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Abstrat 

In this work, Al-based quasicrystalline and approximant phases have been synthesized in thin 
films using magnetron sputter deposition. Quasicrystals are structures having long-range order 
and rotational symmetries which are inconsistent with periodicity. Due to their unusual 
structure, quasicrystals show many anomalous and unique physical properties, including; high 
hardness, wear resistance, low friction, and low electrical and thermal conductivities. 
Approximants are a family of periodic phases that are related to the quasicrystals. These 
phases share the local atomic arrangement of quasicrystals and have as a result many similar 
physical properties. Bulk quasicrystals are too brittle for many of the suggested applications, 
and instead the most important area of applications concerns that of surface coatings. 
 Multilayered Al/Cu/Fe thin films, with a nominal global composition corresponding to 
the quasicrystalline phase, have been deposited onto Si and Al2O3 substrates. During 
isothermal annealing at temperatures up to 700 °C homogeneous thin films were formed. 
When Si was used as substrate a film-substrate reaction occured already below 390 °C, where 
Si diffused into the film. This changed the composition, and promoted the formation of the 
cubic α-approximant phase. Annealing at 600 °C for 4 h the cubic α-approximant phase 
formed in a polycrystalline state, with a small amount of a second phase, τ7-Al 3Fe2Si3. The 
film was within 1.5 at.% of the ideal composition of the α-approximant phase and contained 8 
at.% Si. Continued annealing for 64 h provided for more diffusion of Si to 12 at.%. No 
degradation of the crystal quality of the remaining α-phase was observed even after as much 
as 150 h of treatment.  

Nanomechanical and nanotribological properties, including hardness, elastic 
modulus, friction and toughness, were investigated for the approximant and quasicrystalline 
samples. The approximant phase, annealed at 600 °C for 4 h, proved to be harder and had 
higher elastic modulus values than the quasicrystalline phase, about, 15.6 GPa and 258 GPa, 
respectively. The fracture toughness of the approximant, on the other hand, <0.1 MPa/m½, 
was inferior to that of the quasicrystals with 1.5 MPa/m½. Low friction coefficients of about 
0.13 were measured for both phases.  
 When annealing multilayered Al/Cu/Co thin films on Al2O3 the decagonal quasicrystal 
d-Al-Cu-Co was formed at 500 °C. The XRD peak intensities were rather low, but after 
raising the temperature to 850 °C a large increase in intensity and a complete texturing with 
the 10-fold periodic axis aligned with the substrate normal occurred. When annealing the 
same samples on Si, the decagonal quasicrystal was again found, however, TEM and EDX 
measurements identified 3-6 at.% Si inside the quasicrystalline grains. Also the decagonal d-
Al-Cu-Co-Si quasicrystal was textured with the 10-fold periodic axis aligned with the surface 
normal. The texture was however not complete as in the thin films grown on Al2O3. Raising 
the temperature to over 700 °C led to the formation of other crystalline phases in favor of the 
decagonal d-Al-Cu-Co-Si. 
 For the Cu-Al-Sc system quasicrystalline thin films were grown directly from the vapor 
phase by utilizing ion-assistance during growth at low temperatures, thus eliminating the need 
for post-annealing. Diffraction experiments revealed that amorphous films were formed at 
room temperature. The quasicrystalline phase formed at a substrate temperature of 340 °C 
with an improved quality at higher temperatures up to 460 °C. The quasicrystal film quality 
was improved by increasing the ion-flux during with ion energies of 26.7 eV. Increasing the 
ion energy further was however found to cause resputtering and defects in the films. Electron 
microscopy revealed a polycrystalline microstructure with crystal grains in the shape of thin 
needles.  
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Populärvetenskaplig sammanfattning 

 Inom den materialvetenskapliga forskningen är det eftertraktat att kontinuerligt förbättra 
de existerande materialen som används och att finna nya material med nya eller förbättrade 
egenskaper. Det må låta simpelt, men utveckling är en långsam process där man arbetar med 
många parametrar som var och en kan vara svåra att kontrollera. Små förändringar i en 
enskild parameter kan ge ett helt motsatt resultat från tidigare. Att hitta nya material är inte 
heller något som görs dagligen, och av de som hittas är det sällan som man kan få till någon 
praktisk tillämpning. Delvis kan det vara att det nya materialet inte duger, eller så kan det vara 
för besvärligt eller dyrt att tillverka och använda. 
