and cluster into zig-zag chains. This electronic situation
is reflected in the oxidation state formula Ta4+Ir3+(Te−1.75)4. The presence of such an electronic
reservoir of metal-metal bonding suggests that this structure type has a broad variability: it can
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Figure 5.1: Schematics of the WTe2-like orthorhombic structures. For WTe2, M1=M2=W;
for TaTMTe4, M1=TM, M2=Ta. Dashed lines are guide for eyes outlining the zigzag chains
running along a. The unit cell is outlined for TaTMTe4.

accommodate various combinations of transition metals and resolve electronic imbalances through
structural distortions, either in the Te sublattice by forming Te–Te bonds or in the metal sublattice
by forming chains.

The WTe2 crystal structure is another example of this flexibility: the transition metal sites are
equivalent, M = M* = W, and they form zigzag chains along the a axis, with W–W distance of
approximately 2.85Å. The lattice is derived from that of TaIrTe4 by halving the b direction due to
the equivalency of the transition metals. This results in van der Waals lattices with similar atomic
connectivity and crystal symmetry, underlying certain similarities in their electronic structures and
unconventional electronic properties.

This structural flexibility together with unconventional physical properties fuel stronger interest in
the less-studied MM*Te4 representatives. Whereas reliable growth protocols are available for TaIrTe4
and NbIrTe4,19,148 the other members that have been identified such as TaRuTe4, NbOsTe4, TaOsTe4,
and TaRhTe4 were obtained only as minor fractions in the mixtures of binary tellurides. In this
light, the structural description of these new representatives in the MM*Te family is inconclusive and
requires an in-depth reinvestigation. In their original structure report, Mar et al.19 assumed that all
these members are isostructural to TaIrTe4. On a special note they mention that TaRuTe4 diffraction
data has systematic absences of diffraction peaks, which might be indicative of metal site disorder, but
nonetheless Mar et al. report it as isostructural to TaIrTe4. The structural data deposited in major
crystallographic databases (e.g. ICSD entry No. 656452) also describe the TaRuTe4 structure as an
isostructural analog of TaIrTe4, without any disorder. Since Ru and Os have one d-electron more than
Rh and Ir, their electronic situation is more suitably described by the formulation Ta5+Ru3+(Te−2)4
with decreased charge transfer from Te to the transition metals. In turn, this may impact the crystal
structure significantly.

Emerging interest in the ternary tellurides as quantum materials warrants expansion of the
availability of those compounds, in the first order, by developing crystal-growth protocols for TaRhTe4
and the Ta–Ru–Te phase, originally reported as TaRuTe4. Given the importance of accurate
structural models for investigating material properties, it is crucial to examine any potential disorder
in these crystals. Another point of interest is the pursuit of solid solutions among the large number
of compounds with identical or related crystal structures. The similarity in the crystal structure and
elemental chemistry suggests the feasibility of such solutions. These solid solutions may exhibit a
smooth variation in material composition and structural parameters, and consequently, in physical
properties. Identifying miscibility gaps or abrupt changes in lattice symmetry, which may indicate
either tuning or abrupt changes in electronic properties, is also worth exploring.
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5.2 Synthesis

The first reported synthetic technique for TaIrTe419,148 employed a high-temperature reaction with
a double excess of tellurium. Later, an optimized route to TaIrTe4 single crystals was developed
by Khim et al.,151 using the self-flux method with molten tellurium which can be centrifuged away.
In this work, this self-flux method was adopted to several other TaTMTe4 compounds as well as
to the substitution series. The cooling rate was reduced to minimize oversaturation, and in case
of quaternary compounds, the centrifuging temperature was increased in an attempt to reduce
the amount of secondary phases. Note, phase diagrams of the respective ternary and quaternary
systems are not known, so the synthetic parameters had to be selected through a trial-and-error
process. Following this route large single crystals of Ta1.25Ru0.75Te4, TaRhTe4 and TaIr1–xRhxTe4
were obtained for the first time. Their characterization established that the ruthenium analog in fact
has the off-stoichiometric Ta1.25Ru0.75Te4 composition.

Single crystals of TaIrTe4, TaRhTe4, and Ta1.25Ru0.75Te4 were grown via the self-flux method.
Powders of Ta (Alfa Aesar, powder 325 mesh, 99.97%), transition metal, TM––Ir (Alfa Aesar,
powder 325 mesh, 99.9%), Rh (Evochem, powder, 99.95%), Ru (MaTecK, powder, < 60µm, 99.9%)
correspondingly, and Te (Alfa Aesar, powder 18 mesh, 99.999%) were mixed in the Ta:TM:Te=1:1:20
molar ratio and thoroughly ground by hand in an agate mortar. Afterwards the reaction mixture was
loaded into a Canfield crucible set,110 which in turn was placed in an evacuated fused quartz ampule.
The mixture was heated up to 970°C at 100°C/h, kept at this temperature for 24 h, and subsequently
slowly cooled at the rate of 1.5°C/h to the final temperature of 600°C. Further, the crucible was
taken out of the hot furnace, turned over and instantly put into a centrifuge which facilitated the flux
removal. The resulting crystals were mechanically separated from each other, and from the crystals of
minority binary phases, mostly cubic, binary transition-metal tellurides. The latter formed as more
isometric, prismatic-like crystals and thus could be easily identified and removed. After this, the
small amounts of the remaining flux were mechanically cleaved off from the crystal surfaces.

The TaIr1–xRhxTe4 substitution series was synthesized by mixing the elemental powders in the
molar ratios Ta:Ir1–xRhx :Te=1:1:20 for x = 0.1, 0.3, 0.7 and 0.9, similar to the preparation procedure
for the ternary compounds described above. The mixtures were heated up to 1000°C, held at this
temperature for 24 h, and then cooled over the course of 133 h to 700°C, after which the reaction
mixture was centrifuged in the aforementioned manner. Needle-like crystals for further studies were
manually separated from the ingots, secondary phases and remaining flux could easily be easily
cleaved off.

Polycrystalline samples of TaRhTe4, TaRuTe4, and Ta1.25Ru0.75Te4 were synthesized by a direct
solid-state reaction. Powders of Ta, Te, and the corresponding transition metal were taken in the
stoichiometric amounts for a total charge of ca. 300mg per experiment. Powders were thoroughly
homogenized in an agate mortar and sealed in an evacuated quartz ampule. The mixture was heated
up to 700°C at 100°C/h, held at the temperature for 48 h, and then quenched in air.

5.3 Composition and Morphology

As-grown crystals of TaIrTe4, TaRhTe4, TaIr1–xRhxTe4, and Ta1.25Ru0.75Te4 compounds were acquired
as flat, silvery needles. Optical as well as SEM images of typical crystals are presented in Figure 5.2.
The cross-section of TaIrTe4 and Ta1.25Ru0.75Te4 needles is almost squared. TaRhTe4 needles grown
in the shape of flattened thin stripes. Some TaRhTe4 crystals have almost platelet-like appearance,
shaped like a very wide rectangle.

As-grown crystals of all TaTMTe4 compounds are extremely ductile and easily cleavable in two
perpendicular directions along the long axis of the crystal. Upon any handling the crystals bend
and twist effortlessly, and also split into hair-like soft needles (e.g. see Figure 5.2c). This mechanical
behavior arises because of the quasi one dimensional crystal structure with strongly bound metal-metal
zigzag chains. Mechanically the crystals resemble fine aluminum foil. This behavior also leads to
destruction of long-range order actively prohibiting SC-XRD studies.

