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Abstract

Exploratory synthesis and charachterisation in the
Gd-Au-Si system

Hanna Ohlin

The field of crystallography has recently been expanded to include the science of
quasicrystals, crystalline structures lacking unit cells and conventional periodicity. This
resulted in a paradigm shift in the field, opening up for a whole new branch on the
subject of structural chemistry. Despite this, not much is known about the abilities of
quasicrystalline and approximant materials. Quasicrystalline approximants in the
RE-Au-SM system have previously shown promising results regarding magnetic
properties. To explore and discover properties like this is key to further improve the
understanding of quasicrystalline materials.

The scope of the project was to explore the Gd-Au-Si system with compositions
theoretically calculated to yield possible quasicrystals. In three batches with varying
composition ratios, crystals were synthesised, using an arc-melting self-flux method.
These were then analysed with powder X-ray diffraction, single crystal X-ray
diffraction and electron dispersive spectroscopy (EDS) to characterise the synthesised
compounds using diffraction data and composition data respectively. 

The resulting crystals were determined to be of a ternary composition close to what
was theoretically calculated. The phase synthesised is yet to be found in any previous
work or database, possibly marking it out as a new phase, albeit the structure not
being quasicrystalline in nature. Thus, the exploratory study yielded a so for
unobserved composition in the Gd-Au-Si system.
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En populärvetenskaplig artikel om kvasikristaller. 
Det finns många saker man kan komma att tänka på när man pratar om kristaller, kanske oftast 
glittrande facetterade ädelstenar. I själva verket finns kristaller överallt runt omkring oss, 
exempelvis i oxider och metaller, sådant vi använder dagligen i det vardagliga livet. Det som 
faktiskt definierar en kristall är inte det yttre utseendet utan snarare strukturen och hur atomerna 
är placerade i materialet. 
 
Kristaller är atomiska strukturer med någon form av ordning. Om man studerar hur atomerna är 
placerade märker man snart ett mönster i hur de sitter i relation till varandra. Detta mönster 
upprepar sig själv oändligt. Det kan finnas små oregelbundenheter i mönstret, men i det långa 
loppet spelar inte det någon roll, eftersom strukturen i stort fortfarande kommer vara mer 
regelbunden än vad den kommer vara oregelbunden. Att atomer är ordnade så att de bildar 
kristaller sker med exempelvis metaller och salter, men också med rena ämnen. 
 
Inom området kristallografi är geometri en mycket viktig grundsten, och också det perfekta 
verktyget till att förklara hur konventionella kristaller skiljer sig från kvasikristaller. Tänk dig ett 
plan, ett tomt område på ett papper. Tänk dig sedan att vi vill fylla det här området med figurer 
utan att lämna några blanka områden mellan varje figur, och samtidigt skapa ett regelbundet 
mönster. Det går att göra på olika sätt, exempelvis som i följande exempel: 
 

 
Figur 1 - Exempel på olika plantäckande mönster, med olika geometriska figurer som bas. Från vänster till höger - en 
triangel, en kvadrat och en hexagon som skapar trefaldiga, fyrfaldiga och sexfaldiga mönster. 

Kvadrater, trianglar och hexagoner är perfekta exempel på geometriska figurer som kan täcka ett 
plan på precis det sättet vi ville – utan att lämna några mellanrum. Det här går att översätta till 
tredimensionella strukturer – kristaller. Varje enskild geometrisk figur är en minsta repeterande 
enhet, inom kristallografin kallad för enhetscell. Det här är ett centralt begrepp inom 
kristallografin som används för att beskriva och definiera olika sorters kristaller. 
Om vi fortsätter att spela det här spelet, att konstant fortsätta täcka ett papper med olika sorters 
geometriska figurer inser vi snart att det inte är möjligt med vilka figurer som helst. Skulle vi 
försöka samma sak med pentagoner, som har femfaldig symmetri så märker vi att det inte går, 
förutsatt att vi följer de reglerna vi satte upp tidigare. Om vi vill fylla ett plan med femfaldig 
symmetri får vi ta till mer än en minsta repeterande enhet. Provar vi att göra samma sak med två 
olika sorters romber blir det möjligt, som visat nedan: 
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Figur 2 - Till höger, pentagoner arrangerade i ett försök att täcka ett plan. Notera hur det blir små mellanrum som inte 
går att fylla med samma sorts figur. Till höger, ett Penrose-mönster, ett femfaldigt mönster som kan täcka en yta utan 
oönskade hål. 

När vi granskar det här mönstret, ett Penrosemönster, inser vi att det uppfyller de kriterier som 
sattes upp tidigare. Det täcker planet som önskat, det är regelbundet och ser ut att upprepa sig 
själv, men tittar man närmare så går det inte att märka ut en minsta repeterande enhet, en 
enhetscell. Här får vi återgå till kristallografin och peka ut skillnaderna. Normala kristaller beter 
sig som den första omgången mönster - de är regelbundna, periodiska och de har en enhetscell, 
de täcker vårt plan som önskat och detta utan att lämna några udda mellanrum. Kvasikristaller 
beter sig som mönstret med romberna – de har en regelbunden struktur som följer ett mönster, 
dock utan att vara periodisk, och saknar en enskild enhetscell. 
 
För det här projektet var målet att utforska och syntetisera kristaller bestående av tre olika 
metaller, guld (Au), kisel (Si) och den sällsynta jordartsmetallen gadolinium (Gd). Syftet med detta 
var att se ifall det var möjligt att tillverka kvasikristaller eller liknande strukturer med en specifik 
blandning av dessa metaller. Detta resulterade i tre provomgångar med tre prover i varje. Omgång 
ett gav tillräckligt bra kristaller för analys, vilket visade på en helt ny fas som inte tidigare är 
beskriven. De andra två provomgångarna antingen sprack eller exploderade, och gav inga 
användbara resultat. 
 
Kvasikristaller upptäcktes av Dan Schechtman efter att han fick ett överraskande resultat i en 
undersökning som skulle ge fullständigt normala mönster. Istället för ett två-, tre-, fyra- eller 
sexfaldigt mönster noterades ett tiofaldigt mönster, något som vid den här tiden antogs omöjligt. 
Resultatet bestod dock – det var ett tiofaldigt mönster. Med detta resultat startade en lång kamp 
för att övertyga resten av världen om att det som observerats faktiskt var sanning, något som blev 
ännu svårare då de resultat Schechtman hävdade att han hade motsatte sig kristallografins 
grundregler. En av de mest högljudda kritikerna var Linus Pauling, tvåfaldig vinnare av 
Nobelpriset, som vid ett tillfälle sa ”Det finns inga kvasikristaller, bara kvasiforskare”. Schechtman 
med kollegor stod fast vid att deras observationer var riktiga, och inte långt därefter kom 
rapporter från andra håll med liknande resultat. Inte bara tiofaldiga mönster sågs, utan också 
åttafaldiga och tolvfaldiga mönster rapporterades. Med den ökande mängden empirisk data blev 
kvasikristaller sakta men säkert en accepterad gren av material och strukturkemin. Sen dess har 
själva definitionen av vad en kristall ändrats för att inkludera kvasikristaller, vilket för evigt 
ändrade kristallografi som forskningsområde. Oaktat detta var inte alla övertygade – Linus 
Pauling dog 1994, fast bestämd över att kvasikristaller inte existerade. 
 
2011 fick Dan Schechtman Nobelpriset i kemi för sin upptäckt av kvasikristaller. Vid det här laget 
hade området vuxit, och flera egenskaper, strukturer och typer av kvasikristaller rapporteras 
fortfarande löpande.  
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1. Aims with the project 
The main goal of the project is to produce high-quality single crystals in the GdAuSi-system. High 
quality in this case means that the crystals should be big enough for single crystal diffraction 
analysis, since this is the preferred method for structure analysis for this project in particular. 
 
The secondary goal of the project is to further explore the system beyond the findings of previous 
ventures in the system. Compositions will be calculated to theoretically maximize the chance of 
finding quasicrystals and/or quasicrystal approximants in the system. Since there is a previously 
known approximant in the aforementioned system, that approximant shouldn’t be ruled out as 
interesting, since it is not known if the previously described composition is the only one it forms 
in, or if it can be synthesised in other compositions as well.  
 
Calculated compositions will have a fixed rate of gadolinium, whilst the ingoing amount of gold 
and silicon will vary. The reason behind this is would be to create opportunities for systematic 
investigations to whether the varying ratio of gold and silicon affects the structure in any way, or 
if this makes forming a quasicrystal possible. 
 
Structural analysis is an integral part of the project, especially since one of the goals is to try 
synthesising the assumed quasicrystal of the system. Due to this, a lot of time will be spent to 
assure that the synthesised compounds is properly analysed and to carefully vary these between 
samples. Exploring the system is a big part of the project, so even if the structures does not show 
any quasicrystalline properties, structural and compositional analysis will still be important to 
determine what phases form in this system under the suggested circumstances.  
 
Hence, the scope of this project is thus to explore a RE-Au-SM system of metals. RE includes all 
Rare-earth metals, SM being semimetals. In this case, specifically a composition of Gd-Au-Si will 
be used. The goal is both to synthesise single crystals big enough for single crystal diffraction, as 
well as trying to find approximants and/or quasicrystals in the chosen system. 

2. Introduction 
Every material has some kind of structure to it, be it crystalline or amorphous. The structural 
difference between materials can be the very reason to why a material acts the way it does, making 
different materials applicable for different purposes. This is why structure analysis is such an 
important part of materials chemistry – it is a way to determine and possibly learning how to 
tailor the behaviour of certain materials.  
 
When speaking about structure analysis, it is impossible to do so without speaking about crystals 
and their properties, both structural and for practical applications. The field of crystallography 
recently underwent a revolution to its core concepts with the introduction of quasicrystals, 
complex crystalline materials that changed the definition of what a crystal is. 
 
Recently, a compound in the RE-Au-SM system, showing magnetic properties has been discovered 
[1]. Knowing this, looking for a possible quasicrystal in that very system is important, to further 
expand knowledge on the properties of quasicrystals. 
 

2.1 The concept of periodicity 
To completely understand what a quasicrystal is and how they differ from regular crystals, we 
first need to take a step back and consider a core concept to crystallography - periodicity. We keep 
talking about how quasicrystalline compounds exceed our view of crystalline periodicity in three 
dimensions, but since humans naturally lack a profound understanding of any space above three 
dimensions, picturing the actual periodicity of the system is challenging. 
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Before delving deeper into the subject of quasicrystals, the periodicity of standard crystals should 
first be considered. If we project common crystal structures onto a two-dimensional space, we can 
completely fill that space with repeating structures, such as squares, triangles and hexagons, as 
shown in figure 1; 
 

 
Figure 1- Threefold, fourfold and sixfold tilings of empty space using triangles, squares and hexagons. 