 Ett naturligt sätt att förbättra standarden på ett material är att belägga en tunn film på 
ytan. Genom att belägga en film kommer de fysikaliska egenskaper som beror på ytan, i 
kontrast till bulken i materialet, att ändras för komponenten. Man kan därmed kombinera 
egenskaper hos bulkmaterialet med de hos filmen för att uppnå ett bättre resultat. Det är också 
lätt att kombinera flera filmer för att utnyttja varje film-material. Det blir därför möjligt att 
utveckla material för allt mer nischade tillämpningar vid användning av 
tunnfilmsbeläggningar. Det är inte fel att säga att tunnfilmsbeläggningar är en del av vår 
vardag, även om vi oftast inte märker av det. Tunna filmer kan numera hittas praktiskt taget 
överallt i vår närhet, från simpla saker som fönsterrutor till avancerade kretsar i tekniska 
apparater som mobiltelefoner. 
 Av de nya material som har hittats de senaste åren, så står kvasikristaller som en egen, 
speciell kategori. Den tidigare definitionen av en kristall krävde alla kristaller måste ha 
periodicitet, det vill säga upprepning av sina atomer i 3 dimensioner utmed kristallens kropp. 
Denna periodicitet innebar bland annat att om man betraktade kristallen under rotation så 
skulle samma mönster alltid uppkomma efter rotation av ett helt, 1/2, 1/3, 1/4 eller 1/6 varv. I 
det nya materialet kvasikristaller upptäcktes dock att det fanns en 5-faldig rotationsaxel, vilket 
inte var förenligt med teorin om periodiska kristaller. Eftersom diffraktionsmönstret från 
kvasikristaller var ett diskret välordnat mönster så kunde detta material inte heller falla under 
kategorin amorfa material. Observationer i högupplöst skala med elektronmikroskopi visade 
också att atomerna var väl koordinerade. Det visade sig att atomernas positioner i 
kvasikristaller kan beskrivas i en sk. hyperrymd, dvs i en rumslig dimension högre än våra 3 
naturliga, förutsatt vissa regler för dekorationen av atomerna. I denna hyperrymd återfås 
kravet av periodicitet, vilket vi idag talar om som aperiodicitet. En ny definition för kristaller 
utvecklades för att inkludera kvasikristaller och upptäckten ledde också till Nobelpriset i kemi 
2011 för upptäckaren Professor Dan Shechtman. 
 Idag har flera olika kategorier av kvasikristaller upptäckts. De ikosahedrala 
kvasikristallerna upptäcktes först, och är aperiodisk i alla 3 rumsliga dimensioner. En 
underkategori är familjen av dekagonal, oktagonal och dodekagonala kvasikristaller. Dessa är 
periodiska i en dimension och aperiodiska i planet. Nästa kategori kallas kvasiperiodiska 
strukturer, som har periodiska plan staplade i en aperiodiskt riktning, och den sista kategorin 
är strukturer som är relaterade till kvasikristaller men saknar aperiodiska riktningar. Dessa 
strukturer kallas approximantkristaller eller enbart approximanter, och är periodiska i alla 3 
dimensionerna, men skiljer sig från klassiska kristaller på det sätt att de inom varje periodisk 
cell bär en dekoration av atomer som liknar de hos kvasikristaller. Approximanter är därför en 
minst lika viktig grupp som de andra.  
 Tack vare den unika strukturen hos kvasikristaller så har dessa material många 
intressanta egenskaper. Genom åren har mycket forskning lagts ner på att mäta och förklara 
egenskaperna och deras koppling till aperiodicitet. Den kunskap som man har samlat visar på 
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att kvasikristaller är olämpliga i tillämpningar som bulkmaterial, eftersom de är väldigt sköra. 
