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Abstract 

In this study, new compositions of Tsai-type 1/1 quasicrystal approximants 
Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19), Tb(14)Au(70)Si(16) and 
Yb(16)Au(65)Ge(19) are synthesized using both self-flux and arc-melting-
annealing techniques. Both syntheses routes resulted single phase samples. 
The crystal structures of the compounds are determined by collecting single 
crystal X-ray and/or powder X-ray and powder neutron diffraction 
intensities.  The atomic structure refinements indicated that the compounds 
are essentially iso-structural with the prototype Tsai-type 1/1 approximant 
crystal, YbCd6. However, there are subtle structural variations at their cluster 
centers and in the so-called cubic interstices which affects some of their 
physical properties. 

Thermoelectric and magnetic properties of the compounds are investigated. 
Significant differences are observed in the thermoelectric properties of 
Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19) and Yb(16)Au(65)Ge(19) 
compounds which are explained on the bases of their crystal structures and 
chemical compositions. Magnetic susceptibility and specific heat 
measurements revealed ferromagnetic transitions at low temperatures, Tc ≈ 
22.5 K for Gd(14)Au(70)Si(16) and Tc ≈ 13.1 K for Gd(14)Au(67)Ge(19), 
whereas, for the Tb(14)Au(70)Si(16) compound a ferrimagnetic-like 
transition is observed at Tc ≈ 9 K. Moreover, a re-entrant spin-glass 
transition is observed at TRSG ≈ 3.3 K for Gd(14)Au(67)Ge(19) compound. 
Finally, the magnetic structure of the Tb(14)Au(70)Si(16) compound was 
determined from powder neutron diffraction data which is to our knowledge 
the first magnetic structure refinement report in the family of quasicrystals 
and approximants. 
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Abbreviations and symbols 
 

 

QC(s): quasicrystal(s) 
i-QC(s): icosahedral quasicrystal (s) 
AC(s): approximant(s) of quasicrystal 
i-AC(s): icosahedral approximants (s) of quasicrystals  
TE: thermoelectric  
XRD: X-ray diffraction 
PXRD: powder P-ray diffraction 
SCXRD: single crystal x-ray diffraction 
PND: powder neutron diffraction 
S: Seebeck coefficient 
ρ: Electrical resistivity 
σ: electrical conductivity 
Ktotal: Total thermal conductivity  
KL: Lattice thermal conductivity 
Kph: Phonon thermal conductivity 
KE: Electrical thermal conductivity 
ZT: Thermoelectric dimensionless figure of merit 
χ: Magnetic susceptibility 
μ: magnetic moment 
μB: Bohr magneton 
μeff: effective magnetic moment 
M: Magnetization  
H: Applied magnetic field  
B: Applied magnetic field 
θ: Curie temperature 
θP: paramagnetic Curie temperature 
Tm: Magnetic phase transition temperature  
Tc: magnetic phase transition temperature  
TSG: spin-glass transition temperature 
CGS: centimeter-gram-second unit system 
SI: meter-kilogram-second unit system (system international)  
FM: Ferromagnetic 
AFM: Antiferromagnetic 
PM: Paramagnetic 
SEM: scanning electron microscope 
EDS: energy dispersive X-ray spectroscopy 
nD: n dimension (n=1,2,3, …) 
λ: wave length 
ђ: Planck’s constant 
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1. Introduction 

This thesis contains an overall study of a group of intermetallic compounds 
known as Tsai-type 1/1 approximant crystals. The study has identified the 
optimum syntheses conditions which provided single phase samples of the 
compounds under the roof of high temperature solid state syntheses 
technique. Then, the atomic and magnetic structures of the compounds were 
determined by using appropriate diffraction methods. Finally, the 
thermoelectric and magnetic properties of the compounds were probed. The 
observed physical properties of the compounds were understood by referring 
to their atomic and magnetic structures.     

In 2012 the US department of energy has reported that about 60 to 70 % of 
the global energy1 is wasted in different forms, out of which about 50 % is 
wasted in the form of heat.2 Studies have been carried out since the early 
50’s to make use of this wasted energy by using thermoelectric materials. 
Thermoelectric materials can be made as solid state modules which can 
convert heat energy directly in to electrical energy. Their simplicity to 
handle and the possibility of unattended usage of them make TE materials 
more preferable from heat engines. However, the efficiency of TE materials 
are significantly lower than heat engines, they need to be at least three times 
more efficient than their current best performance in order to be competent 
with heat engines.2 Hence, there is a big search for finding competent TE 
materials. Materials with low thermal conductivity such as QCs and ACs 
could be good candidates for TE applications.3-5 Some part of this thesis tries 
to address such a global call by investigating the TE properties of new ACs. 

Because of their ubiquity, magnetic materials play vital roles in our civilized 
society. They are essential components of energy applications. They can 
improve the efficiency and performance of devices in energy-use sectors of 
the economy, a sector where even small improvement in efficiency can have 
a profound economic and environmental savings.6 Magnetic materials are 
also the stepping stones for future spintronics or ‘spin electronics’ 
technology. Because spins can be manipulated faster and at lower energy 
cost than charges, spintronics has the potential advantages of increasing data 
processing speed and decreasing electric power consumption.7 Therefore, 
there is tremendous interest in the scientific community to find efficient 
magnetic materials. QCs with their special arrangement of atoms could 
provide special magnetic behavior. Hence, magnetic properties of QCs have 
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been studied since the mid 80’s.8-12 Especially, finding long range magnetic 
order in QCs has been an interesting topic not only for potential application 
but also as fundamental scientific question. However, so far there is no 
experimental evidence that can confirm the theoretically possible long range 
magnetic ordering in QCs.13 In this thesis an experimental evidence of long 
range magnetic ordering in ACs have been presented. Due to local crystal 
structure and physical property similarities between QCs and ACs, these 
results are a one step forward in finding long range ordered magnetic QCs. 

1.1. Crystallography and materials 

Crystallography can simply be defined as a science of locating the spatial 
position of atoms in a crystal. It is one of the primary tools to comprehend 
the physical and chemical properties of materials. Coal and diamond are 
prototypes to show the influence of atomic arrangement on physical and 
chemical properties of materials. Both compounds have the same 
composition, solely carbon, but due to the difference in their atomic 
arrangements some of their macroscopic physical properties are extremely 
different. The underpinning reasons for such differences can be understood 
by analyzing the crystal structure of the compounds. Similarly, 
crystallographic information of QCs and ACs can be used to understand their 
physical and chemical properties. Therefore, correlating the atomic and 
magnetic structures of some ACs with their thermoelectric and magnetic 
properties is one of the primary purposes of this study.     

1.1.1. Conventional crystal structure determination 

Conventional crystal in this context is to mean materials which are 3D 
periodic and have a well-defined unit cell. The science of crystal structure 
determination is a well-established and dynamic field of study. Crystal 
structures are mainly determined by using diffraction techniques, often X-
ray diffraction supplemented by neutron and electron diffractions. 
Development of instrumentations, computational methods, the availability of 
synchrotron sources and high-speed charge-coupled devices routinized the 
structure determination of simple compounds and allowed the structure 
refinement of very complex materials such as proteins and QCs.14  

In a conventional diffraction experiment, an appropriate radiation with wave 
vector K (K=2π/λ) is directed to interact with a sample and the diffracted 
radiation from the sample with wave vector K´ (K´=2π/λ), is collected and 
analyzed, as schematically shown in Fig. 1. In the figure, a 2D periodic 
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lattice plane of atoms with Miller indices hkl is considered for simplicity. 
For diffraction to occur Bragg’s law should be fulfilled:  

nλ =  2dℎ𝑘𝑙  sinθ    (1) 

Where n = 1, 2, 3… etc., is a positive integer which denotes the order of 
diffraction. 