Repeating structures in this case can be used to represent the unit cell in a traditional crystal – the 
smallest repeating unit. Naturally, if instead other geometrical shapes were used, like a pentagon 
for instance, which has five-fold symmetry, filling space without leaving blank spaces is 
impossible, as shown below. This is where we have to leave the smallest repeating unit behind 
and look to other ways of filling space to achieve symmetry. A good example of this would be the 
Penrose tiling in figure 2, seen next to the failed pentagonal tiling, which proves how a five-fold 
rotational symmetry can cover a plane fully whilst still maintaining long range order, something 
that was earlier thought to be impossible.  

 
Figure 2- To the left, pentagons tiling, unable to symmetrically fill a space without leaving gaps. To the right, a Penrose 
tiling, showing how something with a five-fold symmetry can fill up space without leaving gaps [2]. 

It should be noted that there is no smallest symmetrical repeating unit to be found in the Penrose 
tiling. Penrose tilings can be made possible in 3D-space, yielding a structure with a repeating non-
periodic pattern, yet lacking a unit cell, showing diffraction patterns with fivefold, tenfold or even 
twelvefold symmetry – a quasicrystal. 
 

2.2 Quasicrystals and quasicrystal approximants 
Quasicrystals, when discovered, changed the definition of what could be a crystal. They exhibit 
higher order rotational symmetry, such as five-fold or ten-fold, something which doesn’t occur 
within conventional crystals that only displays two-, three-, four- and sixfold symmetries [3]. 
Usually this is observed when studying single crystal diffraction patterns of the samples, where 
more complex symmetries will yield higher-order rotational symmetries in reciprocal space. 
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A traditional crystal is periodic in three-dimensional space, but a quasicrystal lacks that 
translational symmetry. That doesn’t necessarily mean that they have to be aperiodic in all three 
directions, however, but rather that they are aperiodic in at least one of the standard three 
dimensional directions, X, Y or Z. This results in different classes of quasicrystals, depending on in 
which direction they are aperiodic. Mathematically speaking though, even quasicrystalline 
structures have some degree of periodicity, although this is not necessarily observable in 3D-
space, but rather in higher dimensions, such as the 6:th dimension, where, for example, 
icosahedral quasicrystals are considered periodic[4].  
 
Quasicrystals can be approximated with conventional crystals that shows a similar cluster 
structure to quasicrystals, meaning that we can use these to get a better understanding of both 
the properties and structures of quasicrystals. These are called approximant crystals. The general 
rule for an approximant crystal is that they partially simulate the structure of a quasicrystal, but 
in smaller clusters, while retaining their 3D-periodicity. They are so far one of the best indicators 
that a quasicrystalline structure might exist in the same system. However finding approximants 
is not really a guarantee that there will be actual quasicrystals of the same compounds available. 
Despite this, they make for good tools for solving quasicrystalline structures using conventional 
approaches, and are an important link to understanding quasicrystals and their composition [3]. 
 
To fully understand the value of approximant crystals, we need to discuss exactly how they 
approximate quasicrystals. What distinguishes quasicrystals from the conventional crystals is not 
only the traits stated above, but also the lack of a defined unit cell in 3D-space. Quasicrystals also 
show atomic cluster structures stacking inside one-another – not unlike a Russian doll, where 
smaller dolls fit into larger dolls. This behaviour is present with quasicrystals and approximants 
as well, although the stacking components varies slightly with each layer.  
 

2.3 Projecting something from the sixth dimension 
There is not really an easy way to explain quasicrystals, partly due to the nature of them being 
highdimensional. This does, despite the space-age-feel to the word, not mean that quasicrystals 
transcend space and time like something out of a sci-fi movie, but rather that by using 
mathematics, the structure can be described with coordinates, much like the “conventional” 
crystals. Using coordinates to describe the lattice, i.e. the mathematical positions of the atoms, can 
be described. The difference between conventional crystals and quasicrystals is clear when 
looking at the coordinates required to describe each lattice – for the conventional crystal we use 
three [A, B, C], whilst for the quasicrystal we use six [A, B, C, D, E, F]. To project a complex structure 
as something with periodicity like this allows the use of methods and tools used in conventional 
crystallography. Knowing this makes one wonder how it is even possible to understand and 
describe something that lies beyond the third dimension. Our perception of the universe puts up 
obstacles for the possibility of intuitively understanding such a complex structure. This is why, 
when working with quasicrystals, projections of the structure is used to grasp how it looks. This 
makes it significantly easier to work with.  
 
Quasicrystals are, as previously stated, not periodic in conventional 3D-space, but adding three 
complementary dimensions makes it possible to view them as periodic. Humans are not able to 
comprehend a 6D-space, hence why we need to project it into something more comprehensible. 
6D can be split up into real space (3D) and complementary space, which consists of 3 additional 
dimensions. If these are grouped up and projected perpendicular to one another, electron 
densities in real space can be projected down onto lines in complementary space. This yields 
valuable information about how the relation between electron densities creates periodicity or 
quasiperiodicty. A projection like this can be seen in figure 3: 
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Figure 3 - A projection of complementary space intersecting with real space, projecting 6-dim structures into 2 dimensional 
space. 

Every dot in the grid is an area of increased electron density in real space– a place where one 
would logically find an atom. The crossing lines are the electron distribution associated with each 
atom. It can immediately be seen that these are set in a regular pattern. Now consider the crossing 
long lines, intersecting with these electron densities. These are projection lines of the 
complementary space, set perpendicular to real space. Projection lines and electron densities 
intersecting yields a structure. The distance between intersections are either long, L, or short, S. 
Theses sequences of L:s and S:s gives us the means to analyse the periodicity in these projections. 
Studying one of the lines, for instance the one marked as the 1:1 –approximant, a repeating pattern 
can be seen, i.e. the sequences of L and S repeats. This would translate to the unit cell in real space.  
Now consider the quasicrystal line – there is no repeating sequence of L and S, and hence – no unit 
cell. What is even more astonishing is that if one looks a bit closer to the sequence of L:s and S:s, 
they seem to develop in a predictable pattern; 
 

𝐿 𝑆 𝐿 𝐿 𝑆 𝐿 𝑆 𝐿 𝐿 𝑆 𝐿 𝐿 𝑆 … 
 
This is, in fact, a development of the Fibonacci sequence – a sequence where the following number 
is a result of adding the previous two numbers together (0, 1, 1, 2, 3, 5, 8, 13…). The ratio between 
L and S in this chain translate to the Fibonacci sequence. There is no repetition in this sequence, 
much alike how the planes in a quasicrystal is ordered. Studying the slope of the lines in this 
projection gives yet another way to tell approximants from quasicrystals – the slope of an 
approximant projection line will always be a real number. For the quasicrystal projection, the 
slope will converge towards the golden ratio, τ, which is an irrational number. When designing 
approximants two on one-another following numbers of the Fibonacci sequence is used, such as 
1:1, 2:1, 5:3 and so forth. The higher order approximant, the closer it will be to approximating the 
structure of the quasicrystal of the same system [4].  
 
It is not an easy task to solve a structure, but projecting a six-dimensional structure as a three-
dimensional picture at least makes it somewhat easier. After all, the atoms themselves are still set 
in the 3D-universe, it is the mathematical periodicity that extends the visible and easily 
understandable space. 
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2.4 Stacking behaviour and cluster structures 
The issue with having something exhibiting five-fold rotation symmetry becomes obvious when 
we make an attempt to understand why this was thought to be a forbidden way of filling up space. 
It was long thought that anything but two, three, four or six-fold rotation symmetry was unable to 
fill space in a complete way. The Penrose tiling, being a two-dimensional projection, soon erased 
that suspicion by proving that a five-fold symmetry was able to achieve the same thing, without 
having a defined unit cell. While quasicrystals lack this defined unit cell, they do layer themselves 
in an ordered way, with different substructures stacking inside one another.  
 
Depending on how these stacking clusters are arranged, we can define three different kinds of 
icosahedral quasicrystals – Mackay, Bergman and Tsai-type phases. Quasicrystals and 
approximants are grouped together depending on the stacking behaviour, as shown in figure 4. 
Tsai-type Quasicrystals are approximated with Tsai-type approximants, and so forth. 
Approximants show the same cluster layering behaviour as the quasicrystal, but also stacks in a 
conventional way, resulting in a conventional 3D-periodic crystal structure. The stacking 
geometries are determined by the chemical order of atoms in the material, atomic radii of the 
ingoing elements as well as the ratio between different block elements. 

 
Figure 4 - The basic stacking clusters of a) Mackay, b) Bergman and c) Tsai-type phases [D]. 

The system investigated in this project, RE-Au-SM, has earlier been determined to be a Tsai-type 
phase [4], which shows icosahedral symmetry. Structures of this type are defined by the rule of 
them showing 2-fold, 3-fold and 5-fold rotational centres – they do not necessarily need to be a 
plain icosahedron, since applying this rule to for instance a dodecahedron works as well. Referring 
back to figure 4 above, it is clear that this rule applies to every polyhedral figure above aside from 
the first tetrahedron of the Tsai-phase, which does not adhere to this rule. Why this is the case is 
still unclear, and something that is still being researched. 
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Tsai-type quasicrystals are one of the most extensively studied type of icosahedral quasicrystals, 
mostly due to the fact that the structure of a crystal of this type has been solved [6]. This thus 
provides a lot more information about the structure than if a different type of phase was 
investigated, as Bergman or Mackay. One of the first discovered Tsai-types was i-YbCd5,7, 
something as uncommon as a stable binary quasicrystal. With the huge benefit of being made out 
of only two different elements, solving the structure was a lot easier compared to what it would 
have been if the composition was ternary or higher. 
 

2.5 Finding suggestions to the structure 
There are some parameters of interest when discussing the Tsai-type quasicrystals or 
approximants. As a binary crystal exists where the structure is solved, information on the ratios 
of ingoing elements and their relative positions can be extracted. With this information, it becomes 
easier to calculate the composition needed to form a quasicrystalline compound – at least 
theoretically. With this knowledge, the ratio between Yb and Cd can be calculated. That is, the ratio 
between the ingoing elements substituting the Yb, usually another RE-element, and the mix 
between metals used to substitute Cd. For simplicity, this compositional ratio between elements 
will be shortened to RE/sub-ratio. In theory, there is an optimal element ratio for these kinds of 
quasicrystals as it is the optimal composition for cluster structures to form. Knowing this ratio is 
the first step towards creating similar structures with other compositions, such as with ternary 
systems. This is done by substituting Yb and Cd with different RE-elements and a mix between P 
and D-block elements, while still maintaining the ideal ratio between the two groups.  
 