SEM images of the ternary compounds (Figure 5.2 (b)) show even, homogeneous surfaces both in
Z and topography contrast, demonstrating absence of macroscopic element concentration gradients.
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Figure 5.2: (a,b): images of as-grown Ta1.26(2)Ru0.75(2)Te4.000(8) (a) and TaRhTe4 (b) on a
millimeter scale. Notice the difference in habit. (c–e): SEM images of TaRhTe4 (c) and
Ta1.26(2)Ru0.75(2)Te4.000(8) (d,e). In (c), the layered morphology of the crystals is clearly
visible.147

Table 5.1: comparison of nominal and measured composition determined using EDX for
TaIr1–xRhxTe4 crystals

Ir:Rh, nominal EDX composition
Ir0.9Rh0.1 TaIr0.96Rh0.04Te4
Ir0.7Rh0.3 TaIr0.82Rh0.14Te4
Ir0.3Rh0.7 TaIr0.22Rh0.78Te4
Ir0.2Rh0.8 TaIr0.08Rh0.92Te4

The surface of the crystals appears smooth with some steps, which is in line with the layered crystal
structure.

Composition of the crystals was studied by means of EDX. For TaIrTe4 and TaRhTe4 spectroscopy
shows stoichiometric composition. Surprisingly, in case of the ruthenium compound, EDX composition
is Ta1.26(2)Ru0.75(2)Te4.000(8), i.e. the Ta to Ru ratio is drastically different from nominal, and from the
corresponding TaIrTe4 and TaRhTe4 crystals. Assuming that connectivity of the crystal structure is
the same as in phase prototype TaIrTe4, i.e. the structural motifs are the same, this off-stoichiometry
must result either in disorder, or in alteration of the structure. This is in line with a related discrepancy
reported by Mar et al.,19 and requires revisiting of the Ta1.25Ru0.75Te4 crystal structure.

SEM and EDX analysis was also performed for the TaIr1–xRhxTe4 series of compounds. As in case
of the ternary compounds, visual inspection of the BSE and SE images show flat uniform surfaces,
indicating absence of the macroscopic concentration gradients. The crystal habit is similar to the
“parent” compound. Composition for TaIr1–xRhxTe4 series was studied via EDX spectroscopy, the
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results of which, together with corresponding ratios of transition metals in reaction mixture are
presented in Tab. 5.1. The data clearly show incorporation of both transition metals into the crystal.
These factors provide a strong indication of solid solution formation between Ir and Rh compounds,
but further structural and phase-relation studies are needed. Interestingly, the composition is shifted
in each case towards the element with higher concentration. Further analysis of this concentration
behavior should include EDX spectroscopy from flat polished samples, employing standards so as
to improve the quantitative analysis, and an in-depth investigation of the phase relations in the
quaternary system. However, the phase diagrams have not yet been reported, even for the ternary
end members.

5.4 Structure

Product purity and preliminary assessment of the structure for TaTMTe4 was done via PXRD
experiments. However, this process was seriously hindered by the high ductility and spontaneous
cleaving of the crystals. This is a typical picture in case of such layered compounds, and this experience
is similar to the one described in the Section 4.4. For the TaTMTe4 compound family, SC-XRD
studies proved to be equally challenging, since picking a crystal for the experiment often introduces
mechanical damage. This damage disrupts the long-range order required in a single crystal diffraction
experiment.

In case of the TaTMTe4, in addition to weak van der Waals bonding between the layers there
is also a “weak” cleavage plane perpendicular to the van der Waals gap, between the zigzag chains.
Macroscopically this results in crystals cleaving along two perpendicular planes, therefore breaking
into thin wires. These wires are extremely easily bent, due to the high ductility of the material.
Thus, the conventional sample preparation approach for PXRD — manual grinding of the crystals —
introduces huge amount of defects, which then results in very broad, low-intensity reflections. The
example of peak profiles obtained in this way is presented in the Appendix, in Figure B.2. While
one can recognize the fingerprint of the ternary phase, reliable extraction of the lattice or atomic
positions via full profile analysis is deemed unfeasible. Furthermore, the peak intensity is also rather
low due to the high absorbance of the materials. This effect is especially noticeable in the transmission
geometry of the PXRD experiment, a geometry that helps to alleviate the deleterious effects of a
strong preferred orientation (inherent in layered materials), and allows for collection of accurate
intensities in the whole 2θ angle range.

For obtaining powder diffraction data usable for full-profile refinement, sample preparation
procedure was modified to minimize grinding of single crystals. While this modification resulted in
suboptimal, non-uniform particle size distribution, known as “stones in the sand”, it nonetheless allowed
for acquisition of usable diffraction patterns for TaIrTe4 and TaRhTe4, as presented in Figure 5.3. In
both cases, model diffraction profiles are able to fit the data well, with reasonable residual parameters
for this data quality. Refinement tables and refined atomic positions are presented in Appendix B.
Atomic displacement parameters could not be refined due to low intensity of the signal and the peak
broadening, with grinding-induced disorder being the most probable reason.

The lattice parameters are in agreement with those reported previously. When moving from
TaIrTe4 to TaRhTe4, the a and c lattice parameters shrink somewhat, and b significantly increases
(∆a ≈ −0.03Å; ∆b ≈ +0.12Å; ∆c ≈ −0.03Å). This effect might be the result of changing Ir3+
(0.68Å) to the smaller Rh3+ (0.66Å), and, as a consequence, the tighter, more extended zigzag
chains in the structure. Indeed, in case of TaRhTe4 one of the alternating angles in the chain is
bigger (φ ≈ 71◦ vs 76◦) with comparable bond lengths, which leads to an elongation of the chain.
Furthermore, contraction in c might suggest stronger electron density transfer from Te towards the
transition metal, thereby strengthening the direct Te–Te interactions. Indeed, the shortest Te–Te
interlayer distance shrinks from ≈ 3.7Å in case of TaIrTe4 to 3.3Å in case of TaRhTe4. Potentially,
this change could result in more three-dimensional character, and could alter its electronic properties
compared to TaIrTe4.

The powder sample from solid state reaction with the starting TaRuTe4 composition was clearly
multi-phase. Together with the fact that EDX data, extracted from single crystals obtained in
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this work, cleary shows Ta1.25Ru0.75Te4 composition, this calls into question the existence of a pure,
stoichiometric TaRuTe4 phase. Due to the discussed complications of PXRD phase analysis in these
ternary systems, final conclusions about the possible homogeneity range of this ternary phase and its
structural and compositional variability are considered out of the scope of this thesis. Future studies
should begin with the optimization of the sample preparation and ideally also include clarification of
the phase relations in this system.

The issues with poor diffraction data quality are even more severe for the TaIr1–xRhxTe4 series of
compounds. Any—even slight—grinding of the obtained single crystals results in extremely broad
diffraction peaks, while their intensity is rather low due to high absorbance of the material. Powdered
samples also require grinding because as-grown grains are too large for optimal powder-data collection,
especially when measurements on these highly absorbing samples are performed in the transmission
geometry. Additional complications arise from the admixtures of well-crystallized binary phases
(e.g. IrTe2, see Appendix B.2). The majority of these secondary phases crystallize in high-symmetry
crystal systems (e.g. cubic for IrTe2) and are, therefore, mechanically quite hard and brittle. As a
result, they pulverise very well upon grinding, and contribute very sharp, high-intensity peaks in the
diffraction patterns, on top of the broadened, low-intensity reflections of the target phase. This poses
yet another challenge for the phase analysis of the obtained phase mixtures.

Based on the lessons learned in Section 4.4, structural analysis of TaIrTe4, TaRhTe4, and
Ta1.25Ru0.75Te4 was carried out using the SAED method. Optimizing the PXRD sample prepa-
ration would be considerably time-consuming and was therefore deemed impractical. At this point, we
refrained from SAED studies of the TaIr1–xRhxTe4 series because the crystal growth protocols for this
series need to be optimized first, so as to achieve reproducible and accurate elemental compositions.