The concept of reciprocal space has simplified the description of diffraction 
phenomena to a great extent. For every family of lattice planes (hkl) in real 
space there is a corresponding lattice point Ghkl in reciprocal space. The 
reciprocal lattice point is defined by a translation vector Ghkl which is 
connected to the real space vectors through the formulas: 

𝑮ℎ𝑘𝑙 = ℎ𝒂𝟏∗ +  𝑘𝒂𝟐∗ +  𝑙𝒂𝟑∗      (2) 

Where 𝒂𝟏∗ , 𝒂𝟐∗  and 𝒂𝟑∗  are reciprocal basis vectors which are related with the 
bases vectors in real space (𝒂𝟏,𝒂𝟐 and 𝒂𝟑) with the equation: 

𝒂𝟏∗ = 2𝜋 𝒂𝟐×𝒂𝟑
𝒂𝟏.𝒂𝟐×𝒂𝟑

,   𝒂𝟐∗ = 2𝜋 𝒂𝟑×𝒂𝟏
𝒂𝟏.𝒂𝟐×𝒂𝟑

,   𝒂𝟑∗ = 2𝜋 𝒂𝟏×𝒂𝟐
𝒂𝟏.𝒂𝟐×𝒂𝟑

   (3) 

Reciprocal lattice points which lie on a sphere of radius 1/λ=K/2π, known as 
Ewald sphere, equivalently describe the Bragg’s diffraction condition in 
reciprocal space; see Fig. 1 (b).   

𝐐 =  𝐊´ − 𝐊 =  𝑮𝒉𝒌𝒍    (4) 

Where 𝐐 is known as the scattering vector and 𝐺ℎ𝑘𝑙 = 2π/𝑑ℎ𝑘𝑙.  

Fig. 1: Schematic diagram showing (a) diffraction of a radiation from 2D 
lattice plane and (b) construction of Ewald sphere for the 2D lattice. 
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The content of a family of lattice planes (hkl) can be described by its 
structure factor (𝑭𝒉𝒌𝒍). The structure factor is a complex number which 
contains amplitude and phase information about a diffracted beam from the 
lattice planes. A set of structure factors for all reflections are the primary 
quantities necessary for the derivation of the three-dimensional distribution 
of electron (nuclear) density, which is the image of the crystal structure, 
calculated by Fourier methods.15 However, unfortunately the structure factor 
cannot be directly obtained in a diffraction experiment. From diffraction 
experiment we can only measure the positions and intensities (I) of the 
diffracted beams. The intensities are proportional to the amplitude squares of 
the structure factor (|Fhkl|2). Hence, the phase information is lost in a 
diffraction experiment and it has to be reconstructed to get the crystal 
structure model.  

𝑭𝒉𝒌𝒍 = ∑ 𝑓𝑗𝑒𝑥𝑝2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)𝑗     (5) 

Where (𝑥𝑗,𝑦𝑗, 𝑧𝑗) is the position of jth atom in rational coordinates, the 
summation runs through all atoms in the unit cell and 𝑓𝑗 is the atomic 
(nuclear) scattering factor of the jth atom.   

Extracting the phase information from diffraction intensities requires a 
Fourier synthesis using complex numbers. Several methods have been 
devised to obtain the phase information. Patterson, Direct and Charge 
flipping methods are commonly used.15-17 In general, crystal structure 
determination procedure involves experimental data collection followed by 
retrieval of an approximate structure model (structure solution) and finally 
refining the initial model (structure refinement). During structure refinement 
model parameters are tuned to fit the experimental data as good as possible 
and with scientifically plausible values. 

1.1.2. Quasicrystals (QCs) and their Approximants (ACs) 

Quasicrystals (QCs) are materials, usually intermetallic which are aperiodic 
but yet possess long-range positional order in their self-similar structures.18 
They have brought a paradigm shift on the understanding of crystals in 
general by exhibiting long range atomic order without having 3D periodicity. 
This was for a long time assumed to be impossible for crystals. By definition 
QCs should be non-periodic in at least one of their 3D physical space which 
resulted to three classes of QCs: 1, 2 or 3D QCs. Higher dimensional 
crystallography treats QCs as periodic structures in the non-physical 
hyperspace. For example, icosahedral QCs (i-QCs) are considered to be 
periodic in 6D hyperspace.19-21  
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Approximants of QCs (ACs) are conventional crystals that are periodic in 
3D physical spaces and have similar chemical composition, physical 
properties and local structure with the related QCs. They provide an 
important link between periodic and aperiodic crystals both in terms of 
assisting in structural studies and comparative studies of the physical 
properties.13, 22 In principle, for a QC there can be several ACs which can 
approximate the QC at different levels. ACs are conventionally noted by 
taking two consecutive numbers from a Fibonacci series as 1/1, 2/1, 3/2, 5/3, 
8/5, … etc. The 1/1 ACs are the lowest order approximants with 
comparatively smallest lattice parameters but the most experimentally 
prominent and hence are most useful in practice. For example, the 1/1 and 
2/1 ACs of the YbCd5.7 QC were key components for the successful structure 
determination of the QC structure.23  

1.1.2.1. History of QCs and ACs 

QCs were accidentally discovered in 1982 by Dan Shechtman when he was 
investigating a rapidly quenched alloy in the Al-Mn system.18 He observed 
sharp diffraction peaks displaying five-fold symmetry element which was 
considered to be impossible due to a long lived paradigm that crystals should 
only have 1, 2, 3, 4 or 6-fold symmetry elements. Therefore, at the beginning 
of his discovery Shechtman experienced a fierce resistance from the 
scientific community. His finding was published after two years in 1984. In 
the next year, Ishimasa et. al. claimed an observation of twelve-fold 
symmetry in Ni-Cr system.24 Soon after, eight-fold diffraction patterns were 
recorded in V-Ni-Si and Cr-Ni-Si.25, 26 The early QCs were metastable but 
soon after in 1987 the first stable QC was obtained in the Al-Cu-Si system.27 
Later several stable QCs were discovered in Al-Cu-Fe28, Al- Cu-Co29 and 
Al-Ni-Co30 systems.  In the coming years several stable and metastable QCs 
were explored. Consequently, in 1993 the International Union of 
Crystallography acknowledged QCs by modifying the classical definition of 
crystals to accommodate non periodic materials such as QCs. In the year 
2000, An Pang Tsai et. al. has reported the prototype compound for the 
biggest family of i-QCs, known today as Tsai-type QCs, in the Yb-Cd 
system.31 The Yb-Cd system is particularly interesting because it is the first 
stable binary QC and it has both 1/1 YbCd6 and 2/1 YbCd5.8 ACs in the same 
system. This has enabled the first complete structure solution ever in QCs in 
the year 2007.23 In 2009, the first naturally occurring QC in Al-Cu-Fe 
system was found.32, 33 Finally, the year 2011 has been a fascinating year for 
the QC community and especially for Dan Shechtman since he was awarded 
‘Nobel Prize in Chemistry’ for his discovery of QCs. 
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1.1.2.2. Syntheses of QCs and ACs 

QCs and ACs could be easy to prepare but preparing good QCs and ACs 
require great care. This is because there is no general rule that can be used to 
predict which alloys and which compositions are susceptible to produce QCs 
and ACs. However, it has been observed that the existence of large unit cell 
crystalline Frank-Kasper phase is a favorable circumstance for QC 
formation.14 The equilibrium phase diagram of a certain composition is 
probably the most determining factor for the syntheses product.34 It is 
observed that QCs and their corresponding ACs can be in close proximity in 
the phase diagrams. Hence, it is not unusual to see QCs and ACs growing 
together in the same sample, see Fig. 2.35 The co-occurrence of QCs and 
ACs has its own pro and cos. The advantage is that the observation of one 
could be an indication of the presence of the other and the disadvantage is 
that it might be difficult to have a single phase sample for structural and 
physical property measurements. However, it could also be possible to 
control the synthesis product by slightly tuning the composition and/or 
regulating the solidification process. In that respect nature seems to favor the 
formation of QCs over ACs whenever fast cooling is involved.36  

 

Fig. 2: Macrographs for samples grown by the Bridgman method at a growth 
rate of 0.5mm/h with starting compositions: Yb(14.5)Ag(40.5)In(45).35 

Rapid solidification techniques such as melt spinning and splat cooling are 
frequently used to prepare QCs. A novel solidification technique namely 
rapid pressurization has also been used to produce QCs.37 To study the 
nucleation and growth process of QCs, laser or electron beam processing 
technique is useful as it gives a wide range of cooling rates depending upon 
the scanning rate. Conventional arc-melting and drop-syntheses techniques 
can also be used to prepare QCs even though their cooling rates are not as 
fast as the above mentioned techniques. The QCs produced by rapid cooling 
techniques are of very small sizes and hence it is difficult to study their 
structure and physical properties.37  
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For basic studies of the electronic, magnetic, thermodynamic and structural 
properties of QCs and ACs single crystals with dimensions of several mm on 
a side are preferable. Such samples can be prepared by conventional slow 
cooling techniques such as Self-flux38, 39, Bridgman40 and Czochralsky41, 42 
methods, see Fig. 3. These are solution growth techniques that are powerful 
for the production of single crystals for basic and applied research. These 
techniques are versatile that allow the growth of congruently and in 
congruently melting materials. The primary requirement for growth is that 
there will be an exposed primary solidification surface in the appropriate 
equilibrium alloy phase diagram.43   

 

Fig. 3:  Photograph of a single-grain icosahedral Ho-Mg-Zn QC grown 
using self-flux technique. Shown over a mm scale, the edges are 2.2 mm 
long. Note the clearly defined pentagonal facets, and the dodecahedral 
morphology.44  

1.1.2.3. Structure description of QCs and ACs 

It is now a well-accepted knowledge that QCs are aperiodic but have long 
range positional order. However; their crystal structure determination has 
been challenging even today. This is because conventional structure 
determination techniques cannot be used for QCs due to their non-
periodicity in real (physical) space. The natural question is then how the 
structure of QCs is being realized and the consent that an AC has similar 
local structure with its corresponding QC come in to picture. These and 
related queries can be analogically addressed by integrating the concepts of 
Penrose tiling, Fibonacci series and projections of lattice points from 
hyperspace to physical (real) space in to the structure description of QCs.        