Alongside the pure RE/sub-ratio, another indicator called e/a-value can be used, which takes 
atomic charge and the amount used into consideration. The e/a-value is calculated by dividing the 
valence of each element added together, respect payed to the composition ratio (e), with the 
ingoing amount of atoms for the composition (a): 
 

𝐴𝑡%𝑅𝐸 ∗ (𝑣𝑎𝑙𝑒𝑛𝑐𝑒) + 𝐴𝑡%𝐴𝑢 ∗ (𝑣𝑎𝑙𝑒𝑛𝑐𝑒) + 𝐴𝑡%𝑆𝑀 ∗ (𝑣𝑎𝑙𝑒𝑛𝑐𝑒)

100
 

 
Ideally in this system, these two ratios should be close to 2,14 for the e/a and 1,6 for the RE/sub. 
With this, we can theoretically work our way towards optimal compositions for quasicrystalline 
materials. Discovering approximants along the way is also a good indication that we are moving 
towards the desired composition. However it is still not entirely clear to understand what ratio of 
the elements is required, despite suggestions to a “golden ratio” of quasicrystal formation being 
shown in previously solved structures. Going back to the Russian-doll-analogy we see that there 
are several layers of the Tsai-type structure, atoms being arranged in different shells or 
geometrical figures, stacking inside each other. We also see that the innermost figure in this case 
is a tetrahedron. Depending on the rare (RE)-element, this tetrahedron can sometimes be 
substituted with a single RE-atom. This adds a layer of complexity to fine tuning the composition, 
as it is not certain when the tetrahedron or the single atom will be favoured in the structure [7]. 
This particular variation in structure will naturally give rise to different possible ratios of RE/sub-
elements needed to form the desired compound. 
 
It should be noted that for the chosen system, Re-Au-SM, no quasicrystals have been reported, 
only approximant crystals have been found [4]. However, the system has attracted interest due to 
interesting properties, specifically signs of ferromagnetism [1]. This makes the system interesting 
for magnetic analysis, and it sparks the question “are there any magnetic quasicrystals?”.  
Magnetics properties in structures like this are so rare, that lack of magnetic properties were 
thought to be an inherent property for all quasicrystalline or approximant structures. This have 
since been proven otherwise [1], [8]. Due to the current lack of possible applications for 
quasicrystals, finding magnetic properties is a vital step on the way to possibly implementing 
quasicrystals in materials for different applications. 
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In order to confirm the existence of quasicrystals, physicals samples must be produced to test our 
theories. Theoretical calculations alone is not enough. Thus, exploratory synthesis procedures will 
be required, where there is a good chance that the calculated ratios between the ingoing elements 
might be disturbed due to the human factor. This makes exploring a potential quasicrystalline 
system a potentially tedious task. Finally, the e/a value is merely a guide for where it theoretically 
might be beneficial to search for quasicrystals. This is not to be considered some kind of guarantee 
for actually finding a quasicrystal at that exact composition. 

3. Methodology 
3.1 Methodology preface 

There are several reports of quasicrystals and approximants being synthesised using different 
kinds of rapid quenching-methods [9]. This usually yields metastable quasicrystalline compounds 
that are very fine-grain, which means it is hard to actually get crystallites big enough for single 
crystal analysis, which is one of the scopes of this thesis. For achieving bigger single-crystal 
phases, the synthesis will have to be conducted with careful consideration of both composition 
and temperature program [10] to avoid rapid quenching and to assure good single crystal growth. 
Since a composition with Gd-Au-Si will be used, where Au-Si will act as a flux, the phase diagram 
of Au-Si, figure 5, should be studied carefully [11].  
 

 
Figure 5 - Phase diagram of the binary phase Au-Si [12]. 

Considering that both Au and Si melts at high temperature, as shown in the phase diagram above 
in figure 5, a composition that both fills the desired criteria for quasicrystals forming and creates 
an alloy that doesn’t require too high of a temperature to melt would be preferred, since this will 
make the synthesis a lot harder. Taking e/a-values and RE/sub-values in consideration states that 
the optimal composition should be approximately 30-35 at% Si and 65-70 at% Au for the Au-Si 
flux, which gives us a melting point at approximately 700 ° C. This is well within an acceptable 
range for the synthesis itself to be doable with the machines available at location. 
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Considering the ingoing compounds of the synthesis, it can be quickly noticed that all of them have 
very high melting points – gold melts at 1064°C, silicon at 1414°C and gadolinium at a 1312°C. 
First issue is to make a flux by melting Au and Si together. Since no reaction is to be had here other 
than mixing the gold and silicon, this is done by arc-melting the gold and silicon together. This 
forms an alloy, which will be the flux for the reaction. Considering the temperature program, 
which never rises above 900°C, the gadolinium will never melt, but instead dissolve in the flux. 
This should be enough to make the phases blend to the desired composition. 
 
When speaking about the phase diagrams of our ingoing compounds, we do face the problem that 
there is no ternary phase diagram available for Gd-Au-Si, which naturally makes determining the 
parameters for the synthesis a lot harder. There is also a divergence from previously studied 
phases by changing the rates of Au and Si, which might require change to the temperature 
program accordingly. It should be noted that even though the difference in composition is known, 
we don’t know what that difference means in context of the ternary phase diagram. With that in 
mind, it should also be said that at this stage, it is unknown what phases to expect as a result of 
these experiments. At the time of writing, there has been no known experiments done with these 
compositions, there is no known phase diagram of this ternary system, and we lack understanding 
about which phases are possible outcomes of the experiment. Thus, this should be considered an 
exploratory project more than anything else. 
 

3.2 Synthesis path 
A synthesis path similar to the one described in the publication of Gebresenbut et al [10] will be 
used, called “arc-melting self flux”.The difference will be the ingoing compositions, described in 
more detail below. 
 

3.2.1 Precursor alloy 
The composition that will be varied will be the composition of the precursor alloy, meaning that 
the rate of Au-Si will vary rather than the amount of Gd used, which will be kept static.  
 

1. Weigh up Au and Si 
2. Melt in arc-furnace to ingots (4-5 times for homogeneity), use titanium getter to remove 

residual oxygen. 
3. Control mass loss 

 
Constantly controlling mass loss is important, since depending on what stage of melting mass loss 
occurs, homogenous mass loss may or may not be assumed. 
 

3.2.2 Adding Gd 
From this point and onward, lab work will be conducted in an inert atmosphere, as far as possible.  
 

1. Weigh up precursor alloy and Gd in a glove box 
2. Add to alumina crucible, which should be put together like image 2. 
3. Alumina crucible goes into quartz tube. 
4. Seal quartz tubes under vacuum. 
5. Transfer tubes to furnace for heat treatment (described down below). 

 
For the tube, two alumina crucibles stacked on top of each other will be used. The core with this 
setup is the strainer in the middle which will be used to separate the single crystals from the 
residual melt. With this method, it should be possible to separate potential crystals from the melt, 
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avoiding the issue of having to recover the single crystalline phases from the solidified residual 
flux, as suggested in figure 6 below;  

 
Figure 6 - Setup used by Gebresenbut et Al. For this experiment, the stainless steel casing will be replaced with quartz tubes 
[13]. 

3.2.3 Temperature program 
A temperature program used and documented by Gebresenbut et al. [10] will be used, described 
in table 1. This has been used for a self-flux technique using excessive flux for the TbAuSi-system 
 
Table 1 - Temperature program 1 for the synthesis 

Phase Temperature (C) Time 
Heating 20 - 850 Heat up. 
Dwelling 850 10 h 
Cooling 1 850-750 100 h (-1K/h) 
Dwelling 2 750 48 h 
Cooling 2 750-550 8 h (-25K/h) 
Dwelling 3 550 48h 

 
After the final dwelling phase, the tubes will be centrifuged to separate the single crystals from 
the residual melt. Residual flux will in this case consist of Au and Si. Resulting crystals will then be 
analysed accordingly. 
 
For the second round of synthesis, the temperature program was raised overall with 50°C, the 
same temperatures were still being used. This is displayed in table 2; 
 
Table 2 - Temperature program 2 for the synthesis. 

Phase Temperature (C) Time 
Heating 20 - 900 Heat up. 
Dwelling 900 10 h 
Cooling 1 900 - 800 100 h (-1K/h) 
Dwelling 2 800 48 h 
Cooling 2 800 - 600 8 h (-25K/h) 
Dwelling 3 600 48h 
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3.2.4 Suggested compositions to be synthesized 
Samples will have a total weight between 2 and 2,5 grams, and will be following the compositions 
listed below. Compositions should be as close to the e/a-value of 2,14 as possible, as well as to 
keep a ratio between RE and substitution elements close to 1/6. Calculations yielded the 
compositions found in table 3 below. 
 
Table 3 - Calculated compositions 

Name Au (at%) Si (at%) Gd (at%) E/A RE/sub-ratio 

C1 56,5 29,214 14,286 2,16214 0,166671 

C2 56,6 29,114 14,286 2,15914 0,166671 

C3 56,7 29,014 14,286 2,15614 0,166671 

C4 56,8 28,914 14,286 2,15314 0,166671 

C5 56,9 28,814 14,286 2,15014 0,166671 

C6 57 28,714 14,286 2,14714 0,166671 

C7 57,1 28,614 14,286 2,14414 0,166671 

C8 57,2 28,514 14,286 2,14114 0,166671 

C9 57,3 28,414 14,286 2,13814 0,166671 

C10 57,4 28,314 14,286 2,13514 0,166671 

Name n (Au) n (Si) n (Gd) m (Au)(g) m (Si)(g) m (Gd)(g) 

C1 0,009951899 0,005145748 0,002516333 1,960226 0,144081 0,395693 

C2 0,009957659 0,005122037 0,002513341 1,96136 0,143417 0,395223 

C3 0,009963405 0,005098381 0,002510356 1,962492 0,142755 0,394754 

C4 0,009969137 0,005074782 0,002507378 1,963621 0,142094 0,394285 

C5 0,009974855 0,005051239 0,002504407 1,964747 0,141435 0,393818 

C6 0,00998056 0,005027751 0,002501444 1,965871 0,140777 0,393352 

C7 0,009986252 0,005004319 0,002498487 1,966992 0,140121 0,392887 

C8 0,00999193 0,004980942 0,002495537 1,96811 0,139466 0,392423 

C9 0,009997595 0,00495762 0,002492594 1,969226 0,138813 0,39196 

C10 0,010003246 0,004934354 0,002489658 1,970339 0,138162 0,391499 

 
These are suggested compositions to be synthesised, based on the calculated RE/sub-value and 
the calculated E/A-value. Theoretically, these should have good chances of yielding quasicrystals. 
Synthesis cycle 2 will be based on the results of the first cycle. It should be noted that the masses 
suggested are ideal, and are dependent on how closely we can get whilst weighing up the 
precursor metals. Mass loss in arc furnaces should be considered as well, which all in all makes 
weighing between synthesis phases very important. Compositions for round 3 are based on 
compositions previously described by Gebresenbut et.al. [14]. 
 