Samples for SAED were prepared by mechanically exfoliating single crystals using commercially
available adhesive tape (eco, tesa).∗ The conventional approach was adapted in the following way to
deal with high ductility of the crystals and their strong propensity to bending, cleaving, and forming
defects. The exfoliated TaTMTe4 crystals were separated from the tape by immersion in 10 mL of
acetone and isopropanol (1:1) solution in a 12 mL glass sample vial. Sonication (frequency ≈ 35 kHz)
was employed to assist the separation of flakes from the tape surface for 2 h (8×15 minutes sonication,
with 5 minute breaks between the 15 minute sessions). The resulting micrometer-sized TaTMTe4
flakes were then transferred to lacey-carbon copper TEM grids using a standard pipette. To ensure
the cleanliness of the flakes, the elemental composition of every flake was controlled using in-situ
TEM-EDX, before collection of the SAED pattern.

The SAED patterns were collected using FEI Tecnai F20 transmission electron microscope (TEM),
equipped with a LaB6 emitter operated at 200 kV acceleration voltage. The images of the reciprocal
(010)∗ zone (along the [101] zone axis) allow visualization of the lattice differences in various TaTMTe4
structures along the b∗-direction. The experimental data and simulated patterns for the Pmn21
space group agree nicely in the case of TaIrTe4 (Figure 5.4a) and TaRhTe4 (Figure 5.4b). This
result is in line with our aforementioned Rietveld refinements of the PXRD data, as well as the
results of structural investigations reported previously by Mar et al.19 Remarkably, the observed
Ta1.25Ru0.75Te4 diffraction pattern does not match up with the theoretical structural model based on
the earlier published data. Namely, every second reflection along the b∗ (k = 2n+ 1, n− integer) is
systematically absent, hinting at the halving of the b lattice parameter in comparison with the regular
TaIrTe4-type structure (Figure 5.4c). In other words, the SAED (010)∗ pattern of Ta1.25Ru0.75Te4
accords more with the WTe2-type structure (Figure 5.4d). The observed reduction of the b unit cell
parameter may be related to symmetry enhansment caused by randomized antisite disorder between
Ta and Ru. In this scenario, the two transition metal crystallographic positions become partly of
fully averaged, making the local diffraction pattern of Ta1.25Ru0.75Te4 closer to that expected for a
WTe2-type structure. Based on SAED results, the phase with composition Ta1.25Ru0.75Te4 appears to
adopt this WTe2-like average lattice. This interpretation may have important implications for the
electronic band structure and transport properties, but it requires confirmation by full structural
refinement. Our observation nevertheless provides a plausible explanation for the systematic absences

∗Selected-area electron diffraction experiment courtesy of Subakti Subakti, Dr.Daniel Wolf, and Prof. Axel
Lubk.
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Figure 5.3: Rietveld refinement of TaIrTe4 (top panel) and TaRhTe4 (bottom panel).147

of diffraction peaks previously observed by Mar et al..19

It remains unclear whether the Ta1.25Ru0.75Te4 compound exists solely with 1.25:0.75 Ta:Ru
stoichiometry, or if different compositions for material exist. The composition may arise from the
electronic configuration. Mar et al.19 provide an argument by considering WTe2, TaIrTe4 and NbIrTe4
compounds. In this series Mar et al. experimentally demonstrates that metal-metal bond distance
increase, and Te–Te bond distance decrease, resulting in more tightly bound layers. In their work
they go on to explain that going from W to Ir extra electron has to occupy an antibonding M–M level,
resulting in weakening M–M bond, elucidating bond lengthening. In case of Nb d levels are close in
energy to p orbitals of Te, resulting in further redistribution of charge, which results in strengthening
of Te–Te interactions and formation of weak Te–Te bonds. We apply the same argument to the Rh
and Ru compound. As number of d electrons decreases when moving from Rh to Ru, fewer electrons
are on the antibonding orbitals, enhancing metal-metal bonding in the zigzag chains. Consequently,
the extent of electron transfer from the Te to the transition metal decreases, and Te–Te bonding
ceases. Thus, interlayer Te–Te distances widen, favoring a truly two-dimensional structure like
WTe2. Furthermore, as mentioned in the introduction to this chapter, Mar et al. stipulated that the
formal charge on the Ta atom increases from +4 to +5 as we move from Ta4+Rh3+(Te−1.75)4 with
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Figure 5.4: SAED on TaIrTe4, TaRhTe4, and Ta1.25Ru0.75Te4. (a, b): SAED patterns of
representative TaIrTe4 and TaRhTe4 nanoflakes oriented along [101] zone axis, overlaid
with theoretical SAED patterns (green dots) using a Pmn21 space group model based on
data refinement of PXRD obtained in this work. (c, d): SAED pattern of a representative
Ta1.25Ru0.75Te4 nanoflake oriented along [101] zone axis overlaid with theoretical SAED
patterns using Pmn21 structure derived from TaIrTe4 (c), and a Pmn21 structure derived
from WTe2 (unit cell is halved along b compared to TaIrTe4, d). Note that model overlay
is intentionally slightly shifted horizontally for easier comparison with the SAED data. The
black arrows in (c) and (d) mark the (in) ability of the two models to fit the absence of
k = 2n+ 1 peaks in the pattern for Ta1.25Ru0.75Te4.147
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Te–Te bonding to Ta5+Ru3+(Te−2)4 without Te–Te bonding. The higher charge of Ta5+ contracts
its atomic radius to 0.64Å, in contrast to 0.68Å in Ta4+.159 Thus, the uneven Ta:Ru ratio in the
stable Ta1.25Ru0.75Te4 lattice could result from geometrical balancing the smaller, higher-charged Ta5+
cations with the larger, lower-charged Ru3+ cations. Intriguingly, an electron-neutral formulation
without Te–Te bonding can be also achieved with the experimentally found non-integer stoichiometric
coefficients if one assumes Ta4+ and Ru4+ oxidation states, i.e. (Ta4+)1.25(Ru4+)0.75(Te−2)4. If the
latter explanation is correct, Ta1.25Ru0.75Te4 would be isoelectronic and isostructural to W4+Te2. The
proposed relation between Ta1.25Ru0.75Te4 and WTe2 is an attractive hypothesis for further studies,
which first requires full structural and spectroscopic confirmation.

5.5 Summary and Outlook

In this chapter, single crystals of the family of ternary transition-metal tellurides TaTMTe4 were
obtained. These are emerging as promising quantum materials with attractive (magneto)transport
properties. Crystal-growth protocols were optimized and, for the first time, sizeable crystals of
TaRhTe4, Ta1.25Ru0.75Te4, and TaIr1–xRhxTe4 with x = 0.04, 0.18, 0.78 and 0.92 were obtained, with
compositon confirmed via EDX spectroscopy.

Current protocols already yield large crystals of TaIrTe4, Ta1.25Ru0.75Te4, and TaRhTe4, which
can be mechanically extracted from as grown ingots. We observed more admixtures in experiments
targeting TaIr1–xRhxTe4, indicating that further optimization of the growth conditions is necessary to
eliminate these unwanted phases. Nevertheless, available TaIr1–xRhxTe4 crystals are sufficiently large
for first characterization of their physical properties. In order to improve the crystal yield and our
understanding of the phase formation and variability, an in-depth study of the yet unknown phase
relations in these ternary and quaternary systems is required.

In terms of chemical composition and crystal structure, we confirmed that TaIrTe4 and TaRhTe4
crystallize in the previously reported orthorhombic lattice (sp. gr. Pmn21). Overcoming severe
experimental challenges, structure of those two phases was confirmed via the Rietveld method.
Previously published determinations were based on rotation and Weissenberg photographic data,19,148
which are less sensitive to superstructures and lattice distortions than contemporary x-ray equipment.
Analysis of the lattice parameters in the present work suggests that the TaRhTe4 lattice may have a
less pronounced two-dimensional character than TaIrTe4. An impact of this on the electronic band
structure needs to be evaluated in future studies.