1.1.2.3.1. Penrose tiling and Fibonacci chain 

The British mathematician Roger Penrose completely tiled a plane non-
periodically using two types of rhombs and a set of matching rules in 1974 
as shown in Fig. 4.45 Later in 1977, Alan L. Mackay showed experimentally 
that the diffraction pattern from the Penrose tiling had sharp peaks arranged 
in a fivefold symmetric pattern.46 These findings which were already known 
before the discovery of QCs were important to understand the atomic 
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arrangements in QCs; they can show that periodicity is not a necessary 
condition to have long range order. Therefore, one can think of the atoms in 
QCs could be located at the vertices of Penrose’s rhombs which could tile a 
plane aperiodically. This idea could be extended further for 3D tiling.   

  

Fig. 4: (a) Penrose’s thick and thin rhombs and (b) non-periodic tiling of 
Penrose’s rhombs displaying five-fold symmetry element. 

Fibonacci series or Fibonacci sequence is a series of numbers (0, 1, 2, 3, 5, 8, 
13, 21 … etc.) which have interesting mathematical properties and practical 
applications in varied disciplines including QCs.47 QCs must by definition 
contain atoms that are ordered quasiperiodically, meaning that they are 
aperiodic and possess the inherent nature of self-similarity when properly 
rescaled.48 This can be illustrated by taking the classical example of 
Fibonacci sequence.49 Imagine that we are to align atoms in a row and there 
are only two possible interatomic distances available: One long “L”, and one 
short “S”. The construction of the atomic row will occur in cycles obeying 
the deflation rules S to L and L to LS. The iterative procedure starts with 
“S”; the resulting sequences of interatomic distances of few cycles are listed 
in Table 1. As seen in Table 1, the whole chain can be constructed with the 
simple constructing rule and the resulting Fibonacci chain of atoms is 
quasiperiodic.48 When the chain is grown infinitely, we can see that it has no 
repetition distance and it is impossible to describe the long-range order with 
only one unit cell. The ratio of L/S in the Fibonacci chain converges on to a 
constant called golden ratio τ. We can also see that the total number of 
generated segments L+S = F for a given cycle n equals the sum of generated 
segments of two preceding cycles; this can be expressed as:  𝐹𝑛+1 = 𝐹𝑛−1 +
𝐹𝑛 If we start with 𝐹𝑛−1 = 0 and 𝐹𝑛 = 1, the first ten elements of the 
sequence are: 0, 1, 1, 2, 3, 5, 8, 13, 21, 34…… This series of numbers is the 
Fibonacci series.49 
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Table 1: Few cycles of the Fibonacci series. 

Cycle no. Sequence L/S ratio L/S value 

0 S 0/1 0 

1 L 1/0 - 

2 LS 1/1 1 

3 LSL 2/1 2 

4 LSLLS 3/2 1.5 

5 LSLLSLSL 5/3 1.666… 

6 LSLLSLSLLSLLS 8/5 1.6 

7 LSLLSLSLLSLLSLSLLSLSL 13/8 1.625 

⁞ ⁞ ⁞ ⁞ 

∞ LSLLSLSLLSLLSL … - τ 

1.1.2.3.2. Projections from hyper space 

The concept of projecting periodic lattice points from a hypothetical 
hyperspace to a real (physical) space is vital to show that depending on the 
projection angle one could get aperiodic or periodic lattices. This is 
especially important since QCs are considered to be periodic lattices in 
hyperspace.50 For example, i-QCs are shown to be irrational projections from 
six dimensional hypercubic lattices.51, 52 They indicated that projecting the 
proper portion of a six-dimensional lattice onto a three-dimensional section 
of space having a slope relative to the basis vectors of the six-dimensional 
lattice that is irrational, (1/τ), can generate a three-dimensional Penrose-
tiling that describes the structure of an i-QCs. When the projection is 
rational, (i.e. a ratio of two integers for e.g. 1/1, 1/2, 3/2 … etc.),   we could 
get different types of periodic lattices. In a similar way, the complete series 
of successive cubic approximants to an i-QC can be obtained if the slope of 
the projection is changed from 1/τ to 1/(L/S), where L/S is, as previously 
defined, the ratio of two consecutive elements in the sequence of Fibonacci 
numbers. 48 
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A basic description of the hyperspace model is shown in Fig. 5 for a 2D 
hyperspace which is projected to 1D physical space. Although 2D hyper 
space is considered here only for the sake of simplicity, the concept can 
readily be extended for higher dimensions (≥ 4D). Begin by creating a 
square lattice in the hyper dimension with lattice parameter a. In this lattice 
we define the physical space (xext), commonly called the parallel space or 
external space, in one direction and in the orthogonal direction the 
perpendicular space (xint), also called intrinsic space.53 Along the physical 
space a window of width w is defined, inside which the lattice nodes are 
projected onto the physical axis. These projected nodes will generate an 
aperiodic sequence if the slope is irrational and periodic sequence if the 
slope is rational. The special case is when the slope is at a ratio 1/τ; this case 
corresponds to a Fibonacci sequence, and the generation of a QC. When the 
slope is 1=1/(1/1) and 1/2=1/(2/1) we get periodic nodes which represent 1/1 
and 2/1 ACs respectively. 

 

Fig. 5: Illustration of 1D direct lattice as projection from 2D hyper lattice; 
projection at rational angle results to periodic sequence and at irrational 
angle results to aperiodic sequence. 

1.1.2.4. Classification of QCs and ACs 

QCs can be classified as one, two and three-dimensional QCs based their 
aperiodicity. One dimensional QCs are aperiodic in one dimensional 
physical space, two dimensional (Decagonal) QCs are aperiodic in two 
dimensional physical space and three dimensional QCs (i-QCs) are aperiodic 
in all three dimensional physical space. Based on the kind of building blocks 
(polyhedral cluster unit) on which their crystal structures are described, i-
QCs are further classified in to three groups: Mackay, Bergman (Frank-
kasper) and Tsai-type QCs, see Fig. 6. ACs are classified with the same 
category as their corresponding QCs. Hence approximants of Tsai-type QCs 
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are called Tsai-type ACs. Similarly, Mackay and Bergman ACs have similar 
cluster units as Mackay and Bergman QCs, respectively. 

 

Fig. 6:  Basic polyhedral cluster units of (a) Mackay, (b) Bergman and (c) 
Tsai-type phases. 