3.3 Actual synthesised compositions 
Experiments were split up in three rounds, each one depending on the results from the previous 
batch. The actual synthesis rounds are concluded in table 4. Samples are named with the 
composition number first, and the batch number second. It should be noted, as previously 
mentioned, that samples chosen for each batch are based on the results of the previous batch. 
Further description of this procedure can be found under Results.  
 
 



 
15 

 

Table 4 - Actual synthesised compositions with total mass and used temperature program. 

Name Au (at%) Si (at%) Gd (at%) Total mass (g) Temp. program 
C1:1 56,5 29,214 14,286 2,5 Program 1 
C5:1 56,9 28,814 14,286 2,5 Program 1 
C10:1 57,4 28,314 14,286 2,5 Program 1 
C1:2 56,5 29,214 14,286 2 Program 2 
C5:2 56,9 28,814 14,286 2 Program 2 
C10:2 57,4 28,314 14,286 2 Program 2 
C11:3 66 19,714 14,286 2 Program 1 
C12:3 68 17,714 14,286 2 Program 1 
C13:3 70 15,714 14,286 2 Program 1 

 

3.4 Analysis methods 
The synthesised compounds will be analysed using several different methods for structural 
analysis as well as compositional analysis. 
 

3.4.1 Powder X-Ray Diffraction (powder XRD) 
A fraction of each synthesised sample will be ground into a fine powder and analysed with powder 
diffraction. This to identify previously indexed phases in an efficient way, as well as possibly 
achieve data on cell parameters from identified phases. The drawbacks of this method is that there 
is no immediate structural data to be had, and unless the phase is already indexed in a database, 
characterisation of the samples will be considerably harder. Analysis was made on a Bruker 
D5000 ThTh X-ray diffractometer with CuKα–radiation (λ = 1,54 Å). This is a good enough 
diffractometer for the initial results, as well as for trivial characterisation of already known 
phases. Additional diffraction analysis was made on a STOE & Cie GMbH Stadi X-ray diffractometer 
with single wavelength CuKα1 (λ = 1,54 Å) and a Ge monochromator. This to get more 
distinguished peaks without double peaks, as well as less background.  
 

3.4.2 Single-crystal X-ray Diffraction (SC-XRD) 
One of the main scopes of the project is to successfully synthesise single crystals big enough for 
single-crystal XRD. This method of diffraction focuses on analysing a single phase crystal rather 
than several, as in a powder sample. This is achieved by rotating the sample to detect reflexes in 
different angles from the indecent beam towards the detector. Reflexes are then harvested and 
computed to yield an image of the reciprocal space of the analysed sample. This is a useful method 
for structure analysis and yields more specific information regarding the structure than powder 
diffraction, since only one crystal is analysed at a time. Since only one phase can be studied at the 
time, there is no guarantee that the analysed crystal will be representable of the entire sample, 
which should be taken into consideration for characterisation. It should be noted that for a SC-
XRD analysis to be successful, samples should ideally be between 50 and 100µm. The 
diffractometer used is a Bruker AXS D8 using Mo-radiation (λ =0,71069 Å), with a APEX 11 area 
detector. 
 

3.4.3 Scanning Electron Microscopy (SEM) /Electron Dispersive Spectroscopy (EDS) 
SEM-imaging techniques will be used to visually study the synthesised samples, as well as to find 
locations suitable for compositional analysis, EDS. Calibration using a cobalt standard at 15 keV 
will be made to achieve good quantitative analysis. The main objective of these methods is to 
quantify the synthesised phases. Plenty of valuable information regarding composition can be had 
from EDS, not limited to quantities, but also information regarding homogeneity of the phases. It 
should be noted however, that the precision of EDS-analysis is roughly ~2 at%. The results will 
serve as good pointers towards the composition of the phases, but will not be able to yield the 
exact composition. Analysis was made using a Leo Gemini 1550 SEM with EDS.  
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4. Results 
Experiments were performed in three separate batches, each one with their own modifiers to the 
primary synthesis plan. The results are therefore categorised into the respective batches. Each 
batch consisted of three samples with different compositions chosen from the calculated ideal 
compositions. After studying each batch, the setup and compositions for the following batch was 
selected based on the results.  
 

4.1 Batch 1 
The first thing that should be said about the first batch of samples was that none of them benefited 
from being centrifuged, since the melt was already solid when leaving the furnace. Thus, none of 
the samples yielded isolated single crystals but rather single crystals encased in a matrix of 
residual flux. When extracting crystals from these samples, the resulting ingot had to be crushed. 
This introduced a risk of fracturing larger crystallites. Due to this, facets could not be studied. 
Upon breaking the ingots, several metallic surfaces could be seen encased in the residual flux, 
visibly different in colour, shape and hue to the flux, which appeared in a more golden colour. The 
resulting surfaces had a distinct metallic shine to them with a silvery hue.   
 
Samples were analysed with SEM imaging to study their morphology. This yielded a more 
profound understanding on how the synthesised phase differs from the flux, as shown in figure 
7. 

 
Figure 7 - SEM image of sample C10:1. To the left in the picture, we see a crystalline phase, with visible planes and edges, 
whilst to the right, we see the flux, visibly different. 

From the image above, it becomes clear that there are two phase present, one with a crystalline 
morphology and the other lacking distinct facets. This can be assumed to correspond to the 
ternary crystals and residual flux respectively. Figure 8 shows a section of the crystalline phase 
where planes can be seen a bit more clearly without flux contamination; 
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Figure 8 - An image of a crystalline surface and planes of sample C1:1. 

4.1.1 Powder XRD 
All the samples in the first batch were ground to a powder and studied with powder XRD to try 
and determine the cell parameters and existing known phases in the samples. This yielded the 
diffractogram shown in figure 9. 
 

 
Figure 9 - Powder diffractogram for C1:1. Peaks are marked for gold. 

As visible in the diffractogram, there are several peaks unindexed, despite thorough database 
searches. There is also a sharp peak around 28-29° which is distinctively different from the rest 
of the peaks. For full diffractograms, please see appendix. All of the samples in the batch displayed 
similar patterns and peak placements, as shown in figure 10.  
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Figure 10 - A comparison between all the diffractograms for batch 1. Note the similarities in peak positions. 

 Due to the lack of database matches, a new powder-XRD analysis was run on a diffractometer 
with better resolution, striving to achieve less wide peaks. This yielded the following 
diffractogram, shown in figure 11. 

 
Figure 11 - Powder diffraction pattern of sample C1:1. Note how the improved resolution gives more precise data on peaks 
in the range 35-45 degrees. Peaks marked for pure gold. 

4.1.2 SC-XRD 
From every sample of the batch, assumed single crystals were carefully extracted and mounted 
on cactus needles for SC-XRD structure analysis. Despite a definitive result have not been 
elucidated, it was at least possible to determine that there were good quality single crystals 
yielding diffraction data which can be used for further structure analysis. 
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4.1.2.1 C1:1 
For C1:1, data good enough for analysis was obtained. After structure analysis, C1:1 appeared to 
be a phase with the cell parameters 7,71Å, 7,71Å and 18,71Å, set in a rhombohedral configuration 
with the angles 90° 90° 120°. To the extent of present knowledge, this appears to be an unreported 
phase. It should however be noted that this result is a suggestion – the structure corresponding to 
this suggested cell is yet to be solved, and the rhombohedral cell provided the best fit to the data. 
 

4.1.2.2 C5:1 
SC-XRD analysis was not performed on this composition due to difficulties picking good crystal 
fragments. 
  

4.1.2.3 C10:1 
A sample crystal of C10:1 was set to be studied with SC-XRD, but due to a power outage, this was 
cancelled halfway through. The data harvested before the power outage did however suggest the 
same rhombohedral phase as in C1:1.  

 

4.1.3 EDS 
To determine the composition of the synthesized samples, elemental analysis was performed 
using SEM-EDS. Samples were analysed with three different methods; mapping, point-ID and line 
scans.  No time was put into any in-depth analysis of any of the samples in batch 2 or 3, due to the 
nature of the powder XRD results for those batches. The results are presented in table 5; 
 
Table 5 - EDS data for batch 1 

C1:1 Au (at%) Si (at%) Gd (at%) Res (at%) 
Point 1 57,5 25,0 15,5 2 (Ge) 
Point 2 55,3 24,3 14,6 4,0 (O) 1,8 (Ge) 
Point 3 55,1 23,4 14,8 4,6 (O) 2,1 (Ge) 
Map 36,2 15,6 9,7 35,2 (C) 2,1 (O) 
Line scan 57,8 24,9 14,9 2,4 (Ge) 
C5:1 Au (at%) Si (at%) Gd (at%) Res (at%) 
Point 1 55,5 23,7 13,9 4,9 (O) 2,0 (Ge) 
Point 2 59,7 25,7 14,6 NA 
Point 3 55,5 24,7 13,8 6,1 (O) 
Map 58,2 25,0 14,6 2,2 (Ge) 
Line scan 56,2 24,5 14,2 5,1 (O) 
C10:1 Au (at%) Si (at%) Gd (at%) Res (at%) 
Point 1 53,6 21,7 16,7 7,9 (O) 
Point 2 52,8 21,9 15,3 7,8 (O) 2,3 (Ge) 
Point 3 52,2 21,0 16,2 8,6 (O) 1,8 (Ge) 
Map 51,1 21,3 15,9 7,3 (O) (4,3) Nb 
Line scan 53,1 21,8 15,8 7,2 (O) 2,1 (Ge) 

 
Full EDS-spectra can be found in the appendixes. 
 

4.2 Batch 2 
After extracting the samples from the quartz tubes, it became apparent that both sample C1:2 and 
C10:2 had oxidised, due to the lack of metallic shine and structure. They appeared more powder-
like rather than as a single ingot. This can most likely be attributed to a faulty seal in the quartz 
tube casing. Thus, these samples did not yield any information towards any possible ternary 
compounds of interest. Despite this, one was analysed with powder XRD, which indeed confirmed 
the presence of unwanted oxides in the sample, shown in figure 12. 
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Figure 12 - Diffractogram of one of the oxidised samples. Red peaks marks out gadolinium oxide and the blue can be 
attributed to residual gold. 

Sample C5:2 did not oxidise in the same way as the other two samples of the batch, and a single 
2x2 mm crystal was extracted from the sample after the flux had been strained and the sample 
centrifuged. Although still partially covered in flux, clear facets of what appears to be a large single 
crystal can be seen in figure 13. 
 

 
Figure 13 - The single crystal that was extracted from sample C5:2. Facets can clearly be seen beneath the residual flux 
(gold-coloured) present. 

Residual crystallites were crushed into a powder and analysed with powder XRD, resulting in a 
pattern similar to the oxides identified in the powder samples C1:2 and C10:2, shown in figure 
14.  
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Figure 14 - A comparison between XRD patterns for C1:2 (blue) and C5:2 (purple). Note the similarities in peak positions. 

Due to these results, the large single crystal was crushed and powdered and analysed with a 
different spectrometer, a D8 with CuKα-radiation, which yielded a close to perfect match for pure 
silicon, shown in figure 15. The case was the same with EDS analysis. 
 