Furthermore, the first indications were presented that show existence of a continuous TaIr1–xRhxTe4
solid solution, with members both on the Ir- and Rh-rich sides as verified by EDX spectroscopy.
Future studies should investigate the crystal and electronic structure evolution upon Rh doping into
TaIrTe4, as the protocol for crystal growth is now available. This substitution series will help the
field explore how the two-dimensional character of this lattice develops, given that Ir orbitals lie
higher in energy and do not contribute to the Fermi level, whereas Rh orbitals lie lower in energy and
potentially contribute more to the three-dimensional Weyl-semimetal states at the Fermi level.

In this chapter, the first reliable compositional and structural assessment of tantalum-ruthenium
telluride is also provided. Unlike what has been previously suggested, this compound has a non-
stoichiometric, Ta-rich Ta1.25Ru0.75Te4 composition and crystallizes in a different lattice than the
other family members. SAED data presented in this work shows systematic absences consistent
with a halved b lattice parameter compared to the ordered TaIrTe4-type structure. This observation
suggests that Ta1.25Ru0.75Te4 may adopt a WTe2-like average structure. A plausible explanation is
partial or uniform Ta/Ru disorder over the two transition metal positions, which would reduce the
distinction between them and make the diffraction pattern closer to that of WTe2-type structure.
This preliminary assesment makes further structural studies of the compound attractive for further
research, since a complete structural model would require full structure refinement. Two possible
electronic configurations for Ta and Ru are briefly discussed — heterovalent and isovalent. Future
spectroscopic and full-structure diffraction studies should help determine which configuration is more
accurate. The isovalent configuration, (Ta4+)1.25(Ru4+)0.75(Te−2)4, is particularly promising for
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technological advances, as it renders Ta1.25Ru0.75Te4 not only isostructural but also isoelectronic to
the renowned W4+Te2 quantum material.

In these investigations of the TaTMTe4 family of compounds, extensive efforts to map out phase
relations and optimize synthetic protocols, as well as crystal-structure evaluation of powder samples
by PXRD, were significantly hindered by the high ductility, spontaneous cleaving and bending of
the crystals. This resulted in the formation of numerous defects upon grinding, and other disorder-
related phenomena, in a system already hampered by high X-ray absorbance. Nonetheless, a sample
preparation protocol for SAED experiments is reported here, and shown to be as a fruitful alternative
to the otherwise routine PXRD technique. Since TEM-based techniques are typically less accessible
in regular research and probe only a very small sample volume, developing more reliable and less
time-consuming PXRD investigations is a challenging but logical next step in studying these kinds of
materials.



Chapter 6

KxRhO2: Self-Sealing Crucibles

6.1 Introduction

Given the versatility of the ground states that can be achieved by various cation levels x in NaxCoO2
that were discussed at length in Section 1.4 (page 14), it is very interesting to explore the phase
diagrams of other, related materials by chemical means. Coupled charge and spin dynamics in the
cobalt oxides appears as a very attractive target for a chemical tuning knob. The heavier analogs of
cobaltates—rhodates—offer stronger spin-orbit coupling effects that impact the energy diagram of
the transition-metal d-orbitals. For example, elemental Co and Rh are in the same column in the
Periodic Table, but due to a larger spin-orbit coupling (≈ 0.1 eV), the electron configuration of Rh is
[Kr]5s14d8 in contrast to [Ar]4s23d7 of Co. These effects may also significantly alter the correlated
behavior of the system. The research presented in this chapter is centered on KxRhO2, which can be
expected to show different physical properties in comparison to the alkali metal cobaltates.

Investigation of the AxRhO2 (A = Na; K) rhodates is still at an early stage. The first studies
showed that K also serves as an electron-donor unit for the conducting [RhO2] triangular layer.160,161
The Rh analogs may exhibit weaker electron correlations than the respective cobaltates (the former
show increased bandwidths in the electronic band diagrams), but possess an advantage of strongly
enhanced transport. Due to those features, KxRhO2 and NaxRhO2 are predicted to host an array of
interesting electronic properties. For example, K0.875RhO2 is expected to host giant thermoelectric
effect, with the power factor exceeding that of Na0.88CoO2 by more than 50%.160 Also, these predictions
are already proved to be fruitful in experiment: the report by Shibasaki et al.162 shows that in transport
K0.49RhO2 demonstrates metallic behavior with a moderate Seebeck coefficient (40 µVK−1), and
according to the following reports this behavior enhances with increasing of potassium content—
with the Seebeck coefficient increasing to 46 µVK−1 for K0.63RhO2, while retaining clearly metallic
conductivity.161

Nonetheless, the experimental data on the synthesis and characterization of AxRhO2, especially
the potassium variant, KxRhO2, are rather scarce. The first account on the synthesis of polycrystalline
ARhO2 (A = Li, Na, K) via solid-state reaction between stoichiometric amounts of A2CO3 and Rh2O3
at 900 ◦C in dry oxygen atmosphere dates back to 1987.163 Atomic absorption spectroscopy and
combustion microanalysis established (nearly) perfect stoichiometry of the as-grown phases. Unlike
LiRhO2 and NaRhO2, KRhO2 was found to react spontaneously with water on exposure to air,
indicated by observed increased interlayer spacing. It was concluded that x is close to 0.6 in the
hydrated compound. The given indicative unit cell parameters are: 15.7Å with 5.23Å interlayer
distance in the non-hydrated KRhO2 and for hydrated K0.6RhO2 these values increase to 20.2Å and
6.74Å respectively.

The first synthetic report of single crystal KxRhO2 is presented by Yubuta et al.:164 the authors
report self-flux growth by cooling of K2CO3:Rh2O3 (25:1 molar ratio, 13.5:1 mass ratio) reaction
mixture at a rate 2 ◦Ch−1 from starting temperature of 1100 ◦C. After the synthesis the crystals were
washed in water to remove the flux. Unfortunately, the authors do not discuss the synthesis in any
great detail. The composition is established to be K0.49RhO2 via wave-dispersive x-ray spectroscopy
(WDX) and the lattice parameters to be a = 3.065Å and c = 13.60Å. Interestingly, even though the
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crystals were washed with water, the lattice parameters seem to correspond to non-hydrated variant,
possibly hinting at kinetic limitations of the hydration process. Yao et al.161 report the growth of the
K0.63RhO2 compound by “spontaneous nucleation from solution”. A mixture of Rh2O3 with excess of
K2CO3 (1:11 mass ratio) was loaded in an alumina crucible, and the setup underwent heat treatment
with the profile similar to the previous work.164 Yao et al.161 report “many hexagonal platelets” that
were retrieved after washing the mixture with distilled water, without specifying the part of the
crucible where the crystals grew. Another interesting difference between the potassium and sodium
variants is the composition that forms initially. For sodium compound, the stoichiometric composition
forms, while for potassium, the reported composition is K0.63RhO2, which is rather suprising given
lower alkaline metal to rhodium ratio then in the previous work.

Zhang et al.99 in their report of NaRhO2 single crystal growth provide a bit more detail about
the synthesis and paint a different picture. The growth was carried out in an alumina crucible from a
Rh2O3 and Na2CO3 mixture. The crucible was covered with a perforated lid to control the speed
of sodium carbonate evaporation. The setup was heated to 1100°C and held at this temperature
for 3 days, after which the setup was slowly cooled to 850°C. After growth the crystals were also
washed with the deionised water to remove the flux. The authors specifically highlight that the
growth happened by vapor transport, due to the observation that crystals form on the walls of the
crucible above the melt.

The chemistry of alkaline metals is rather similar, and the equlibrium atmosphere above both
K2CO3 and Na2CO3 shows significant CO2 partial pressure at 1100 ◦C. This hints at thermal
decomposition of the flux in all cases mentioned above, since the synthesis was carried out in open
systems. Due to this transformation, kinetic considerations might become important, i.e. the amount
of time spent at maximum temperature, as well as restrictions in gas mass flow from the reaction
volume. This complexity with many equilibria makes these rhodate compounds interesting systems
for further crystal growth optimization.