Mackay-clusters, with members of for e.g. Al-Mn-Si system are comprised 
of concentric shells enclosing a central void: a 12-atom icosahedron, a 30-
atom icosidodecahedron and a 12-atom outer icosahedron.54, 55 Bergman-type 
clusters with members of for e.g. Mg-Al-Zn systems are comprised of 
concentric shells enclosing a central void: a 12-atom inner icosahedron; a 
20-atom pentagonal dodecahedron; a 12-atom outer icosahedron; and finally 
a 60-atom soccer ball.56, 57 Tsai-type clusters with members of for e.g. Yb-Cd 
systems are comprised of four successive shells surrounding a tetrahedron of 
four atoms: a dodecahedron composed of 20 atoms; an icosahedron of 12 
atoms, an icosidodecahedron of 30 atoms; and an outermost shell described 
as a defect rhombic triacontahedron of 60 atoms.31, 58 It should be noted that 
due to symmetry reasons the inner most central tetrahedron of Tsai-type 
phases is positional disordered and in the average structure the cluster looks 
more like an icosahedron.48 Moreover, in RE and Au containing ternary 
Tsai-type ACs it is observed that the inner disordered tetrahedron is partially 
or fully replaced by a RE atom which is located at the center of the 
clusters.59, 60 The relative ratio of RE atom to disordered tetrahedron depends 
on the nature of the RE atom and the syntheses routes. For example, in RE-
Au-Ge 1/1 AC when the RE atom is Gd there was a positional mix between 
the disordered tetrahedron and central Gd atom whose occupancy depend on 
the syntheses conditions, however; when the RE atom was Yb, the 
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disordered tetrahedron was completely replaced by a central Yb atom which 
is fully occupied. 61     

1.1.2.5. Tsai-type Phases 

The discovery of icosahedral YbCd5.7 alloy in 2000 is a breakthrough to the 
field of QC.31, 61 This is because the i-Yb-Cd QC is the first ever thermally 
stable binary i-QC, which provided model system for solving the most 
important problem in this field: where are the atoms in i-QC? In 2007, the 
atomic structure of i-Yb-Cd QC was determined by means of single-crystal 
X-ray diffraction method, and it was described as an aperiodic arrangement 
of rhombic triacontahedral cluster, which consists of five successive atomic 
shells as shown in Fig. 6 (c).23 This study provides significant step forward 
to understand origin of stability of i-QCs and their physical properties. 
However, the i-Yb-Cd system is not suitable for several studies due to easy 
oxidation in air, high vapor pressure and toxicity of Cd.35 This motivated the 
syntheses of several other compositions of Tsai-type QCs and their ACs by 
replacing Yb for e.g. by other RE elements or alkaline earth metals and/or 
Cd for e.g. by a combination of p and d block elements. Consequently, today 
Tsai-type phases become the largest group of i-QCs.  

1.1.2.6. Chemical order in Tsai-type phases 

In the parent Tsai-type phase, i-Yb-Cd, the atomic position of Yb and Cd is 
well specified owing to the significant physical and chemical variation in the 
two elements, Yb and Cd. The third icosahedral shell in Tsai-type clusters is 
entirely built by Yb atom and this is the only crystallographic position the 
Yb atom possesses. The rest of the polyhedral shells are made up of solely 
Cd. Hence, chemical ordering is highly maintained at cluster levels in the i-
Yb-Cd phase. Chemical disorders prevail more on ternary Tsai-type phases. 
In these systems the chemical disorder is more prevalent in the p- and d-
block elements which occupy atomic positions which were originally 
allocated to Cd atoms in the parent compound.   This however doesn’t mean 
that all the chemical mixing is random. It is rather noted that ternary Tsai-
type ACs reveal a peculiar kind of partial chemical order at the cluster level; 
certain atomic sites are quite insensitive to which element inhabits them 
(resulting in random chemical mixing), while others show absolute 
selectivity.62 This trend can be seen for all known ternary ACs of the Cd–Yb 
family.60, 63-67  

Although in one hand chemical and positional disorders impose additional 
parameter to consider during atomic structure determination and 
consequently make the task more challenging, on the other hand they 
provide additional knobs to tune the physical properties of the compounds. It 
is observed that in i-ACs the presence of chemical and positional disorder at 
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the cluster center determines the nature of the chemical bond between the 
atoms and the thermoelectric properties of the compounds.60, 68 

1.2. Physical properties of QCs and ACs 

Owing to their quasiperiodic nature, QCs were expected to have inherent 
physical properties which are different from conventional crystals. It has 
been reported that some QCs have low thermal conductivity and high 
Seebeck coefficient in comparison with conventional metals. This has 
nominated QCs and their ACs as potential candidates for thermoelectric 
applications.3, 4, 68-70 Due to their corrosion resistant and low coefficients of 
friction, QCs can be applied as surface coatings for frying pans.71 Another 
application is for wear-resistant coatings due to their large value of 
hardness72, 73, for e.g. Al-Mn-Ce alloys containing nano icosahedral particles 
as strong and light materials could be used in commercial surgical blades.74, 

75 QCs and ACs in the Ti-Zr-Ni systems and their derivatives have been 
extensively studied for applications to hydrogen storage materials.76-78 The 
magnetic properties of QCs have been the center of discussion due to the 
need to answer a basic scientific question of how qusiperiodically arranged 
moment bearing atoms of a QC can lead to long range magnetic ordering. 
Besides the endless endeavors pointing towards finding long range magnetic 
ordering in QCs, they often offer either weak paramagnetic or diamagnetic 
properties37 or localized moments and spin-glass behaviors.13, 79-81  

1.2.1. Thermoelectric properties 

1.2.1.1. Basic principles of thermoelectricity 

TE materials are capable of converting thermal energy directly in to 
electricity. The basic working principle of a thermoelectric device is 
schematically shown in Fig. 7. As shown in the Fig. 7, thermoelectric 
materials work in couple: a p and n-type TE material should be connected 
thermally in parallel and electrically in series sandwiched in between a hot 
and cold region. Hence, they often are called thermocouple. They could 
function as power generation or refrigeration mode. In power generation 
protocol, temperature gradient is supplied to the TE material and electricity 
is generated out of the material. In the refrigeration protocol, the reverse 
procedure happens, electricity is supplied to the TE material and temperature 
gradient is obtained as an output from the material. On the market, 
thermoelectric materials are provided as modules; several thermocouples are 
connected together and provided for the users in a convenient manner, see 
Fig. 7 (c).    
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The goodness of a thermoelectric material is determined by its dimensionless 
thermoelectric figure of merit (ZT):  

2SZT = T
Κtotalρ

 
 
 
 

    (6) 

Where ρ, Κtotal and S represent electrical resistivity, total thermal 
conductivity and Seebeck coefficient, respectively.  

Hence, good thermoelectric materials have high value of S but low values of 
ρ and Ktotal in order to have high ZT values. As of now, the highest ZT value 
is ≈ 2.6 ± 0.3.82  

The Seebeck coefficient is given by the equation: 

3 2K ln ( )B( )  
3

S T T
e

π σ ε
ε ε µ

  ∂  =    ∂  = 
   (7) 

Where KB, e, σ(ε), and μ, represents Boltzmann’s constant, elementary 
charge, electrical conductivity at Fermi level and electrical potential, 
respectively.  

 

Fig. 7: Schematic diagram of thermoelectric material (a) a thermo couple 
working as power generation mode, (b) a thermo couple working as 
refrigeration mode and (c) a thermoelectric module.83  
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Total thermal conductivity (Ktotal) is the sum of contributions from charge 
carriers (electrical thermal conductivity, Ke) and lattice vibration (phonon 
thermal conductivity, Kph): 

𝐾𝑡𝑎𝑡𝑎𝑙 = K𝑒 +  𝐾𝑝ℎ    (8) 

Weidemann-Franz (WF) law relates Ke with σ:  𝐾𝑒 = 𝜎 𝐿 𝑇; Where 
L=2.44*10-8 WΩK-2 is the Lorentz number and T is the temperature. 

There is a general guiding framework that needs to be considered when 
exploring new TE materials. The framework was proposed by G. Slack and 
it is known as the “phonon-glass, electron-crystal (PGEC)” principle.84 
According to this principle, efficient TE material should have poor thermal 
conductivity like glass but high electrical conductivity like crystals. In that 
respect, (Bi, Sb, Pb)-Te systems and their derivatives have been broadly 
investigated.2, 85, 86  

1.2.1.2. Thermoelectric properties of QCs and ACs 

Their low thermal conductivity together with their structural similarities with 
intermetallic clathrates, which are good thermoelectric (TE) materials, 
makes QCs promising candidates for TE applications.87-89  K. Kimura has 
proposed the “weakly bonded rigid heavy clusters (WBRHCs)” model for 
choosing good TE materials among i-QCs and their ACs.90 According to this 
model good TE QCs or ACs need to have strong intracluster but weak 
intercluster bonds. This model is basically similar to the G. Slack’s PGEC 
model; it can be considered as the PGEC version adapted for QCs and ACs.  