 
Figure 15 - Diffractogram of the powdered single crystal. Red peaks marks out single crystal silicon, blue marks out pure 
gold. 

Based on this, yet another batch of samples was decided upon, where the gold/silicon ratio was 
altered from the compositions in the previous batches to instead approach similar compositions 
as studied by Gebresenbut et al [4]. 
 

4.3 Batch 3 
Compositions were a lot different to the previously used compositions, all in all richer in gold 
compared to batch 1 and 2. Due to unknown circumstances, every single sample in batch 3 
exploded, with seemingly quite the amount of force, considering quartz tube shards being lodged 
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into the sides of the furnace. Whatever samples could be salvaged had oxidised, showing similar 
results to the oxidised samples in batch 2, proven by the diffractogram in figure 16. It should be 
noted that it was not possible to identify the samples due to the destruction of the casings. 
 

 
Figure 16 - Diffractogram for one of the samples in batch 3. Due to samples breaking, it is unclear which of the intended 
compositions it is. Red peaks marks out pure gold, blue peaks mark Gd2O3, and green peaks mark Gadolinium oxide silicate.  

5. Discussion 
Since this is an exploratory synthesis project, within a relatively unknown system, naturally there 
will be problems with readily determining the synthesised structures and their properties. None 
of the patterns, data or unit cells will provide a complete answer to what is synthesised. This 
means that it is necessary to examine results from another point of view. It could very well be the 
case that previously undiscovered phases have now been synthesised. As a result, these would be 
the first observations of new structures of a ternary system not well traversed by previous 
endeavours.  
 
Starting off with the synthesis procedure, there are a lot of comments to be made. First and 
foremost, it is not possible to exactly control the composition as precisely as desired. Studying the 
suggested compositions in table 3, making only the slightest of changes can greatly affect the 
resulting compositions, leading to a completely different composition than desired can be 
obtained. This may not greatly affect the e/a-value. Several limiting factors are present – accuracy 
of the analysis scales available, purity of precursor elements to mention a few. This creates a new 
issue – that is, knowing exactly what phases are present? Since it is not possible to accurately 
control the mass loss, knowing the final composition manifesting in the samples is challenging. 
Besides, as stated above, GdAuSi is not a well explored system, which obviously makes it a lot 
harder to predict how and where phase transitions occur. It is entirely possible that we are 
working with the wrong temperature program, which on its own might make it harder to reach 
good results.  
  
The powder diffraction patterns obtained was not easy to index, as they did not show any perfect 
matches to previously reported patterns. This could however be a rather straightforward sign to 
the presence of a previously unreported phase in the GdAuSi-system. This naturally sparks the 
question of what phases are present in the samples, given that the studied compositions are not 
too far apart in composition from one another. They are clearly different from the previously 
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reported phases [5]. Another aspect to determine is how many phases there actually are in each 
sample. It is challenging at this point to determine whether the experiment conducted were close 
to a border in the ternary phase diagram, if a line-phase has been synthesised or if something else 
went wrong in the synthesis procedure. 
 

5.1 Notes on the first batch 
Comparing the first batch of samples, they look very similar to one another, as previously shown 
in figure 10. There are clearly several peaks at the same 2Θ position for all of the samples. This 
could point towards the three samples of batch one containing the same phase. There are, 
however, some peaks in the powder diffractograms that cannot be explained with current 
knowledge, since they do not match any previously synthesised phase in any database available. 
This has so far posed the greatest challenge when it comes to identifying the synthesised phase. 
 
There are indeed plenty of unknown peaks, an example of this being the very sharp peaks visible 
at 2Θ = 28°, which looks like a characteristic peak for single crystalline silicon. The difference in 
peak width points towards it being of a different phase than the others. Other than that, we can 
also see that some of the peaks can be attributed to pure gold, present in all samples of batch 1. 
Ths is not an unlikely outcome, considering the amount of residual flux present alongside the 
synthesised phases. This is shown in figure 17 below. 
 

 
Figure 17 - Diffractograms of all the samples in batch 1, peaks for gold marked out. C1:1 (black), C5:1 (red), C10:1 (green), 
gold (blue). 

There were no isolated single crystals in the synthesis of the first batch (which yielded the 
unexplainable phase), so naturally some flux will end up alongside the sample when powdering 
it. Explaining the very sharp peak at roughly 2Θ = 28° is a lot harder – it is a peak very 
characteristic to single crystalline silicon, which should not be present in this sample – it should 
be alloyed with gold. It is possible that contaminants were introduced during sample preparation. 
Given that there is a human factor in this, it is plausible, but it still does not serve as a decent 
explanation. That it would affect two separate samples, studied on different days, handled 
separately and still yield the same peak is unlikely. There is a possibility that silicon single crystals 
have been growing in the melt during the heat treatment, which is a highly undesired artefact in 
the synthesis process. This might be a reason to reconsider the temperature program, since 
ideally, the silicon should alloy with the gold and gadolinium, rather than crystallising on its own. 
This does of course depend on where in the phase diagram work is being conducted.  
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5.2 EDS 
Considering the results from the EDS analysis, every sample in batch one yielded roughly the same 
composition, at least when considering the relation between the ingoing compounds. There are 
also signals from oxygen and germanium. The latter could be attributed to Gd, considering how 
close the signal from Gd and Ge are in energy. The oxygen is a most unwanted occurrence, as it 
indicates that the synthesis was not being conducted under the proper conditions. Ideally, no 
oxygen should be able to contaminate the sample.  
 
Each sample was analysed with mapping, line-scan and point-ID. Based on the appearance of the 
maps, each sample seemed to be homogeneous, suggesting that a single phase is present rather 
than several. The same conclusion can be made from the results of the line-scan, resulting in 
steady values for composition, without an obvious gradient. For the actual composition analysis, 
more attention will be paid to the point-ID. 
 
As shown in table 6, there is a difference between the desired compositions and the achieved 
results, from information compiled using the point-ID scans.  
 
Table 6 - Planned compositions compared to resulting compositions and the difference between them. 

PLANNED COMPOSITIONS (theoretical) 
 

Name Au (at%) Si (at%) Gd (at%) 

C1:1 56,5 29,214 14,286 

C5:1 56,9 28,814 14,286 

C10:1 57,4 28,314 14,286 

RESULTING COMPOSITIONS 
 

Name Au (at%) Si (at%) Gd (at%) 

C1:1 56,0 24,2 15,0 

C5:1 56,9 24,7 14,1 

C10:1 52,9 21,5 16,1 

DIFFERENCE 
   

Name Au (at%) Si (at%) Gd (at%) 

C1:1 -0,5 -5,0 0,7 

C5:1 0 -4,1 -0,2 

C10:1 -4,5 -6,8 1,8 

 
The most prominent observation from this data would be the constant lack of silicon compared to 
the desired composition. As discussed earlier, this could probably be attributed to mass loss, but 
the possibility of oxide forming shouldn’t be disregarded, considering the amount of oxide present 
in the samples. Again, relates to sample preparation and sample handling. As every step of sample 
assembly currently cannot be performed under inert atmosphere, oxide formation is always at 
risk. Since the reaction happen at an increased temperature, reaction between oxygen and the 
ingoing compounds is inevitable. 

 

5.3 Powder XRD 
To extract cell parameters from the powder diffraction patterns, several aspects needs to be 
considered. For starters, identifying the existence of residual gold, originating from the leftover 
flux, was relatively straightforward. Marking out these reflections with the cell parameters for 
pure gold is shown in figure 18, with lines marking out the relevant peaks. 
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Element Cell parameters Angles System Space group 
Gold (Au) a = 4,07 Å 90° 90° 90°  Cubic Fm-3m 

 

 
Figure 18 - Powder pattern of C1:1, marked reflections for the suggested unit cell of gold. 

Despite the peak for pure silicon around 2Θ =28° have been identified, and the marked peaks are 
a good fit for gold, several peaks are left to identify. Unfortunately none of the suggested cells that 
SC-XRD yielded is a good fit for the remaining peaks. The suggested rhombohedral phase leaves 
several of the most prominent peaks unexplained, shown in figure 19; 

Element Cell parameters Angles System Space group 
AuxSixGdx a: 7,71 Å, b: 7,71 Å c: 18,71 

Å 
90° 90° 120°  Rhombohedral R3 

 

 
Figure 19 - Powder pattern of C1:1, marked reflections of the suggested rhombohedral phase 

If the peaks for gold are not considered, there are several peaks left unexplained, including the 
peaks between 2Θ =35° - 40°. Considering that these two are the most prominent peaks, this 
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rhombohedral phase cannot be considered a viable suggestion. Thus, the SC-XRD analysis and 
powder XRD-pattern are contradictive. Sadly, this is the case for other suggestions sprouting from 
the SC-XRD results, one of them being a cubic cell. Calculating the given cell parameters yields the 
following peak positions, shown in figure 20; 

Element Cell parameters Angles System Space group 
AuxSixGdx a: 10,9 Å 90° 90° 90°  Cubic F23 

 

 
Figure 20 - Powder pattern of C1:1, marked reflections of the suggested cubic phase 

Despite possibly explaining the peak at 2Θ =35° a bit better (despite a slight shift), the strongest 
peak at roughly 2Θ =39° is left unexplained, which makes this another unlikely suggestion. Several 
of the smaller following peaks at higher angles are also left without explanation, if gold is not 
considered. Much like the aforementioned rhombohedral phase, this is not a good suggestion. 
 
Returning to known ternary compositions in this system, the previously synthesised approximant 
phase should be considered, despite the composition being far from the one confirmed present by 
EDS analysis. The approximant phase is cubic, and has previously been synthesised using similar 
methods [14]. Indexed peaks are shown in figure 21. 

Element Cell parameters Angles System Space group 
Au69,87Si15,94Gd14,19 a: 14,747 Å 90° 90° 90°  Cubic Im3 
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Figure 21 - Powder pattern of C1:1, marked reflections of the 1:1-approximant in the same system. 

This proves that what have been synthesised is clearly not the 1:1 approximant. Looking at the 
the area between 35° and 45°, there are several peaks that doesn’t match up. It also leaves a few 
peaks unexplained, such as the one around ~12°. The intensity relations amongst the few peaks 
that do match are wrong. This renders the 1:1 approximant a bad match, and should therefore not 
be considered as a solution.  
 
Looking into the ternary system of GdAuSi, there are only two previously reported phases, one 
being the 1:1-approximant, the other one being Au2GdSi2 [18]. Much as the case with the 1:1-
approximant, the EDS-results contradicts this being a prevalent phase. It should however be 
considered regardless. This is shown in figure 22. 