To summarize, the layered alkaline metal rhodates, and especially KxRhO2, are interesting
materials with several “knobs” to adjust their chemical, crystallographic and physical properties.
The ability to change the alkaline metal element, together with the off-stoichiometry in case of the
potassium compound show a strong case for attempting to alter formal oxidation state of rhodium,
and thus electronic properties of the material. To enable such manipulation, the parameters involved
in the synthesis of the material need to be well understood. In this chapter, the synthesis of KxRhO2
is described, attempts at substitution at both the potassium and rhodium sites are presented, as is a
previously unreported synthetic approach involving in situ sealing of the reaction vessel by potassium
containing oxide or carbonate derived melt.

6.2 Synthesis

The synthesis method was adopted from Yao et al..161 First, right before the reaction mixture
preparation, potassium carbonate (EMSURE, 99%) was ground and heat-treated for a day at 250 ◦C
in an alumina crucible to decompose any crystal hydrates that might have formed during storage and
remove moisture. Rhodium oxide (III) (Alfa Aesar, 99.9%) and the potassium carbonate were mixed
together in an agate mortar. For the attempts at substitution in the parent compound, the reaction
mixture then also contained Barium Chloride (Alfa Aesar, 99.998%) or Ruthenium Oxide (IV)
(ChemPur, 90.9%). The mass ratios in the reaction mixtures is presented in Tab. 6.1. The reaction
mixture was put in an alumina crucible with the lid which in turn was placed into a box furnace. The
furnace was heated up to 800 ◦C at 100 ◦Ch−1, and heated further to 1200 ◦C at 12 ◦Ch−1. This
slowdown at last leg of the heating was implemented to decrease the decomposition rate of K2CO3.
Afterwards, the reaction mixture was held at the maximum temperature of 1200 ◦C for 2 h to ensure
full solution of Rh2O3. Afterwards, the furnace was cooled to 950 ◦C over 72 h, after which synthesis
proceeded by slow cooling to 700 ◦C over 125h. Finally, the furnace was switched off and cooled
to ambient temperature naturally. During earlier attempts at the synthesis, in some experiments
the lid of the crucible was displaced, most probably by escaping CO2 during potassium carbonate
decomposition, resulting in unwanted flux evaporation. To alleviate this effect piece of firebrick was
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Table 6.1: Nominal compositions of reaction mixtures and approximate compositions
estimated by SEM-EDX. EDX composition is normalized to 1 mol of rhodium. Oxygen
content is not measured directly assumed to be stoichiometric

Batch # Reaction mixture/g SEM-EDXRh2O3 K2CO3 BaCl2 RuO2

1 0.300 4.084 — — K0.65(2)Rh1.00(2)O2
2 0.3005 4.0817 — — K0.68(6)Rh1.0(1)O2
3 0.303 3.0613 — — K0.57(5)Rh1.0(1)O2
4 0.380 2.994 0.5054 — see text
5 0.2713 3.064 — 0.0329 ”

Figure 6.1: Image of KxRhO2 crystal on millimeter scale (left panel),165 and KxRhO2
structure (right panel)161

put on top of the lid to hold the lid in place. Otherwise the synthesis proceeded with the same
procedure as described above. Interestingly, in the case of the weighted lid, the cap of the crucible was
soldered to the crucible itself. This sealing is most plausibly caused by a potassium-containing oxide
or carbonate, derived from partial decomposition of K2CO3, which can be represented in simplified
form as:

K2CO3 ↽−
Δ−−⇀ K2O+ CO2 ↑ (6.1)

The sealing substance wan not analyzed, but it is plausible that it may be K2O. This self-sealing
effect is an interesting feature of the synthesis, as it prevents the flux from escaping the crucible, while
saves effort of working in sealed containers, which itself also brings the risks associated with pressure
buildup. The resulting solidified flux with embedded crystals was dissolved by repeated washing with
cold water. After transferring the crystals to a separate dish, the flux residue was washed off with
room-temperature 50%vol ethanol solution in deionized water. Afterwards the crystals were dried on
paper towels, and transferred to an argon glovebox to prevent crystal deterioration.

6.3 Composition and Morphology

Crystals of the unsubstituted composition in batches 1 and 2 (refer to Table 6.1 for batch number)
showed a hexagonal tabular habit with dimensions of up to several millimeters. Crystals are black
with metallic luster. An image of typical crystal from these batches is presented in Figure 6.1. Crystals
cleave easily along the platelet plane. To check the stability of the crystals in air, small amount was
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Figure 6.2: SEM images of KxRhO2

SEM images: SE (a) and BSE (b) images for a crystal in batch 1. Notice growth steps at
60° angles. Topography image of several flakes from batch 3 (c), showing inferior

morphology to batches 1 and 2. The topography images from batches 4 (d) and 5 (e)
showing morphology of acquired microcrystals.

left in a Petri dish exposed to ambient air. On the timescale of a week, crystals started to visually
deteriorate in shape and formation of white decomposition products was noted. All further handling
of the crystals was carried out in dry argon atmosphere. Crystals were studied further by SEM-EDX.
Microscopy images (Figure 6.2 a-b) showed even surfaces both in Z and topography contrast. Surfaces
show clear growth steps, and with endges at regular 60° angles.

Before moving to the composition analysis, it is worth noting that, because potassium-containing
layered oxides can be air- and moisture-sensitive, and because light elements such as oxygen are
difficult to quantify by SEM-EDX, this compositions should be treated as approximate. Throughout
this chapter oxygen content is assumed to be stoichiometric, i.e. 2 mol O per 1 mol Rh, unless stated
otherwise. The results of spectroscopic analysis are presented in Tab. 6.1. The first two batches show
reproducible composition, with a potassium content of ≈ 0.65 if rhodium content is normalized to
unity.

Batch 3 was synthesized with lower amount of potassium carbonate in a attempt to increase
the RhIII content in the final compound. While we achieved slightly lower potassium content, EDX
results show K0.57(5)Rh1.0(1)O2 composition, the morphology of the crystals suffered greatly. Crystals
were acquired in the form of very fragile, thin, irregular flakes (Figure 6.2 c). The sudden change
of morphology can be explained by oversaturation of the Rh2O3 solution. Since the growth was
carried out from K2CO3 self-flux, lowering the potassium to rhodium ratio translates to increasing the
rhodium oxide concentration. To attempt the crystallization of more potassium-deficient composition
apparently different solvent needs to be identified.

Attempts at substitution at the potassium (batch 4) and rhodium (batch 5) sites were made.
Addition of barium chloride to the reaction caused precipitation of the microcrystals, with characteristic
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Figure 6.3: Powder diffraction patterns for batch 1 and batch 3. Theoretical pattern for
KRhO2 in NaCoO2 structure type is overlaid for clarity.

size of around 100 µm. This suggests that oversaturation happened early in the crystallization process.
The relevant microscopy images are presented in Figure 6.2 d. Interestingly, the powder grains show a
different morphology to the bulk crystals: in addition to a minority of thin irregular-shaped platelets
(similar in morphology to unsubstituted crystals from batch 3), there are bulk hexagonal prisms
present. These prisms are noticeably brighter in the SEM SE image. The composition of the resulting
precipitate varies greatly depending on the location of the EDX measurement. It is worth noting that
potassium didn’t precipitate with the crystals, according to these EDX results composition shows
Ba:Rh ratio of about 1:1, with only traces of potassium present.

In batch 5, ruthenium oxide was added to the reaction mixture. The resulting microcrystals are
presented in Figure 6.2 e. The microcrystals are of irregular chunky shape, with size of around 100 µm.
Interestingly, the resulting morphology of the grains is completely different from tabular hexagonal
shape of unsubstituted crystals. The EDX spectroscopy results show no presence of ruthenium in the
microcrystals.The potassium to rhodium ratio varies throughout the sample. Normalized composition
varies in K0.55RhO2–K0.65RhO2 range assuming stoichiometric oxygen content.