There are several studies on TE properties of QCs and ACs.3, 91, 92 Pope et. al. 
were the first to report ZT value for the Al–Pd–Mn QCs in 1999.92 Later in 
2002, composition dependence TE property of Al–Pd–Re QCs was 
systematically investigated by Kirihara et.al. 90 Further TE property studies 
on Al-based QCs and ACs indicated a semiconductor-like transport property 
with high Seebeck coefficient.93 Maciá has performed theoretical 
calculations for various types of QCs and ACs using an analytical model.89 
Takeuchi et. al. investigated the electronic structure and phonon dispersion 
calculations and discussed the intrinsic properties causing the deep 
pseudogap near the Fermi level in QCs and ACs.94, 95 Among the family of 
QCs and ACs studied so far, the (Al, Ga)-Pd-Mn system has scored the 
highest ZT value ≈ 0.18.4, 70 This low value of ZT is much smaller than the 
commercially claimed value (ZT ≥ 2) for a TE material to be competent in 
the market. Therefore, the need for further TE studies on QCs and ACs is 
inevitable.   
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1.2.2. Magnetic properties 

1.2.2.1. Basics of Magnetism 

Due to the fact that the primary sources of magnetism are elementary 
particles which build up all matters, magnetism is an inherent property of all 
materials. There are two types of magnetic moments: nuclear and electron 
magnetic moments. Nuclear magnetic moments are resulted from the 
elementary particles at the nucleus of an atom, they are of the order 10-3 
times smaller than the electron magnetic moment which are resulted from 
the electrons of an atom.96 Therefore, unless the total magnetic moment of a 
material is very small, nuclear magnetic moments are often disregarded.  

Because electrons are continuously accelerating in an atom, they induce 
electric current. The magnetic field related with the induced current is 
directed in such a way to oppose the induction. The magnetic moment 
associated with the induced current is called diamagnetic moment.97 All 
materials have diamagnetic moment; it is temperature and magnetic field 
independent. It is the only type of magnetism which doesn’t involve 
unpaired electrons.  

The magnetic moment of an atom or ion in free space is given by: 

𝜇 =  𝛾ђ𝐽 =  −𝑔𝜇𝐵𝐽    (9) 

Where, the total angular momentum ђ𝐽 is the sum of the orbital ђ𝐿 and spin 
ђ𝑆 angular momenta. The constant 𝛾 is the ratio of the magnetic moment to 
the angular momentum; 𝛾 is called the gyromagnetic ratio or magnetogyric 
ratio. For electronic systems a quantity 𝑔 called the 𝑔 factor or the 
spectroscopic splitting factor is defined by: 𝑔𝜇𝐵 = −𝛾ђ and for an electron 
spin, 𝑔 ≈  2. The Bohr magneton 𝜇𝐵 is defined as  eђ/2mc  in CGS and 
eђ/2m in SI unit systems, is closely equal to the spin magnetic moment of a 
free electron.  
The energy levels 𝑈 of the system in a magnetic field 𝑯 are: 

𝑈 =  −𝝁.𝑯 =  𝑚𝑗𝑔𝜇𝐵𝐻   (10) 

Where 𝑚𝑗 is the orbital momentum (azimuthal) quantum number and has the 
values J, J − 1, . . . ,−J. For a single spin with no orbital moment we 
have 𝑚𝑗 = ±1/2; and 𝑔 = 2, whence 𝑈 = ±𝜇𝐵𝐵.   

All materials respond to an external magnetic field (H). The magnetization 
(M) is defined as the magnetic moment per unit volume; it can be directly 
measured by a magnetometer. Magnetic susceptibility (χ) is the measure of a 
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material’s response to an external magnetic field (H) and it is given by the 
equation: 

𝜒 = 𝑀
𝐻

    (11) 

In general at high temperatures, the magnetic moments of any material are 
randomly oriented due to the entropy introduced by thermal energy. This 
disordered magnetic state is known as paramagnetic state. A paramagnetic 
material has zero spontaneous magnetic moment. When the temperature of 
a paramagnetic state decreases, so does the entropy of magnetic 
moments. At a particular temperature known as paramagnetic Curie 
temperature 𝜃𝑝 the magnetic moments will be ordered and they could 
have a spontaneous net moment. Therefore, 𝜃𝑝 is indicative of 
intermolecular interactions among the moments. When 𝜃𝑝 is positive, 
it is an indication of ferromagnetic interactions and when it is 
negative, it indicates antiferromagnetic interactions. The temperature 
dependency of magnetization in the paramagnetic state is 
mathematically formulated by the Curie-Weiss law:   

𝜒(𝑇) =
𝑁𝐴𝜇𝑒𝑓𝑓

2 𝜇𝐵
2

3𝐾𝐵�𝑇−𝜃𝑝�
+ 𝜒0   (12) 

Where 𝜇𝑒𝑓𝑓 =  𝑔[𝑠(𝑠 + 1)]1 2⁄ 𝜇𝐵, is the effective magnetic moment 
and 𝜃𝑝 is the paramagnetic Curie temperature; 𝐾𝐵, 𝑁𝐴 and 𝜇𝐵 are the 
Boltzmann constant, Avogadro’s number and the Bohr magneton, 
respectively. 𝜒0 is a temperature independent term which includes other 
contributions such as diamagnetic, Pauli spin and Landau susceptibilities.  

1.2.2.2. Ordered arrays of magnetic states 

Depending on the type of ordering, we can classify the magnetic states as 
paramagnetic, ferromagnetic, antiferromagnetic, ferrimagnetic, canted 
ferromagnetic, helical, spin glasses or even more complex in form, some of 
them are schematically drawn in Fig. 8. 

1. Ferromagnetic state: The magnetic moments have equal magnitude and 
they are pointing in the same direction. This state has a net non-zero 
spontaneous magnetic moment - a magnetic moment even in zero applied 
magnetic fields.  

2. Antiferromagnetic state: The magnetic moments are described by two 
types of magnetic sublattices which have equal magnitude but opposite 
direction. This state has zero spontaneous magnetic moment.  
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3. Ferrimagnetic state: The magnetic moments are described by two types 
of magnetic sublattices which have unequal magnitude and opposite 
direction. This state has a non-zero spontaneous magnetic moment and its 
bulk magnetic properties are very similar to ferromagnetic state.  

 

 

Fig. 8: Schematic diagrams showing ordered magnetic moments in a unit 
cell (a) ferromagnetic, (b) antiferromagnetic and (c) ferrimagnetic. 

1.2.2.3. Supplementary topics  

Spin Glasses: one of the more interesting forms of magnetism at which 
different magnetic states have equal probabilities of occurrence, see Fig. 9. 
In such situations, the material gets frustrated and consequently found in a 
highly degenerate ground state - there are many equally probable, equally 
acceptable combinations of spins.98 Therefore, even at 0 Kelvin, many states 
are populated. Experimentally, the hallmark of a SG is a cusp in the AC 
susceptibility measurements which defines a critical temperature (TSG).  Spin 
glass states show remanence and hysteresis effects in magnetization 
measurements.99  

 

Fig. 9: Schematic diagram of frustrated magnetic states: there are three 
possible orientations of moments with equal energy. 

Crystal Field Splitting: The difference in magnetic behavior of for e.g. the 
rare earth and the iron group salts is that the 4f shell responsible for 
paramagnetism in the rare earth ions lies deep inside the  ions, within the 5s 
and 5p shells, whereas in the iron group ions the 3d shell responsible for 
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paramagnetism is the outermost shell. The 3d shell experiences the intense 
inhomogeneous electric field produced by neighboring ions. This 
inhomogeneous electric field is called the crystal field. The interaction of the 
paramagnetic ions with the crystal field has two major effects: the coupling 
of L and S vectors is largely broken up, so that the states are no longer 
specified by their J values; further, the 2L + 1 sublevels belonging to a given 
L which are degenerate in the free ion may now be split by the crystal field. 
This splitting diminishes the contribution of the orbital motion to the 
magnetic moment.96  

Neutron magnetic scattering: An X-ray photon sees mainly the spatial 
distribution of electronic charge, whether the charge density is magnetized or 
unmagnetized. A neutron sees two aspects of a crystal: the distribution of 
nuclei and the distribution of electronic magnetization. The magnetic 
moment of the neutron interacts with the magnetic moment of the electron. 
The cross section for the neutron-electron interaction is of the same order of 
magnitude as for the neutron-nuclear interaction. Diffraction of neutrons by 
a magnetic crystal allows the determination of the distribution, direction, and 
order of the magnetic moments. 