Element Cell parameters Angles System Space group 

Au2GdSi2 a: 4,244 Å, b: 4,244 Å, 
c:10,159 Å 

90° 90° 90°  Tetragonal I 4/mmm 

 

 
Figure 22 - Powder pattern of C1:1. Reflections marked for the Au2GdSi2 composition in the same system. 
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As shown, Au2GdSi2 can with these results quickly be disregarded as a viable option. There is no 
match between the marked reflections and the actual diffractogram.  
 
Moving away from the ternary system, binary phases should be considered, despite EDS-data 
again being contradictive. One phase that should be considered is the binary phase AuGd, which 
is predominantly made up of Au with traces of Gd. This option gives no viable explanation to 
where all the silicon went (if anything, it makes the problem worse on that point), but it could 
explain the SC-XRD results if the assumption that a minority phase was mounted for analysis 
rather than the main assumed ternary phase. Peaks for this phase are shown in figure 23. 
 

Element Cell parameters Angles System Space group 
AuxGdx a: 5,3 Å 90° 90° 90°  Cubic F23 

 

 
Figure 23 - Powder pattern of C1:1, marked reflections of the binary phase AuGd. 

Judging by the look of this set of reflexes, the binary phase of AuGd should be out of the question. 
There is simply no fit to the pattern supplied.  
 

5.4 Finding the unit cell 
Whilst there not being a good match for anything in the ternary system studied, other similar 
systems could and should be considered. Gd is a lanthanide element, and several elements 
amongst the lanthanides are very similar to one another. Using the XRD-data with better 
resolution, a surprisingly good match was found towards another ternary system -  CeAuSi. Ce – 
cerium is, much like Gd, a lanthanide element, with very similar atomic radii and charge to Gd. 
This sparks the question whether there is a structure within the CeAuSi-system that could be 
constructed with Gd instead of Ce. This is shown in figure 24. 
 

Element Cell parameters Angles System Space group 
Au4CeSi2 a: 4,3 Å, b: 4,3Å, c:27,4 Å 90° 90° 90°  Tetragonal P-4m2 
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Figure 24 - Powder diffractogram of C1:1, reflexes marked for Au4CeSi2. Albeit reflections being a bit shifted to the actual 
peaks, a very good match. 

This is a very good match for the data presented. Looking closer, it should be noted that the 
composition is very similar to the synthesised composition, save for substituting Gd with Ce. 
Simulating a system with Gd instead of Ce would yield the following diffraction pattern, shown in 
figure 25; 
 

 
Figure 25 - Simulated powder pattern of Au4GeSi2. Note the similarities with the actual acquired pattern. Pattern 
generated with VESTA [17]. 
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This is a very good starting point to actually acquire the cell parameters for the so-far unknown 
cell. Since the cell parameters of the Ce-composition suggested [16] are known, these can serve as 
a starting point for finding a suggestion to the parameters of the synthesised composition. 
Assuming a similar crystal structure to the Ce-composition, a LeBail-fitting using JANA2006 was 
conducted, which, using statistical methods fits the experimental data to calculated data. Starting 
with a powder diffractogram, and starting guesses of crystallographic parameters, iterative 
calculations are being made, so that eventually a theoretical pattern can be fitted to experimental 
data. This fits as shown in figure 26: 
 

 
Figure 26 - A LeBail-fit of the experimental data and the suggested cell. Black marks the experimental data, red the actual 
fit, green the difference between the data and the fit. The major divergences in the green curve comes from the gold peaks 
being disregarded. 

Using this method, it is possible to fit a suggested cell to the empirical data. With the LeBail-fitting, 
using iterative statistical methods, a first suggestion of a possible structure can be done.. To 
properly solve the structure, further analysis using SC-XRD would be needed. A curve fitting like 
this only yields a suggestion for possible parameters, not a full structure solution. The suggested 
parameters are shown in table 7; 
 
Table 7 - Suggested parameters for the synthesised phase. 

Composition Au4GdSi4  
Structure Tetragonal 
Space group P-4m2 
a 4,2802 (2) Å 
b 4,2802 (2) Å 
c 27,427 (3) Å 
α  90°  
β  90° 
γ  90° 

 
This is very similar to the suggested Ce-compound, which is not unlikely, considering how 
lanthanide elements have very similar properties to one another. A structure model of Au4GdSi4 

is shown in figure 27.  
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Figure 27 - A structure model of the suggested tetragonal Au4GdSi2. Silicon is pictured as blue spheres, gold as yellow and 
gadolinium as purple. Picture generated with VESTA [17]. 

As shown in the figure above, it is possible to perceive the structure as a cluster structure in five 
layers. There is one clear repeating cluster, shown in figure 28 below; 
 

 
Figure 28 - A single cluster of the structure. Picture generated with VESTA [17]. 

Discussing the unit cell, it should be noted that it is very long in the c-direction (27,427 Å), which 
is unusual. In the cluster model, it can be seen that there are two different kinds of layers, one with 
four clusters and one with two clusters, every other layer containing four clusters. The layers with 
two clusters are identical to one another, with the exception of a 90° flip. These clusters are 
marked with blue colour in figure 29; 
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Figure 29 - Cluster structure of the unit cell. Layers of clusters marked with the red lines are identical, containing 4 clusters. 
Layers marked with blue lines are identical, save for a 90° flip. Picture generated with VESTA [17]. 

Looking at the layers marked with blue lines, it becomes apparent that there is a 90° flip of these 
layers, being stacked in the b-direction and the a-direction respectively. It is not known why this 
flip occurs, nor is it possible to tell why this behaviour would repeat itself through a crystal. It is 
an existing structure, considering it have been reported before in different compositions [16], but 
so far, no explanation to why this layer-flip happens could be found in literature. Doing a full 
structure solution using SC-XRD data might prove useful to yield more information about the 
nature of this structure.  
 

5.5 SC-XRD 
From each sample, single crystals were extracted and analysed with SC-XRD. Choosing good 
enough crystals proved to be quite the task. After initial SC-XRD analysis, some fragment appeared 
to be more polycrystalline than not. The SC-XRD results all point to the same thing, that all of the 
samples synthesized in the first batch belong to the same phase. Solving this has proved to be a 
challenge - the unit cells suggested after SC-XRD data refinement points towards either a 
rhombohedral or cubic phase. This is where problems arise, since inducing these structures do 
not match the powder diffraction patterns, which as shown above suggest a tetragonal structure.  
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There are a few things that should be discussed with the results from the SC-XRD. Despite the 
results being contradictive to what is suggested by the powder XRD, there are still some kind of 
conclusions here that can be made. It should be said, as stated in the introduction to this report, 
that this project was conducted and designed with the intent of possibly finding quasicrystals in 
the system. Despite the structure not being solved from the SC-XRD data, it stands painfully clear 
that there is no quasicrystal present among the mounted single crystals. This can be ruled out by 
simply looking and observing the SC-XRD patterns, where there is indeed a periodicity showing 
which clearly is not of a higher order of rotation symmetry. This is shown in figure 30. Despite 
still not exactly knowing what phase, nor what structure is present, this is a simple proof that rules 
out quasicrystals as an option and a solution to this structure.  
 

 
Figure 30 - Single crystal diffraction patterns of sample C1:1. Note the absence of forbidden rotational symmetry. 

On the subject of SC-XRD, it is unlikely that we have the previously known approximant of the 
system. Studying the diffraction peaks induced for that cell, the major peak is still left unexplained. 
Considering this, it makes it hard to attribute the data acquired to a previously known phase.  
 

5.6 Phase separation 
The big single crystal that was extracted from C5:2 proved to be nothing short of pure silicon. 
Inducing that very cell yields the same as the overall XRD identification, which would be the 
following, pattern shown in figure 31; 

Element Cell parameters Angles System Space group 
Silicon 
(Si) 

a = 5,4 Å 90° 90° 90°  Cubic Fd-3m 
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Figure 31 - Powder diffractogram of C5:2 (single crystal). A close to perfect match for single crystal silicon. 

This is proof that phase separation is highly possible during the circumstances present. This can 
also serve as a proof that phase separation should be possible in the ternary phases as well, which 
might explain why the silicon content is slightly lower in the ternary phases, and why silicon peaks 
are present in some of the diffractograms from batch one. This could possibly be explained with 
phase separation of silicon. 
 
Studying the residual from the single crystal was extracted from, and inducing this pattern on said 
diffractogram gives ample proof that the gadolinium in this sample oxidised, whilst the flux 
separated. This is shown in figure 32. 

Element Cell parameters Angles System Space group 
Gd2O3 a = 10,8 Å 90° 90° 90°  Cubic IA-3 

 
Figure 32 - Powder diffractogram of C5:2 (residual). Gadolinium oxide. Red peaks marks out gold. 

This proves that enough oxide in the samples, and the RE-metal will oxidise, leaving the flux to 
separate rather than form ternary phases. It also gives rise to the question whether the 
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temperature program for the synthesis was optimal for crystalline growth in this system. The 
temperature program in this case was overall elevated with 50°C compared to the first batch. 
 

5.7 The RE-Au-Si ternary phase diagram 
It should be stated that it is not only the Gd-Au-Si system that lacks a full phase diagram – this is 
the case with every rare-earth element paired with gold and silicon. Studying literature, a set of 
compositions in the area can be seen. It is hard to say if there is a trend to how rare-earth elements 
phases in this system seems to form, since there has not been any extensive studies other than 
sporadic endeavours into the respective systems. With this information, a ternary phase diagram 
has been drawn, as shown in figure 33: 
 

 
Figure 33 - A cut of a ternary phase diagram containing the known and described phases of the RE-Au-Si system at room 
temperature. Each dot marks a composition, described in table 8. The grey area marks the compositions synthesised 
according to EDS-analysis, the red line marks the theoretically calculated compositions that was the aim of this study.  
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Table 8 - Legend to the ternary phase diagram presented in figure 34 
Name RE-elements Dot At% Au At% Si At% RE REF 
Au2RESi2 Gd, Yb, La, Ce, 

Pr, Nd, Eu, Dy, 
Er, Tb, Ho, Sm 

A 40 40 20 [18][19][20] 

1:1 Approximant Gd B 70 16 14 [1] 
Au4RESi2 Ce, Gd C 57,1 28,6 14,3 [16] 
AuRESi Lu, Yb D 33 33 33 [21][22] 
RE Au0.63 Si1.37 Yb E 22 45,6 33 [22] 
RE Au0.88 Si1.12 Yb F 29 37 33 [22] 
RE Au1.254 
Si0.746 

Yb G 42 25 33 [22] 

AuRE2Si3 Eu H 17  50 33 [23] 
 
Studying this diagram, it becomes evident that there are several phases present, many of them 
rather far off from the desired compositions for this study, marked with a red line. Composition C, 
does however match well with both the desired compositions calculated theoretically, and the 
area of the phase diagram where the actual synthesised compositions reside (marked with the 
grey area). In theory, a possible quasicrystal should be found somewhere along this line, but as 
stated earlier, it is absent in the results of this study. The RE-elements are very similar to one 
another, hence it is not odd that so many of the compositions described in the diagram are of 
similar composition. What should be noted is that the diagram is void of any other approximant 
phases, nor does it contain any quasicrystalline compounds. This also shows to prove that the 
synthesised compositions was relatively close to the desired compositions. 
 