At this point, the attempted substitution attempts were considered unsuccessful, and further
investigation and method development for this lies beyond the scope of this work. The focus therefore
shifted to the unsubstituted KxRhO2, which was further characterized by X-ray diffraction and
magnetization measurements.

6.4 Crystal Structure

To investigate the structure of the acquired crystals, powder X-ray diffraction was employed. Measured
patterns for batches 1 and 3 are presented in Figure 6.3. The patterns were indexed in a P63/mmc
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Figure 6.4: SQUID Temperature dependence of molar magnetic moment of K0.65RhO2.
Dependence measured with extenal field of 0.5T in and out of ab plane, measured with zero-
field and field cooling (top left panel), with temperature dependence of inverse magnetization
at low temperatures (right panel), notice non-linear behavior of magnetization. Zero-field
and field cooled temperature dependence in external field of 2mT oriented in ab plane
(bottom left)

space group, consistent with NaCoO2 structure type. The X-ray diffraction data are in agreement
with previously reported structural data for KxRhO2.161 From a simple peak position analysis in
a hexagonal crystal family, the lattice parameters were estimated to be a = 3.0Å and c = 13.2Å.
While the a parameter agrees with the one reported by Yao et al.161 nicely, c is off by 0.3Å. This
discrepancy can be attributed to high error of manual lattice parameter determination as well as
structural disorder in the material.

The full-profile analysis is complicated due to presence of peaks of different shapes. Peaks of
the hk0 family are sharp, showing a strong lorenzian contribution. However, the peaks with the l
component are significantly broader, showing a complicated peak shape with shoulders or sometimes
even split. This is an indication of structural disorder along crystallographic c axis, and challenges the
”single crystal” nature of the material. To alleviate such problems, further investigation is needed, both
from the material synthesis side (i.e. growth of less defective crystals) and from the characterization
side, e.g. probing the material with local methods, such as TEM, and investigation of the atomic pair
distribution function, as well as refining the structural model with a disordered structure in mind.

6.5 Magnetization

The magnetic properties of K0.65RhO2 were measured using VSM-SQUID magnetometer. The
magnetization of potassium rhodate presented in the Figure 6.4 show paramagnetic behaviour, as
expected due to rhodium’s mixed formal oxidation state, Rh3+/Rh4+. Rh4+ has the electronic
configuration [Kr]5s04d5, so these unpaired 4d electrons can provide a paramagnetic response to the
external field. The top left panel of the Figure 6.4 measurements in an external field of 0.5T are
presented, illustrating the paramagnetic behavior. Interestingly, these measurements in the ab plane
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show no signs of the feature around 50K which was reported by Yao et al..161 Such behavior could be
due to e.g. differences sample preparation, potassium content, hydration state, or stacking disorder.
The inverse magnetization doesn’t follow the Curie-Weiss law at lower temperatures (Figure 6.4, right
panel). These differences to the previously reported data highlight the underlying complexity of the
relations between sample preparation and physical properties, and warrants further investigation of
the structure of the compound, as well as the magnetic properties, and warrant further investigation
of both the crystal structure and magnetic response.

To further check for low-temperature phenomena such as superconductivity, a measurement at an
external field of only 2mT was carried out, both in the field-cooled and zero field cooled regimen, as
shown in Figure 6.4, bottom left panel. The measurement shows no signs of any transition down to
1.8K.

6.6 Summary and Outlook

In conclusion, the synthesis of KxRhO2 was successfully carried out via modified K2CO3 flux method.
The novel synthesis method involved in situ sealing of the reaction vessel by a potassium-containing
oxide or carbonate derived from the flux, plasiubly related to partial decomposition of potassium
carbonate. This self-sealing effect suppresses flux loss during the high-temperature synthesis while
avoiding the use of a fully sealed reaction container.

The parent KxRhO2 phase was obtained, and attempts at substitution on both the K and Rh
sites were carried out. The composition and morphology of the resulting crystals were assessed
by SEM and EDX. The EDX-estimated compositions of the unsubstituted crystals are close to
K0.65RhO2 for the most reproducible batches, assuming stoichiometric oxygen. Because potassium
and oxygen are difficult to quantify reliably by SEM-EDX, these compositions should be treated as
approximate. Substitution attempts led to pronounced changes in crystal morphology, but no reliable
incorporation of the substituting elements was observed by EDX. These attempts were therefore
considered unsuccessful, indicating that further screening of substituting elements, solvents and
growth conditions is needed. For the parent compound, an attempt to vary x by reducing the amount
of K2CO3 led to a slightly lower EDX-estimated potassium content, but this was accompanied by a
drastic deterioration of crystal morphology. This behavior is most likely related to oversaturation
during crystallization. To access more potassium-deficient crystals with preserved morphology, a
different solvent or a more controlled growth protocol will likely be required. PXRD data are consistent
with a layered NaCoO2-type average structure for KRhO2. However, the diffraction patterns show
strongly anisotropic peak shapes: hk0 reflections are relatively sharp, whereas reflections with a
non-zero l component are broadened, asymmetric or split. This indicates substantial stacking disorder
along the crystallographic c axis. Therefore, the present PXRD data should not be taken as a complete
structural confirmation. A robust structural model will require further diffraction or local-structure
analysis, ideally including explicit treatment of stacking disorder. Magnetic measurements on EDX-
estimated K0.65RhO2 show paramagnetic behavior and no sign of superconductivity down to 1.8 K.
The data differ in some respects from previously reported measurements, in particular by the absence
of a feature around 50 K. This discrepancy further emphasizes the sensitivity of KxRhO2 to synthesis
conditions, potassium content, hydration state and structural disorder. Future work should therefore
combine improved control over the growth chemistry with more detailed structural characterization
and systematic magnetic and transport measurements.
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Figure A.1: Overview of SE and BSE SEM images for obtained Pt1–xRhxBi2 crystals.
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Table A.1: Overview of Pt1–xNixBi2 EDX results

Crystal Ni Pt Bi
mol%

Nominal x = 0.1
A 1.67 31.6 66.73
A 22.39 6.82 70.8
A 21.16 6.62 72.22
B 2.85 31.96 65.19
B 3.39 30.23 66.39
B 4.55 31.97 63.48
B 3.73 31.91 64.36
B 5.31 32.16 62.53
B 6.5 31.91 61.59
C 5.62 31.5 62.89
C 5.5 31.49 63.01
C 6.27 30.16 63.57
C 5.39 31.27 63.33

Nominal x = 0.3
A 10.23 18.92 73.17
A 10.2 19.11 72.96
A 10.41 19.12 72.66
A 10.31 18.94 73.2
A 10.23 18.9 73.04
B 10.23 18.85 72.8
B 10.26 18.86 72.76
B 10.23 18.99 73.01
B 10.24 18.83 73.09
B 10.24 18.83 73
C 5.25 19.26 76.91
C 6.59 7.66 87.43
C 6.29 15.81 78.69
C 6.27 15.17 77.64
C 10.04 25.82 59.25
C 11.24 21.72 64.14
D 10.6 19.37 73.82
D 10.64 19.43 73.96
D 10.73 19.7 74.91

Crystal Ni Pt Bi
mol%

Nominal x = 0.3
E 10.68 19.4 74.3
E 10.66 19.45 74.06
E 10.69 24.78 60.49
E 10.39 24.17 62.12
E 10.37 24.76 60.92
E 9.54 22.13 66.29
E 10.61 25.33 59.8

Nominal x = 0.5
A 1.43 29.74 71.07
A 1.45 29.49 71.33
A 1.38 28.9 69.5
A 1.39 28.47 68.42
A 1.32 28.09 67.22
B 1.24 28.02 65.93
B 1.25 27.79 65.38
B 1.42 31.92 66.66
B 1.23 27.57 65.73
B 1.23 27.28 64.87
C 1.02 25.72 61.61
C 0.99 25.49 61
C 0.98 25.52 60.96
C 1.03 25.5 61.13
C 1.09 25.21 61.34
D 0.74 1.09 97.35
D 0.82 1.54 97.78
D 1.43 27.45 66.34
D 1.49 27.64 66.12
D 1.46 27.36 65.32
D 1.32 27.69 69