1.2.2.4. Magnetic properties of QCs and ACs 

The magnetic properties of QCs and their ACs have been investigated since 
their premature age. In early theoretical studies, Lifshitz demonstrated that 
symmetry considerations admit simple AF order for primitive and body-
centered i-QCs, but not for face-centered i-QCs.10 Later experimental 
magnetic property studies on Al-Mn and Al-Pd-Mn systems and their 
derivatives revealed the presence of localized magnetic moments on only 
few of the Mn atoms. These atoms preferentially occupy atomic sites which 
are characterized by reduced sp–d hybridization and/or relatively large 
number of Mn first neighbors.100 Detailed investigations were carried out on 
A-Mg-RE (A = Cd and Zn, and RE = rare earth elements) QCs.101 
Macroscopic (magnetic susceptibility and specific heat) and microscopic 
(neutron scattering) measurements in some of these materials indicated 
short-range AF ordering at low temperatures. Besides the local and short 
range magnetic ordering, spin freezing (spin-glass) phenomena have been 
frequently observed in QC systems that scientists even considered it as an 
inherent magnetic property of certain QCs at low temperatures.102 Not only 
the QCs but also some ACs have shown spin-glass-like behavior and short-
range magnetic ordering.103 Magnetic frustration, which is considered to be 
one of the causes of spin-glass phenomena in i-QCs, can arise due to the 
geometry of the clusters themselves or due to the quasiperiodic arrangement 
of the clusters. Moreover, the effects of chemical and/or topological disorder 
on magnetic frustrations should also be considered.13 The first observation of 
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long-range AF spin ordering was reported by Tamura et al. in a Cd6Tb Tsai-
type 1/1 AC. Their report indicated that the compound become AF below 24 
K.104 Tamura’s investigation gave momentum for the magnetic property 
studies of Tsai-type phases. Recently explored new compositions of Tsai-
type 1/1 ACs in the RE-Au-SM (RE = Gd, Tb, Dy and Ho; SM = Si, Ge and 
Sn) unveiled long-range FM ordering at low temperatures.60, 105 This was the 
first observation of long-range FM ordering in the family of QCs and ACs. 
However, these studies are all macroscopic measurements which invite the 
need for further microscopic magnetic property measurements such neutron 
diffraction experiments. Furthermore, so far there is no report of a QC in 
these systems which initiate an exploratory syntheses aiming to find a QC 
with similar composition.  
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2. Experiment 

2.1. Syntheses  

Four structurally similar compounds which are Tsai-type 1/1 ACs were 
synthesized. Two high temperature solid state syntheses techniques were 
employed to prepare the samples. The syntheses techniques were self-flux 
and arc-melting-annealing. A self-flux technique was first used to explore 
the optimum syntheses conditions for obtaining single phase Tsai-type 1/1 
ACs in Yb-Au-Ge, Gd-Au-Ge, Gd-Au-Si and Tb-Au-Si systems. The details 
of the systematic approach which was followed to optimize the syntheses 
conditions and its results are explained in section 3.1. After obtaining the 
optimum compositions and temperature programs, very pure initial pieces of 
Tb (Yb, Gd), Au and Si (Ge) which are commercially obtained were used as 
reactants. A total mass of 4 or 6 g of the ACs were carefully weighed in an 
argon filled glove box (% of O2 < 0.1 ppm). The weighted masses were then 
transferred to an aluminum oxide crucible which was sealed inside a 
stainless steel tube filled with argon. The samples were taken to muffle 
furnaces and exposed to the optimum temperature programs. Further 
experimental details about the syntheses can be found in paper I (section 2).  

After the self-flux syntheses, the compounds were re-synthesized using arc-
melting-annealing technique. During the arc-melting-annealing syntheses, 
the optimum nominal compositions which were obtained from the self-flux 
technique were referred. Very pure initial pieces of the elements that were 
used for the self-flux technique were used as reactants for this technique as 
well. A total mass of 4 or 6 g of the ACs were carefully weighed in an argon 
filled glove box (% of O2 < 0.1 ppm). The weighed masses were transferred 
to an arc-furnace which was connected to very pure argon atmosphere. The 
samples were fully-melted in the arc furnace at least five times to ensure 
homogeneity. The melted ingots were sealed inside a stainless steel tube 
filled with argon and exposed for the optimum temperature programs. 
Further details about the syntheses can be found in paper III (section II). 
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2.2. Characterizations 

2.2.1. Powder X-ray and neutron Diffractions 

PXRD and PND measurements are conventional methods for phase 
identification and atomic structure determination of crystalline materials. 
PND technique is also used for magnetic structure determination. In this 
thesis we used PXRD for phase identifications in paper I (section 3.1) and 
paper III (section III) and both PXRD and PND for atomic structure 
determination in paper III (section III (a)). Moreover, PND is used for 
magnetic structure determination in paper III (section III (c)).     

2.2.2. Scanning electron microscope 

SEM is used to probe the microstructure of materials. When the SEM 
machine is coupled with an EDS detector, it can measure the elemental 
composition of materials. In this thesis SEM is used to study the 
microstructure of the compounds in paper I (section Appendix (A.2.)) and 
EDS is used for elemental analysis in paper I (section Appendix (A.1.)) and 
in paper III (section supplementary material)  

2.2.3. Single crystal X-ray Diffraction 

SCXRD technique is a primary choice for atomic structure determination 
because it can provide 3D diffraction intensity with reliable values of 
intensities and better experimental complexity compared to neutron and 
electron diffraction experiments. In this thesis SCXRD technique has been 
rigorously used in Paper I (section 3.2), Paper II (section 3) and in paper III 
(section III (a)).   

2.2.4. Thermoelectric property measurements 

The efficiency of a TE material is determined by measuring its TE 
parameters. In this thesis Quantum design physical property measurement 
system (PPMS) is used to study TE properties in paper I (section 3.3).  

2.2.5. Magnetic property measurements 

Bulk magnetic property measurements at different temperatures and applied 
magnetic fields allows in identifying magnetic transition temperatures, 
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effective magnetic moments and the types of interaction between the 
magnetic moments. The Quantum design magnetic property measurements 
system (MPMS) is used in this study to probe the magnetic properties of 
some compounds in paper II (section 3) and paper III (section III (B)).  

2.2.6. Specific heat measurements 

Phase transitions can be detected using specific heat measurements. In this 
thesis magnetic phase transitions of ACs were spotted by using specific heat 
measurements. The Quantum design PPMS machine was used for specific 
heat measurements in paper II (section 3 (figure 5)) and paper III (section III 
(B)).  
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3. Results and discussions 

This thesis reports the syntheses, structure determination (atomic and 
magnetic) and physical property (thermoelectric and magnetic) 
measurements of four Tsai-type 1/1 ACs: Gd(14)Au(70)Si(16), 
Gd(14)Au(67)Ge(19), Tb(14)Au(70)Si(16) and Yb(16)Au(65)Ge(19). The 
ultimate goal of the study is to correlate the structure of the compounds with 
their physical properties. Therefore, we can categorize the results of the 
study with in three major steps: syntheses optimization, structure 
determination and physical property measurements. 

3.1. Syntheses optimization (Paper I) 

This thesis reports the syntheses of new Tsai-type 1/1 ACs: 
Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19), Tb(14)Au(70)Si(16) and 
Yb(16)Au(65)Ge(19). The compounds were synthesized first by using self-
flux technique and later by using arc-melting-annealing technique. In both 
methods the determining parameters of the final syntheses products were the 
relative amounts of the reacting elements (nominal composition) and the 
temperature programs used. At the beginning, both of these parameters were 
not known for these particular compositions. Therefore, several exploratory 
syntheses batches were attempted in order to get samples which satisfy the 
needs of the study: single phase samples which contain single domain 
crystals which are large enough in size at least for SCXRD experiment (≥ 
0.1mmX0.1mmX0.1mm). During the initial syntheses batches we started 
with a nominal composition formulated according to the Hume-Rothery 
stabilization condition proposed for i-QCs (valence electron concentration 
per atom (𝑒 𝑎)⁄ ≈ 2) by Mizutani et.al.106 When the early temperature 
programs were devised, several considerations such as the melting points of 
the constituent elements, temperature programs used for the syntheses of 
similar compounds and thermo dynamical phase diagrams of the constituent 
elements were made in order to obtain good samples. Despite all these 
considerations, the syntheses resulted multiphase samples constituted of 
known and unknown phases. The unknown phases had similar PXRD pattern 
with previously reported Tsai-type 1/1 ACs and hence were suspected to be 
new compositions belonging to the same group of materials. To be certain 
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that the suspected phases were Tsai-type 1/1 ACs, which we were interested 
in, we peaked single domain crystals from the multiphase samples and 
investigated them using SCXRD measurements.  