The lack of a full phase diagram does complicate matters when it comes to looking for an actual 
quasicrystal, however having the knowledge makes it considerably easier to rule out 
compositions that are already described and not of a quasicrystalline nature. It also gives rise to 
the question – what area should ideally be explored to possibly find a quasicrystal? One suggestion 
could be to look into closer defining the area around the approximant crystal (B), and around the 
synthesised composition (C), possibly venturing to define the area between these points a bit 
better. This could also be useful to better try to understand how to tailor the temperature program 
to better optimize single crystal growth. It should be stated that this is merely a cut of the ternary 
phase diagram at room temperature. The actual ternary diagram with full temperature 
information is not known.  
 

5.8 What went wrong? 
As stated above, work is not being conducted with what seems to be phases previously studied. 
Despite this, faults in the synthesis process itself can still be discussed.  
 

5.8.1 Compositions chosen 
The compositions that were chosen in batch one and two were calculated to, in theory, be the most 
optimal compositions for Tsai-type quasicrystals to form, based on the ratios of  the YbCd 
quasicrystal, which the structure have been solved for. Given that it is still unknown whether such 
a thing exist, compositions were optimised to give a good RE/SUB-ratio (similar to an YbCd-
quasicrystal) as well as a good e/a-value. The results seems to prove that the compositions chosen 
all yield the same phase, which, by the looks of the SC-XRD-patterns, is not a quasicrystal at all. 
This phase is, to the extent of present knowledge, yet to be reported. It should be noted that this 
might not be the best composition for finding the actual quasicrystal – if it exists at all. Further 
studies of this system is necessary to understand where possible quasicrystals might have a 
chance of forming.  
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5.8.2 Synthesis process 
As stated above, the method known as arc-melting self-flux [15] have previously yielded large 
single crystals. Since the first batch of samples didn’t centrifuge at all, it is hard to know whether 
large crystals did form or not, since they would have been encased in residual flux. What is known 
is that some kind of single crystal growth happened, seeing that at least one single crystal big 
enough for SC-XRD was able to be extracted. This did also yield good data from the 
aforementioned SC-XRD. A few things can however be said about the temperature program for 
the compositions chosen. This will be discussed further down. 
 
With batch 2, obvious drawbacks with parts of the synthesis process were discovered. Since 
quartz tubes have been used instead of steel tubes as in the original method used by Gebresenbut 
et al [10], problems that wouldn’t have surfaced with steel tubes have affected the samples and 
the quality of the resulting substances. The biggest issue would be to make them sealed shut, with 
a sustained vacuum in every tube. This is not only a somewhat low-quality vacuum (with the 
resident setup for sealing tubes), but also a big reason to why sealing the tubes is technically 
challenging. A lot of improvement to this method could be made when using quartz tubes rather 
than steel tubes by connecting the vacuum system to a flow of argon, which would make it possible 
to flush the tubes with an inert gas, as well as seal then with an argon atmosphere. This is what 
would be done with the steel tubes, and the results from using quartz tubes could possibly benefit 
from this. The overall opinion of this would however be to simply switch to steel tubes, thus the 
inherent problems with the quartz tubes could just be avoided in the first place. 
 
On the subject of quartz tube casing – it should be noted that they are very fragile. This makes the 
process of centrifuging the samples a lot harder, and more importantly – slower. When removed 
from the furnace, the tubes need to be flipped, then centrifuged immediately to separate possible 
single crystals from the residual flux. One can easily say that it is easier to be a bit rough and 
quicker with steel tubes, but quartz tubes need to be treated with a bit more care. This makes it 
considerably harder to be as quick as needed when separating single crystals from flux. This might 
well be the reason to why the big single crystal from C5:2 was still partially covered in flux. This 
could possibly have been avoided with the use of less fragile casing. 
 
Looking closer at the synthesis path the sample goes through, it should be noted that it will at 
some point be exposed to open atmosphere. This causes problems due to the lack of control of 
what the precursor metals are exposed to – especially the gadolinium is sensitive to the open 
atmosphere, which is why samples are assembled in a glove box. Seeing what happened to the 
samples in batch 2, there is more than ample proof that samples does not benefit from being 
exposed to the temperature program and open atmosphere in combination. Studying the resulting 
powder diffractogram in figure 34, there are very clear indications of gadolinium oxide being a 
dominant phase in the assumed oxidised sample. The prevalence of oxygen in the atmosphere 
makes it impossible for the sought after ternary alloy to form.  
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Figure 34 - Diffractogram for composition C1:2. Red peaks mark out Gd2O3, blue can be attributed to residual gold. 

5.8.3 Temperature program 
Since synthesis is being conducted in a so far unexplored part of this ternary phase diagram, it is 
unknown at what temperatures certain phases form. By studying previous endeavours in this 
system, first synthesis was made with a previously used temperature program [5]. This proved to 
be too cool to be able to strain and centrifuge away the residual flux used in the synthesis, which 
is why the overall temperature was raised by 50°C for the next round of synthesis. This proved to 
be a much more successful attempt, actually yielding a big single crystal, as well as flux being 
strained as expected. It should be said however that when raising the temperature program, no 
ternary metallic phases whatsoever was extracted. If this is only due to the oxygen contamination 
or the temperature program is a question that needs to be investigated further if a clear answer 
is to be had. The one thing that can be said about raising the temperature is that it is possible to 
grow big single crystals with it – albeit of the entirely wrong phase. 
 

5.8.4 Calculated compositions, mass loss and analysis scales 
As stated above, the desired compositions was thoroughly calculated to give the best theoretical 
yield as possible. Naturally, this is very hard to achieve in reality, due to a varying set of factors. 
First and foremost, analysis scale inaccuracies and precursor elements lacking in purity 
introduces obstacles to precisely controlling the composition. This will naturally introduce an 
offset from the desired weights to be acquired. This means there is no guarantee that the exact 
compositions desired is being used in the synthesis. 
 
On the subject of mass, the problem of mass loss is encountered. Arc-melting the precursor alloy 
cannot be done without a tiny bit of mass loss – even if it is low (in this case, around 0,7-2%). 
Regardless, this means it is impossible to exactly control the composition, since there is no 
guarantee that the mass loss is homogenous. This is a major reason to why methods such as EDS 
on the samples for the sake of composition analysis is beneficial, to give some kind of 
understanding to what is actually synthesised. Naturally, moving the samples between containers 
will also result in a mass loss of the same character. 
 

5.8.5 Precursor 
When discussing the precursor, there is a need to discuss the value of mass loss and the general 
sample preparation. Due to the nature of the silicon used, (single crystalline silicon fragments) 
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specific mass loss may well be a reason to why the compositions may differ from what is desired. 
Silicon has a very low density, making the fragments used for the precursor very lightweight, and 
thus easy to move around without much force. Arc melting of the precursor is done several times 
to ensure homogeneity of the precursor, but sadly that doesn’t mean that all of the measured up 
reagents melt together as intended. Some pieces might fling around when arc-melting, and exactly 
what disappears is very hard to tell, since mass loss can occur in every single round of arc-melting. 
This naturally means that the composition will be affected the most with the first round of arc-
melting, since that is when there are two different phases of the ingoing metals for the precursor. 
The later mass loss occur, the better in this case, since more rounds of arc-melting will mean more 
homogenous mass loss.  
 
When studying the XRD-results of batch 1, plenty of peaks could be attributed to pure gold. 
Considering no separation between crystals and flux occurred, this is not an unlikely result. One 
could however ask, why pure gold peaks? Ideally there should have been some silicon there as 
well, since gold should only be in the sample in the shape of the flux. These peaks seem to be rather 
absent in the resulting diffractograms. The find of pure gold does however suggest that there 
might be phase separation of flux. This could possibly be attributed to several things: 
 

 Precursor flux not being melted enough times, thus yielding a precursor with several 
phases. 

 Initial composition not being ideal for the desired single phase precursor to form during 
arc-melting. 

 Phase separation happening somewhere during the length of the temperature program. 
 
Studying the XRD results for batch 1, there is peak that could possibly be attributed to single 
crystalline silicon, a very sharp peak around 2Θ = 28°. However – this peak is not found in every 
diffractogram of the samples in batch 1, being absent for the last composition analysed (C10:1). 
EDS analysis confirmed what was assumed after initial powder data, that the three samples 
synthesised in batch one actually yielded the same phase. This fact sparks a lot of questions about 
the whereabouts of silicon in our resulting samples, as well as questions to why they are present 
in the two of the samples of batch 1 (C1:1 and C5:1), but not in the last one (C10:1). It could 
possibly be attributed to either different compositions yielded from the samples, or faults in the 
powder preparation process, or just simply concentration gradients existing in the samples 
chosen for the powder XRD. Judging by the outcome of the EDS analysis, there should be enough 
proof to disregard the theory on different phases. 
 
Considering phase separation of the precursor to be a possible outcome of the temperature 
program used, the flux in where our GdAuSi-crystals are growing will slowly, as the temperature 
program progresses, be more and more rich in undesired phases (such as pure gold or possibly 
silicon). This might affect the resulting phases of the synthesis, making it hard to determine how 
initial theoretical composition transfers to composition of resulting phases. The temperature 
program is, as of now, designed to yield big single crystals, something that is known to work, 
judging by the result from batch 2 where the C5:2-sample yielded a 2 mm single crystal – of the 
entirely wrong phase. This translates to major problems if crystal growth of undesired phases 
occur – such as single crystal silicon, for an instance, since this will greatly disturb the growth of 
crystals of the desired composition for the ternary alloy. How should a temperature program 
where control what kind of single crystals grows be maintained? For this, information about the 
phase diagrams of the ingoing compounds is needed, and preferably the ternary diagram for the 
desired GdAuSi-alloy. The aforementioned diagram does not exist however, since this is not a well 
enough explored system in that regard. 
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For batch 2, the precursor was analysed with powder XRD to determine what phases the 
precursor consists of. This resulted in the following diffractogram and compositions, shown in 
figure 35. 

Element Cell parameters Angles System Space group 
AuSi a = 9,6 Å 90° 90° 90° Cubic I-43m 
Gold (Au) a = 4,07 Å 90° 90° 90°  Cubic Fm-3m 

 

 
Figure 35 - Diffractogram of the precursor for sample C5:2. Note the absence of pure silicon peaks. 

Arguably the most interesting point with this result is that there is no detectable presence of pure 
silicon. There is strong peaks and a good match for the AuSi-phase, suggesting that the silicon 
added actually partakes in alloying with the gold. There are also peaks visible for pure gold, 
suggesting that not all gold provided goes into alloying with silicon. Regardless, this should serve 
to prove that the precursor elements does in fact alloy with one another, yielding a single phase 
that should serve as the binary phase intended for the synthesis. 
 