Appendix B

Results of X-Ray Diffraction Studies

Table B.1: Pt1–xRhxBi2 structural parameters and residual factors of Rietveld analysis

Parameter Composition, Pt1–xRhxBi2, x
0 0 0.03

Wavelength (Å) 1.78996 1.78996 1.78996
2θ range (°) 10–111.955 10–111.955 10–111.995
Step Size (°) 0.015 0.015 0.015
Temperature (K) 293 293 293
Space Group P 3̄ (№147) P31m (№157) P31m (№157)
a (Å) 6.57651(4) 6.57703(2) 6.57696(2)
c (Å) 6.14724(8) 6.14795(4) 6.14796(4)
Uisotropic:
UPt1 -0.0144(11) 0.0066(5) 0.0077(5)
UPt2 0.117(2) n/a n/a
UBi1 0.0799(8) 0.0159(9) 0.0164(9)
UBi2 n/a 0.0053(5) 0.0087(5)
UBi3 n/a 0.0157(4) 0.0142(5)
R 0.1569(all) 0.0273(prof) 0.0226
wR 0.1972(all) 0.0481(prof) 0.0324
Goodness-of-Fit 3.78 1.88 1.92
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Figure B.1: Powder diffraction patterns of Pt1–xRhxBi2 samples. Every next curve is offset
by 1000 counts along ordinate axis.
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Figure B.2: Examples of TaTMTe4 powder diffraction profiles

Table B.2: Refined atomic coordinates for Pt1–xRhxBi2

Sample Atom site x y z

PtBi2

Pt (Pt1) 3c 0.2587(2) 0 -0.0044(3)
Bi (Bi1) 1a 0 0 -0.3437(4)
Bi (Bi2) 2b 2/3 1/3 -0.2247(3)
Bi (Bi3) 3c 0.6090(2) 0 0.2844(3)

Pt0.97Rh0.03Bi2

Pt/Rh (Pt1) 3c 0.2617(2) 0 0.3578(6)
Bi (Bi1) 1a 0 0 0.0139(6)
Bi (Bi2) 2b 2/3 1/3 0.1413(6)
Bi (Bi3) 3c 0.6093(2) 0 0.6345(5)
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Figure B.3: Zoom-in of the Fig. 4.6

Table B.3: TaTMTe4: Structural parameters and residual factors of Rietveld analysis

Parameter TaRhTe4 TaIrTe4
Wavelength (Å) 0.70926 0.70926
2θ range (°) 5–50 5–50
Step Size (°) 0.01 0.01
Temperature (K) 293 293
Space Group Pmn21 (№31) Pmn21 (№31)
a (Å) 3.7576(1) 3.7850(1)
b (Å) 12.5476(4) 12.4444(4)
c (Å) 13.166(3) 13.193(3)
Rp 8.24 6.64
Rwp 10.5 8.48
χ2 1.33 1.30



83

Table B.4: Refined atomic coordinates for TaRhTe4

Atom (label) site x y z

Ta (Ta1) 2a 0.00000 0.05580 -0.19200
Ta (Ta2) 2a 0.00000 0.26530 0.29100
Rh (Rh1) 2a 0.00000 0.52760 -0.19800
Rh (Rh2) 2a 0.00000 0.75430 0.33100
Te (Te1) 2a 0.00000 0.05945 0.19049
Te (Te2) 2a 0.00000 0.19454 0.62601
Te (Te3) 2a 0.00000 0.34483 -0.09190
Te (Te4) 2a 0.00000 0.40783 0.44478
Te (Te5) 2a 0.00000 0.57274 0.19981
Te (Te6) 2a 0.00000 0.67725 0.65759
Te (Te7) 2a 0.00000 0.85038 -0.07740
Te (Te8) 2a 0.00000 0.90438 0.46746

Table B.5: Refined atomic coordinates for TaIrTe4

Atom (label) site x y z

Ta (Ta1) 2a 0.00000 0.05500 -0.20000
Ta (Ta2) 2a 0.00000 0.26790 0.20000
Ir (Ir1) 2a 0.00000 0.53240 -0.20000
Ir (Ir2) 2a 0.00000 0.75420 0.30000
Te (Te1) 2a 0.00000 0.05920 0.10000
Te (Te2) 2a 0.00000 0.19500 0.60000
Te (Te3) 2a 0.00000 0.34410 -0.10000
Te (Te4) 2a 0.00000 0.40740 0.40000
Te (Te5) 2a 0.00000 0.57320 0.20000
Te (Te6) 2a 0.00000 0.67670 0.60000
Te (Te7) 2a 0.00000 0.85090 -0.10000
Te (Te8) 2a 0.00000 0.90430 0.40000
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Summary

Novel quantum materials demonstrate an array of peculiar electronic properties, which excite theoret-
ical and experimental physicists alike, and spark interest of engineers regarding possible applications
for low-power, high efficiency computation devices. But before physicists can lay their hands on single
crystals, or CIF file describing the structure of thereof those materials are synthesized and studied
by chemists and crystallographers, who quite often sit at a different department. When a person
downloads a CIF file, or sees final result of composition assesment of the material at hand it is easy
to assume for them that the model they are looking at is true without any caveats. Anyone who did
any kind of research will assure you that it is way more complicated then that.

To start, one needs to understand how to make a material with targeted properties, and assess
the reliability of compositional and structural analysis. That’s why chemists keep chanting something
along the line of “composition–structure–properties”. When a physicist comes to a chemist asking, for
example, to “just move the Fermi level by 10meV”∗, one cannot do that by moving said level with a
fine tweezer. To modify that property, one need to accordingly change the structure, atomic and/or
electronic. If we talking about bulk crystals, the fine tweezer method is, once again, determined to
fail. So the knobs we have during the synthesis are composition and synthetic conditions, which, in
turn, have an effect on the electronic and crystal structure, which finally manifests in a desired (or
undesired) property. This relationship is illustrated on many published examples in Chapter 1.

Also, pretty much everyone in the field seems to be after “high quality single crystals”. In published
literature this “high quality” is usually a placeholder for large size, absence of internal stress, low
mosaicity, low defect concentration, high compositional uniformity, etc. This qualities are controlled
by synthetic approach. Knowing how the crystal was grown can tell one what to expect in the result.
Another point, even While countless textbooks are written on both the problem of solid state material
synthesis and solid state material characterization, Chapters 2 and 3 try to give a taste of modern
characterization methods and synthetic approaches as applied to layered quantum materials.

To interpret results of physical property measurements theoretical assesment of electronic structure
must be performed. For this, theory colleagues need a reliable description of crystal structure. Methods
in the field of crystallography evolve, and as a result the standards of “proven beyond resonable doubt”
rise both on side of physicists and chemists. Weissenberg camera and a room full of computers†
behind electromechanical calculators was considered state of the art in the structure determination
not so long ago. Nowadays the same results are acquired on a modern diffractometer, in a matter of
minutes, and with computers out of silicon. And these results are considered “preliminary screening”.
This text tries to expose the complexity of the structure determination, provides a small taste of
structural methods employed in a field of solid state in Chapter 3 and applies the whole composition,
structure, property chain to several families of quantum materials in later chapters.

Chapter 4 introduces TSM and superconductor PtBi2, and navigates through its rich poly-
moprphism. The goal is to optimize the synthesis of the trigonal γ-PtBi2 polymorph that is the
most interesting topological phase. Following the crystal growth of the target polymorph, its crystal
structure is re-investigated, solving the long-standing controversy about its lattice symmetry. Conse-
quently, this result clarifies which band structure model and topological electronic states are inherent
to γ-PtBi2. Moreover, several possible substitutional series are investigated and the effects of the
substitution on structure and properties are preliminary assessed.