Fig. 10: Measured (dark crosses) and calculated (blue line) XRPD pattern 
for Tsai-type 1/1 ACs; Bragg peak positions (red marks) are also shown. 

The SCXRD measurement confirmed that the unknown phases were Tsai-
type 1/1 ACs. The multiphase samples allowed for atomic structure 
determination of the 1/1 ACs using the SCXRD measurement. However, 
they were insufficient for physical property measurements for which single 
phase sample are preferred. Therefore, we systematically identified a way to 
get single phase 1/1 ACs. This was accomplished by using the atomic 
compositions of the compounds obtained from SCXRD refinement as 
nominal compositions for the subsequent syntheses batches while keeping 
the temperature program that provided the multiphase samples. In this way 
we identified the optimum syntheses condition which delivered single phase 
Tsai-type 1/1 ACs, see Fig. 10. The optimized syntheses conditions were 
used as foundations for the syntheses of similar compounds using even other 
syntheses techniques such as arc-melting-annealing. The details of sample 
preparations and the optimum syntheses conditions for Gd(14)Au(70)Si(16), 
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Gd(14)Au(67)Ge(19) and Yb(16)Au(65)Ge(19) compounds are described in 
Paper I (section 2) and for Tb(14)Au(70)Si(16) compound in paper III 
(section II).   

3.2. Structure determination (Paper I and III) 

3.2.1. Atomic structure (Paper I and III) 

The room temperature atomic structures of all the four compounds 
investigated in this thesis are determined by using SCXRD intensities. 
Moreover, for the Tb(14)Au(70)Si(16) compound the atomic structure was 
re-determined by using combined data sets obtained from PXRD and PND 
measurements. The results indicate that the compounds are essentially iso-
structural to Tsai-type 1/1 ACs phase.  

 

Fig. 11: Concentric polyhedral cluster shells of Tsai-type 1/1 ACs, arranged 
from left to right are a disordered tetrahedron (or RE-atom), a pentagonal 
dodecahedron, an icosahedron, an icosi-dodecahedron and a (defect) 
rhombic triacontahedron, respectively. The inner most central polyhedra are 
encircled with red to indicate that there are significant structural variations at 
these sites. The atomic positions plotted at thermal ellipsoids colored with 
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Yb(16)Au(65)Ge(19) 

Gd(14)Au(70)Si(16) 

Gd(14)Au(67)Ge(19) 

Tb(14)Au(70)Si(16) 



red, golden, dark brown and blue represent RE atoms (Gd, Tb or Yb), Au 
atoms, Ge atom and chemically mixed positions (Au+Ge or Au+Si), 
respectively.    

Fig. 11 shows plots for the structure models of the compounds; it can be seen 
that the compounds have similar structural building blocks. However, there 
are some structural variations among these compounds when compared with 
each other and also to the prototype Tsai-type 1/1 AC, YbCd6. These 
structural variations are observed at the cluster centers, encircled in Fig. 11, 
and within the cube-shaped interstices centered at the fractional coordinates 
(¼, ¼, ¼). The structural variations were found to have significant influence 
in the physical properties of the compounds which will be discussed in 
section 3.2. The details of the structure descriptions, atomic parameters and 
refinement results are explained in paper I (section 3.2 and Appendix A1) 
and in paper III (section III A).   

3.2.2. Magnetic structure (Paper III) 

The magnetic structure of the Tb(14)Au(70)Si(16) compound was 
determined from PND data sets.  The magnetic structure which is in good 
agreement with the bulk magnetic property measurements indicated that the 
compound ordered in a ferrimagnetic-like ordering at low temperatures 
below 9K, see Fig.12.     

 
Fig. 12: Distribution of magnetic moments in Tb(14)Au(70)Si(16) 
compound. Red (Tb1-1), redish (Tb1-2) and blue (Tb1-3) moments are from 
the Tb1 sublattice and green (Tb2) moments are from the partially occupied 
Tb2 sublattice. 

Fig. 12 shows a schematic model for the magnetic structure of the 
Tb(14)Au(70)Si(16) compound. There are two Tb atomic sites in the 
structure. A fully occupied Tb1 sublattice and a partially occupied Tb2 
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sublattice. All the Tb1 spins are arranged ferromagnetically along the a-axis 
but have different magnitude. Only one magnetic site possesses a magnetic 
moment close to the theoretical value calculated for free Tb+3. The other two 
magnetic sites have very similar magnetic moments. The sublattice of the 
Tb2 spins is also arranged along the a-axis but antiferromagnetically to the 
Tb1 sublattice. The total magnetic moment calculated per Tb atoms is 3.5 μB. 
Further details of this topic can be found in paper III (Section C). 

3.3. Physical property study (Paper I, II and III) 

3.3.1. Thermoelectric property (Paper I) 

The TE properties of Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19) and 
Yb(16)Au(65)Ge(19) compounds were systematically investigated to see the 
effects of chemical substitution and subtle atomic structure variations on the 
TE properties of the compounds.  

 

Fig. 13: Lattice thermal conductivity of Tsai-type 1/1 ACs. 

The TE properties of the compounds: electrical resistivity ρ, thermal 
conductivity Κtotal and Seebeck coefficients S, were probed at different 
temperatures, from 2K to 400K and the respective dimensionless 
thermoelectric figure of merit ZT values were determined using equation (6). 
In general, the TE measurements indicated that the compounds have low 
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values of S and Ktotal but high values of ρ. Consequently, their ZT values are 
on the order of 10-3 which is much lower that what is commercially required 
in the market. However, with respect to understanding the fundamental 
factors that affect the TE properties of these compounds, interesting 
observations were consumed. One of these observations was determining the 
factors that affect the Kph of these compounds. The relatively small Kph in 
the Gd(14)Au(70)Si(16) compound compared to the Gd(14)Au(67)Ge(19) 
and Yb(16)Au(65)Ge(19) compound indicated that not only the presence or 
absence of the inner most disordered tetrahedra but also the chemical 
compositions of the tetrahedra determine the Kph. The tetrahedron in the Gd-
Au-Ge compound is decorated by Ge atoms where as in the Gd-Au-Si 
compound Ge was replaced by Au/Si chemically mix position. Therefore, 
the local structure and chemical composition of these compounds determined 
their lattice thermal conductivity, see Fig. 13. Detailed description for the TE 
properties of these compounds can be obtained in paper I (section 3.3 and 
Appendix A.1). 

3.3.2. Magnetic property (Paper II and III) 

The magnetic properties of Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19) and 
Tb(14)Au(70)Si(16) compounds were investigated. The magnetic 
susceptibility and specific heat measurements revealed ferromagnetic 
transition occurs at Tc ≈ 22.5 K for the Gd(14)Au(70)Si(16) compound and 
at Tc ≈ 13.1 K for the Gd(14)Au(67)Ge(19) compound, see Fig. 14. Above 
the magnetic transition temperatures, both compounds are paramagnetic and 
hence satisfy the Curie-Weiss law. The effective magnetic moments μeff 
obtained from the Curie-Weiss law are 7.91(2) μB and 8.00(2) μB for 
Gd(14)Au(70)Si(16) and Gd(14)Au(67)Ge(19), respectively. Moreover, a re-
entrant spin-glass transition is observed at TRSG ≈ 3.3 K for the 
Gd(14)Au(67)Ge(19) compound. The reason for the occurrence of the spin-
glass state for Gd(14)Au(67)Ge(19) compound was speculated to be due to 
the presence of partially occupied ≈ 10% occupancy Gd atomic position at 
the cluster center. Further details for this section can be found in paper II 
(section 3).  

The magnetic susceptibility and specific heat measurements on the 
Tb(14)Au(70)Si(16) compound indicated that it undergoes a ferrimagnetic-
like transition at Tc ≈ 9 K, see Fig. 14. This observation has been supported 
by the microscopic magnetic property measurement discussed in section 
3.2.2. At high temperatures above 35 K, the Tb(14)Au(70)Si(16) compound 
unlike other ferrimagnetic compounds prevail paramagnetic behavior which 
adequately satisfy Curie-Weiss law. Further details for this section can be 
found in paper III (section B).       
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Fig. 14: Specific heat (C/T) plotted as a function of temperature in applied 
magnetic fields of 0 and 80 kA/m, 1T, 3 T, 5 T and 9T. 
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4. Conclusion and Future work 

An overall study that includes syntheses, structure determination and 
physical property measurements on a group of intermetallic compounds 
Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19), Tb(14)Au(70)Si(16) and 
Yb(16)Au(65)Ge(19), is carried out. The optimum syntheses conditions that 
resulted single phase samples of these compounds using both self-flux and 
arc-melting-annealing techniques are established. The most important 
parameters in theses syntheses techniques are nominal compositions and 
temperature programs used during the syntheses which have been specified 
in this study.  