5.9 Further discussion on method 
The selected method for single crystal synthesis have been successfully used before [15]. This 
does not however mean that there is not room for improvement. It should be said that in this case, 
the lab environment have proven to be the biggest limiting factor rather than skill of the method 
developer.  
 
The synthesis have been conducted using quartz tubes, which as stated above are rather brittle. 
There is plenty of space for improvement here, preferably changing the tubes used for casing for 
a less brittle material, such as steel tubes used prior this thesis work. The most lacking feature of 
the use of quartz tubes would however be the overall risk of getting the system contaminated by 
oxygen – something that was prominent in all of the resulting samples. It is not guaranteed that 
the oxygen would be eliminated with the use of steel tubes, but since the steel tubes are more 
durable than the quartz equivalent as well as able to seal under an inert atmosphere, they do at 
least in theory pose more than an ample alternative to the tubes that was actually being used for 
the synthesis described in this thesis. 
 
Overall, the main scope of synthesis improvement should be to eliminate the exposure to oxygen 
and open atmosphere. Understandable, this is hard, considering that the arc-furnace (for instance) 
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sometimes is open to the general atmosphere. The same goes for the vacuum system for the quartz 
tubes, as well as every time samples need to be moved or reassembled. Assembly in a glove box is 
possible, however neither for quartz nor steel tubes is sealing possible without moving the tubes 
from the glovebox itself. To minimise the exposure, it could be an idea to try make it possible to 
weigh, assemble and seal the tubes in the same sealed space – preferably the glovebox. 
 

5.10 Further discussion on analysis 
To precisely determine what the synthesis actually yielded, further structure analysis and 
examination of the samples would be needed. Due to the lack of time, single crystal analysis have 
been scarce, and quite a few of the crystal fragments have yielded either bad or no data due to 
samples being polycrystalline, for an example. It would be preferred to extract good single crystals 
from every single sample to yield good comparable results. Since several useable samples were 
encased in flux, picking reliable single crystals is challenging, which most definitely affected the 
outcome of several SC-XRD runs. It could be discussed if there would be beneficial to run more 
complex diffraction methods, such as electron diffraction. This is not necessarily a good idea at 
this stage, since the reliability of the samples at hand is rather poor. More complex methods of 
analysis should be held off until better samples can be made or better crystals can be harvested 
from the existing samples. 
 
Another thing that should have been done earlier is EDS analysis of the ingoing precursors, 
however this was not possible at the time due to a lack of a licence for the needed instruments. If 
done again, a more profound analysis of the precursors for every sample would be suggested, 
possibly doing both powder XRD and SEM-EDS to assure homogeneity of the precursors before 
the final step of the synthesis. Ideally, they would be done without crushing the precursor ingots, 
seeing that every time a sample is crushed, mass loss will occur. This is something that should be 
avoided, especially when there is no guarantee that the precursor is absolutely homogenous. EDS 
should be ideal for this type of analysis. 
 

5.11 Future outlooks 
Due to the structure not previously being reported, it would be interesting to possibly extract 
better single crystals from sample C1:1 to receive data that will complement rather than 
contradict the powder data. Looking at previous publications [16], there are suggestions that the 
phase might have magnetic properties, which could be interesting for future applications. Re-
doing the synthesis with an even more controlled composition could also be a project of interest, 
to see if it is possible to separate the single crystals from the flux. Overall, more profound studies 
should be conducted on this assumed new phase. With better data, more profound structure 
solution procedures should be conducted as well. 
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6. Conclusions 
The goal with this project was to explore the ternary AuSiGd-system and to synthesise good 
quality single crystals, hopefully finding a quasicrystalline phase. Based on this and with the 
information available about the phases, there are a few conclusions that can be made. 
 

1. The phases analysed with SC-XRD does not seem to be of a quasicrystalline nature. 
 

Reasons to this would be the lack of visible forbidden symmetry in the SC-XRD data set. 
 

2. The successfully synthesised phase of batch 1 is homogenous and likely a ternary composition 
of Au, Si and Gd. 
 

EDS data confirms this being a homogenous phase, with all three desired elements present, with 
a composition of Au56,9Si24,7Gd14,1 at best. This is not too far away from the suggested structure, 
which would have a composition of Au57Si29Gd14. Diffraction data also rules out the most likely 
binary phase. 
 

3. The same phase is present in all successful samples of batch 1. 
 
This means that the phase created is likely present within a certain area of the phase diagram, 
with compositions spanning between at least those described in this thesis. 
 

4. It is possible to synthesise single crystals big enough for SC-XRD with this method and these 
compositions. 

 
In every phase that did not oxidise, single crystals large enough for SC-XRD were successfully 
extracted, mounted and analysed, some even being as big as 2 mm in diameter. It should however 
be said that the bigger crystal was of the entirely wrong phase (Si).  
 

5. The synthesis depends on an entirely oxygen free environment. 
 

Judging by the results from C1:2 and C10:2, the forming of the crystals is dependent on an inert 
atmosphere, oxygen having devastating effects on the outcome of the synthesis process. 
 

6. The dominant phase synthesised is yet to be found in any database, article or previous report, 
suggesting that this may be a so far unknown and unreported phase. 

 
As stated, reports on a structure or compound with these attributes are yet to be found. This 
might, in fact, be a new and yet unreported phase. 
 

7. The phase in batch 1 is suggested to be a tetragonal structure with the cell parameters a=b= 
4,28 Å and c= 27,427 Å, α =β =γ =90°. 

 
A good suggestion on the phase has been discussed, stemming from the similar crystallographic 
parameters as the closely related phase Au4CeSi2. 
 
To conclude; it is indeed possible to synthesize single crystals in this system, big enough for SC-
XRD. However it is possible to synthesize quasicrystals or approximants of the suggested 
compositions is yet unknown. The resulting phase so far seems to be a previously undescribed 
phase.  
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9. APPENDIX 
 

9.1 EDS data 
EDS-Data were collected in three different collection modes, point-ID, line-scan and map. Point-
ID identifies the composition in a selected point, line scan along a line and map over a selected 
area.  The raw data from theses are shown below, alongside SEM-images of each collection area.  

9.1.1 C1:1: 

9.1.1.1 Point-ID 
Point ID for sample C1:1, three individual locations in the same area. Data shown for each of the 
points. 

 
Figure 36 - Raw SEM-image for the Point-ID analysis of sample C1:1 
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Figure 37 - Resulting EDS-spectra of the first point in the Point-ID of sample C1:1 

 
Figure 38 - Resulting EDS-spectra of the second point in the Point-ID of sample C1:1 
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Figure 39 - Resulting EDS-spectra of the third point in the Point-ID of sample C1:1 

 

9.1.1.2 Line scans 
Line scan data for sample C1:1. Data is shown for the line analysed, visible in SEM images.  

 
Figure 40 - RAw SEM-image of the are studied with Line scan in sample C1:1 
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Figure 41 - Resulting EDS-spectra of the line  in the line scan of sample C1:1 

9.1.1.3 Map 
Map data for sample C1:1. The entire area in the SEM-image is analysed. 

 
Figure 42 - Raw SEM-image of the area analysed with mapping EDS in sample C1:1 



 
50 

 

 
Figure 43 - Resulting EDS-spectra of the are mapped of sample C1:1 

9.1.2 C5:1 

9.1.2.1 Point-ID 
Point ID for sample C5:1, three individual locations in the same area. Data shown for each of the 
points.

 
Figure 44 - SEM-image of the areas analysed with Point-ID in sample C5:1 
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Figure 45 - Resulting EDS-spectra of the first point in the Point-ID of sample C1:5 

 

 
Figure 46 - Resulting EDS-spectra of the second point in the Point-ID of sample C1:5 
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Figure 47 - Resulting EDS-spectra of the third point in the Point-ID of sample C1:5 

9.1.2.2 Line scan 
Line scan data for sample C5:1. Data is shown for the line analysed, visible in SEM images. 

 
Figure 48 - SEM-image of the line analysed with Line scan in sample C5:1 
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Figure 49 - Resulting EDS-spectra of the line in the line scan of sample C1:5 

9.1.2.3 Map 
Map data for sample C5:1. The entire area in the SEM-image is analysed. 

 
Figure 50 - SEM-image of the area analysed with mapping EDS in sample C5:1 
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Figure 51 - Resulting EDS-spectra of the mapped area of sample C1:5 

9.1.3 C10:1 

9.1.3.1 Point-ID 
Point ID for sample C10:1, three individual locations in the same area. Data shown for each of the 
points. 

 
Figure 52 - SEM-image fo the area studied with Point-ID of samlpe C10:1 
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Figure 53 - Resulting EDS-spectra of the first point in the Point-ID of sample C10:1 

 
Figure 54 - Resulting EDS-spectra of the second point in the Point-ID of sample C10:1 
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Figure 55 - Resulting EDS-spectra of the third point in the Point-ID of sample C10:1 

9.1.3.2 Line-scan 
Line scan data for sample C10:1. Data is shown for the line analysed, visible in SEM images.  

 
Figure 56 - SEM-image of the area analysed with Line scan in sample C10:1 
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Figure 57 - Resulting EDS-spectra of the line  in the line scan of sample C10:1 

9.1.3.3 Map 
Map data for sample C10:1. The entire area in the SEM-image is analysed. 

 
Figure 58 - SEM-image of the area analysed with mapping EDS in sample C10:1 
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Figure 59 - Resulting EDS-spectra of the mapped area of sample C10:1 
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9.2 Diffraction data 
Diffraction data shown is data not previously discussed in the report. This is residual data, with 
importance to the project, but that was not necessary in the main report. Diffraction data is show 
without characterisation, if nothing else is mentioned. 

9.2.1 Batch 1 

9.2.2.1 C1:1  

 
Figure 60 - Powder XRD-data of sample C1:1 

 

9.2.2.2 C5:1 

 
Figure 61 - Powder XRD-data of sample C5:1 
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9.2.2.3 C10:1 

 
Figure 62 - Powder XRD-data of sample C10:1 

 

9.2.2 Batch 2 

9.2.2.1 C1:2 
Peaks marked for Gadolinium Oxide (red) and gold (blue). 

 
Figure 63 - Powder XRD-data of sample C1:2 
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9.2.2.2 C5:2 
Peaks are marked for pure silicon (red).

 
Figure 64 - Powder XRD-data of sample C5:2, a single crystal 

 

9.2.3 Batch 3 

9.2.3.1 Unknown sample 
Peaks are marked for pure gold (red), gadolinium oxide (blue) and gadolinium oxide silicate 
(green). 

 
Figure 65 - Powder XRD-data of an unknown sample in batch 3 
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9.2.4 Precursor scan, batch 2 
Peaks are marked for AuSi (red). 

 
Figure 66 - Powder XRD-data of the precursor alloy for batch 2 
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