∗A real question author was asked
†That’s a job, not a device
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Chapter 5 deals with a family of candidate type-II Weyl semimetals, ternary TaTMTe4 (TM = Ir,
Rh, Ru) compounds. Several members were published long ago, but no single crystals were available.
Unlike for PtBi2, there are no ternary phase diagrams, which complicates synthesis optimization.
Crystal growth of TaIrTe4, TaRhTe4 and Ta1.25Ru0.75Te4 has been successfully performed, and some
transition-metal substitutions have been attempted. This chapter also revisits crystal structures
of the family members, and finds out non-stoichiometry, atomic disorder and lattice changes in
the Ta1.25Ru0.75Te4 compound∗. These findings categorize TaRuTe4 as an isostructural and, likely,
isovalent analogue of the type-II Weyl TSM WTe2, which makes the former attractive for future
in-depth studies.

Chapter 6 addresses KxRhO2, a compositionally versatile material with a rich phase diagram of
physical properties as a function of x. We present a new synthetic approach to this material, which
may potentially give access to new compositions and properties. We show the preliminary results of
how the synthetic route impacts magnetic properties.

∗This was previously reported as the stoichiometric, isostructural TaRuTe4 compound19



Samenvatting

Nieuwe kwantummaterialen vertonen een hele reeks eigenaardige elektronische eigenschappen, die
zowel theoretische als experimentele fysici enthousiast maken, en die bij ingenieurs interesse wekken
vanwege mogelijke toepassingen in rekenapparaten met laag vermogen en hoge efficiëntie. Maar
voordat fysici hun handen kunnen leggen op eenkristallen, of op een CIF-bestand dat de structuur van
zulke materialen beschrijft, worden deze materialen gesynthetiseerd en bestudeerd door chemici en
kristallografen, die vaak op een andere afdeling zitten. Wanneer iemand een CIF-bestand downloadt,
of het eindresultaat ziet van de compositieanalyse van het materiaal in kwestie, is het makkelijk om
aan te nemen dat het model waarnaar men kijkt zonder voorbehoud waar is. Iedereen die ook maar
enig onderzoek heeft gedaan, zal je verzekeren dat het veel ingewikkelder ligt dan dat.

Om te beginnen moet men begrijpen hoe een materiaal met gerichte eigenschappen gemaakt
kan worden, en hoe de betrouwbaarheid van compositionele en structurele analyse beoordeeld
kan worden. Daarom blijven chemici iets in de trant van “samenstelling–structuur–eigenschappen”
scanderen. Wanneer een fysicus naar een chemicus komt met de vraag om bijvoorbeeld ‘even het
Fermi-niveau met 10meV te verschuiven ∗, kan men dat niveau niet simpelweg met een fijn pincetje
verplaatsen. Om die eigenschap te veranderen, moet men de structuur overeenkomstig aanpassen,
atomair en/of elektronisch. Als we het over bulkkristallen hebben, is de methode met het fijne pincet
wederom gedoemd te mislukken. De knoppen waaraan we tijdens de synthese kunnen draaien zijn
dus samenstelling en syntheseomstandigheden; die beïnvloeden op hun beurt de elektronische en
kristalstructuur, wat zich uiteindelijk uit in een gewenste, of ongewenste, eigenschap. Deze relatie
wordt aan de hand van veel gepubliceerde voorbeelden geïllustreerd in Chapter 1.

Daarnaast lijkt vrijwel iedereen in het veld op zoek te zijn naar “high quality single crystals”. In
de gepubliceerde literatuur is die “high quality” meestal een verzamelterm voor grote afmetingen,
afwezigheid van interne spanning, lage mozaïciteit, lage defectconcentratie, hoge compositionele
uniformiteit, enzovoort. Deze eigenschappen worden bepaald door de syntheseaanpak. Weten hoe
het kristal gegroeid is, vertelt vaak al wat men in het resultaat kan verwachten. Hoewel er talloze
leerboeken zijn geschreven over zowel de synthese van vaste-stofmaterialen als de karakterisering
ervan, proberen Chapters 2 and 3 een indruk te geven van moderne karakteriseringsmethoden en
syntheseaanpakken zoals toegepast op gelaagde kwantummaterialen.

Om de resultaten van metingen aan fysische eigenschappen te interpreteren, moet een theoretische
beoordeling van de elektronische structuur worden uitgevoerd. Daarvoor hebben theoriekollega’s
een betrouwbare beschrijving van de kristalstructuur nodig. Methoden binnen de kristallografie
ontwikkelen zich voortdurend, en als gevolg daarvan stijgen de standaarden voor wat ‘buiten redelijke
twijfel bewezen” is, zowel aan de kant van fysici als aan die van chemici. Een Weissenberg-camera en
een zaal vol computers† achter elektromechanische rekenmachines golden nog niet zo lang geleden als
de stand van de techniek in structuurbepaling. Tegenwoordig worden dezelfde resultaten verkregen
op een moderne diffractometer, in een kwestie van minuten, en met computers van silicium. En die
resultaten worden beschouwd als ‘preliminary screening”. Deze tekst probeert de complexiteit van
structuurbepaling zichtbaar te maken, geeft in Chapter 3 een kleine indruk van structurele methoden
die in het veld van de vaste-stofchemie worden gebruikt, en past in de latere hoofdstukken de volledige
keten samenstelling, structuur en eigenschap toe op verschillende families van kwantummaterialen.

∗Een echte vraag die aan de auteur werd gesteld
†Dat is een baan, geen apparaat
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Chapter 4 introduceert de TSM en supergeleider PtBi2, en navigeert door het rijke polymorfisme
ervan. Het doel is om de synthese te optimaliseren van de trigonale γ-PtBi2-polymorf, de topologische
fase die het meest interessant is. Na de kristalgroei van de doelpolymorf wordt de kristalstructuur
opnieuw onderzocht, waarmee een langlopende controverse over de roostersymmetrie wordt opgelost.
Daarmee verduidelijkt dit resultaat welk bandstructuurmodel en welke topologische elektronische
toestanden inherent zijn aan γ-PtBi2. Bovendien worden verschillende mogelijke substitutionele
reeksen onderzocht en worden de effecten van substitutie op structuur en eigenschappen voorlopig
beoordeeld.

Chapter 5 behandelt een familie van kandidaat type-II Weyl-halfmetalen, de ternaire TaTMTe4-
verbindingen (TM = Ir, Rh, Ru). Verschillende leden van deze familie zijn lang geleden gepubliceerd,
maar er waren geen eenkristallen beschikbaar. Anders dan voor PtBi2 bestaan er geen ternaire
fasediagrammen, wat de optimalisatie van de synthese bemoeilijkt. De kristalgroei van TaIrTe4,
TaRhTe4 en Ta1.25Ru0.75Te4 is succesvol uitgevoerd, en enkele substituties op de overgangsmetaalpositie
zijn geprobeerd. Dit hoofdstuk bekijkt ook de kristalstructuren van de familieleden opnieuw, en toont
niet-stoichiometrie, atomaire wanorde en roosterveranderingen aan in de Ta1.25Ru0.75Te4-verbinding∗.
Deze bevindingen categoriseren TaRuTe4 als een isostructureel en waarschijnlijk isovalent analoog van
de type-II Weyl-TSM WTe2, wat het eerstgenoemde materiaal aantrekkelijk maakt voor toekomstige
diepgaande studies.

Chapter 6 richt zich op KxRhO2, een compositioneel veelzijdig materiaal met een rijk fasediagram
van fysische eigenschappen als functie van x. We presenteren een nieuwe syntheseaanpak voor dit
materiaal, die mogelijk toegang kan geven tot nieuwe samenstellingen en eigenschappen. We laten
voorlopige resultaten zien van de invloed van de syntheseroute op de magnetische eigenschappen.

∗Dit werd eerder gerapporteerd als de stoichiometrische, isostructurele TaRuTe4-verbinding19
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