The atomic structures of the compounds investigated in this thesis indicated 
that the compounds are essentially iso-structural and they belong to a class 
of compounds known as Tsai-type 1/1 ACs. Their crystal structures were 
easily described by five concentric polyhedral shells which are arranged 
from the inside to out as: a disordered tetrahedron (RE atom), a pentagonal 
dodecahedron, an icosahedron, an icosi-dodecahedron and a (defect) 
rhombic triacontahedron. An interesting local structural variation among 
these compounds is mainly observed on the inner most part of their cluster 
center and the so called cubic interstitial sites located at fractional 
coordinates (¼, ¼, ¼). At the cluster center, in some of these compounds 
the disordered tetrahedron was replaced partially or fully by a RE atom 
which is located at fractional coordinates (0, 0, 0). It was also observed 
that even in the same system the relative occupancies of the RE atom 
to the disordered tetrahedron at the cluster center varies depending on 
the syntheses conditions. The cube interstitial site, unlike the parent 
compound in this group of materials YbCd6, it was observed to be occupied 
either by Au or Si atom in the current compounds.   

TE properties of the Gd(14)Au(70)Si(16), Gd(14)Au(67)Ge(19) and 
Yb(16)Au(65)Ge(19) compounds were investigated. These measurements 
focused more on correlating the atomic structures and chemical 
compositions of the compounds with their TE properties, especially their 
lattice thermal conductivities. The studies indicated that not only the 
presence or absence of the inner disordered tetrahedron or RE atom that 
determine the value of the lattice thermal conductivity but also the chemical 
composition of the compounds plays a significant role. 
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Magnetic property and specific heat measurements on Gd(14)Au(70)Si(16), 
Gd(14)Au(67)Ge(19) and Tb(14)Au(70)Si(16) compounds indicated that 
ferromagnetic transitions with Tc ≈ 22.5 K and Tc ≈ 13 K are observed, 
respectively, for the former compounds but ferromagnetic-like transition 
with Tc ≈ 9 K is observed for the later compound. In addition, for the 
Gd(14)Au(67)Ge(19) compound, a re-entrant spin-glass (RSG) transition is 
observed at TRSG ≈ 3.3 K in contrast to Gd(14)Au(70)Si(16) compound. 
Finally, the magnetic structure of the Tb(14)Au(70)Si(16) compound was 
refined and it confirmed that the compound orders in a ferrimagnetic-like 
ordering below 9 K. This investigation inspires hope for finding long range 
ordered magnetic QC. 

Future works will focus mainly on synthesizing and studying the magnetic 
properties of similar compounds, i.e. ACs and QCs.  We will pursue in our 
endeavors in searching for the first long range ordered magnetic QC. In that 
respect, the RE-Au-SM system investigated in this thesis could be the base 
for the future studies because there is no report of a QC in these systems. If 
QCs are found in this system, it will be an ideal approach to compare the 
effect of quasiperiodicity on the magnetic ordering of these systems. It is 
also interesting to see the effects of the disordered tetrahedron and the 
central RE atoms on the magnetic properties of these compounds. This can 
be done by producing more samples by replacing the RE atoms in the RE-
Au-SM system with other Lanthanides.   
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Sammanfattning på svenska 

I denna avhandling som är en sammanställning av tre publicerade artiklar, 
rapporteras syntesmetoder, strukturbestämningar och studier av fysikaliska 
egenskaper hos fyra olika legeringar. Dessa legeringarna har 
sammansättningarna Gd (14)Au(70)Si(16), Gd(14)Au(67)Ge(19), 
Tb(14)Au(70)Si (16) och Yb(16)Au(65)Ge(19). Materialen har liknande 
kristallstrukturer och de tillhör en grupp av föreningar som kallas Tsai-typ 
1/1 approximanter. Det finns dock små strukturella variationer mellan dessa 
föreningar särskilt vid centra för deras atomära kluster. Att undersöka 
effekten av dessa mindre strukturella variationer på de fysikaliska 
egenskaperna hos dessa föreningar är ett av de viktigaste målen för denna 
studie. De fysikaliska egenskaperna som undersökts är främst 
termoelektriska och magnetiska egenskaper.  

 
I artikel nummer I redovisar vi synteser, kristallstrukturbestämningar och 
termoelektriska egenskaper hos Yb(16)Au(65)Ge(19), Gd(14)Au(70)Si(16) 
och Gd(14)Au(67)Ge(19) föreningarna. Att hitta de optimala 
syntesförhållandena för att få enfasiga prover var det första och förmodligen 
det viktigaste steget för denna studie. Synteserna utfördes och optimerades 
med hjälp av själv-flux tekniken. Proverna som erhölls från de optimala 
syntesbetingelserna innehöll enkristaller som var lämpliga för 
strukturbestämning med  röntgendiffraktion. Föreningarnas kristall-
strukturerna bestämdes genom uppsamling av röntgendiffraktions-
intensiteter och behandling av data med charge-flipping tekniken för struktur 
lösning och vidare förfining. Strukturlösningarna visade att föreningarna i 
huvudsak är iso-strukturella med prototypen för en Tsai-typ 1/1 approximant 
kristall; YbCd6. Men det finns subtila strukturella variationer i närheten av 
klustercentra och i de så kallade kubiska interstitiella lägena som påverkar 
några av deras fysikaliska egenskaper. De termoelektriska mätningarna 
visade att dessa föreningar i allmänhet inte är särskilt effektiva 
somtermoelektriska material, men anmärkningsvärt är att deras värme-
ledningsförmåga är mycket lägre än det som förväntas av ett material som 
mestadels består av Au. Gittervärmeledningsförmågan hos föreningarna 
jämfördes och markanta skillnader observerades. De bakomliggande 
orsakerna till dessa skillnader förklaras utifrån deras atomära strukturer och 
kemiska sammansättningar. Slutsatsen drogs att både den lokala strukturen 
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vid centrum av de atomära klustren; som kan vara en oordnad tetraeder eller 
en sällsynt jordartsmetall-atom, tillsammans med den kemiska ordningen i 
klustret är det som bestämmer gittervärmeledningsförmågan i dessa 
föreningar.    
  
I artikel II och III, undersöktes de magnetiska egenskaperna hos 
Tb(14)Au(70)Si(16), Gd(14)Au(70)Si(16) och Gd(14)Au(67)Ge(19). 
Studierna innefattade mätningar på magnetiska egenskaper och specifik 
värme på bulkprover som ger genomsnittliga värden. Resultaten visar att 
ferromagnetiska övergångar med Tc ≈ 22,5 K och Tc ≈ 13 K förekommer för 
föreningarna Gd (14)Au (70)Si(16) och Gd(14)Au(67)Ge(19) respektive. 
För Tb(14)Au(70)Si(16) föreningen observerades en ferrimagnetiskt 
liknande övergång med Tc ≈ 9 K. Dessutom observerades för 
Gd(14)Au(67)Ge(19) föreningen en återgående spin-glas övergång (RSG) 
vid TRSG ≈ 3,3 K i kontrast till Gd(14)Au(70)Si(16) föreningen. Orsaken till 
RSG övergången för Gd(14)Au(67)Ge(19) föreningen tros bero på närvaron 
en Gd atom som ersätter den centrala oordnade tetraedern i ca 10% av de 
atomära klustren. Denna studie motiverade behovet av ytterligare 
undersökningar av de magnetiska strukturerna med neutrondiffraktion. Gd 
innehållande prover är dock inte lämpliga för neutrondiffraktion experiment 
på grund av den höga absorptionen för neutroner. Därför valdes istället 
föreningen Tb(14)Au(70)Si(16) för dessa mätningar. Föreningen 
syntetiserades och den magnetiska strukturen hos föreningen bestämdes 
genom pulverneutrondiffraktion. Förfiningen av den magnetiska strukturen 
bekräftade att de magnetiska momenten låg ordnade i en ferrimagnetiskt 
liknande konfiguration under 9 K. Såvitt vi vet är detta den första förfiningen 
av en kvasikristallapproximant med magnetisk fjärrordning. Undersökningen 
inger således hopp om att för första gången finna relaterade kvasikristaller 
med magnetisk fjärrordning. 
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