I form av precipitationer (små kvasikristallina korn i en annan större omgivande 
kristallstruktur) eller som tunnfilmsbeläggning kan de dock vara lovande. De kvasikristaller 
som har både periodiska och aperiodiska riktningar visar också på olika egenskaper beroende 
på dessa axlar. Asymmetri av detta slag kan ge upphov till intressanta tillämpningar om man 
kan kontrollera tillväxten av det kvasikristallina materialet på ett effektivt sätt.  
 Den här avhandlingen täcker tillväxt, utveckling och formation av flera kvasikristallina 
materialsystem i form av tunna filmer. I studierna har jag använt främst röntgendiffraktion 
samtidigt som proverna undergår en värmebehandling. Genom att gradvis öka temperaturen 
kan man observera hur de belagda filmerna transformeras från grundelementen till kristaller 
och sedan till kvasikristaller. Både ett högtemperaturbeständigt substrat (Al2O3, känt som 
korund och återfinns i t.ex. safir) och ett mera temperaturkänsligt substrat (Si, kisel) har 
använts med vitt skilda resultat. Fokus har också legat på studier av strukturen hos 
kvasikristallerna inne i filmen, vilket har analyserats med både röntgendiffraktion och 
transmissionselektronmikroskopi. 
 I den första studien förbereddes filmer av Al-Cu-Fe med magnetron sputtring. 
Värmebehandlingen visade på hur de separata elementen transformerades först till binära Al-
Cu kristaller vid låga temperaturer, sedan till en ternär Al-Cu-Fe kristall innan den 
ikosahedrala kvasikristallen bildades vid en temperatur av 570 °C. Vid högre temperatur 
förbättrades den kvasikristallina strukturen och kvasikristallkornen orienterade sig till en 
enskild axel (textur). Använder man däremot det mer temperaturkänsliga substratet sker en 
reaktion mellan film och substrat. Si atomer börjar diffundera in i filmen vid en temperatur av 
ca 300 °C, vilket gjorde att istället för den Al-Cu-Fe ikosahedrala kvasikristallen så bildades 
en Al-Si-Cu-Fe approximant istället. Både diffusionen och formationen av approximanten 
sker vid en låg temperatur, vilket effektivt förhindrade formationen av kvasikristallen. 
 I en fortsatt studie studerades formationen av approximanten närmare. Förändringen av 
komposition mättes för flera värmebehandlingstider och visade på att mängden Si inne i 
filmen kontinuerligt ökar. Som resultat påverkar detta den kristallina kornstorleken, där ökad 
mängd Si gör att kristallstrukturen minskar. Med transmissionselektronmikroskopi 
undersöktes hur interaktionen mellan substrat och film hade påverkat strukturen. Det 
observerades att en stor mängd Si från substratet har diffunderat in i filmen längs med hela 
kontaktytan. Även högupplösta bilder av approximanten som visade på den speciella 
dekorationen av atomer togs. 
 Flera filmer av kvasikristall och approximant fas från Al-Cu-Fe och Al-Si-Cu-Fe 
förbereddes för att mäta deras tribologiska egenskaper. I detta ändamål användes en sk. 
nanoindenter. En jämförelse gjordes både inom faserna med beroende på hur de hade 
behandlats och mellan faserna för att jämföra vilka egenskaper som hade förändrats vid 
användandet av olika beläggnings substrat. Det upptäcktes att för kvasikristallen var en 
behandling vid högre temperatur fördelaktig. Skillnaden mellan dessa prover var att vid högre 
temperatur sker en texturering av filmen, till priset av tillväxt av en annan kristallin fas. 
Skillnaden var dock liten. För approximanten hade proverna förberetts med avseende på 
behandlingstiden vilket kontrollerar mängden Si enligt den tidigare studien. En klar kontrast 
märks för flera av de tribologiska egenskaperna, där de prover som behandlats vid en kort tid 
hade bättre egenskaper. Förklaringen låg i att redan efter kort tid har den mängd Si som är 
ideal för bildandet av den approximanta fasen diffunderat in i filmen. Ökande mängd Si 
försämrar därefter kristallstrukturen och därmed också de uppmätta egenskaperna. I en 
jämförelse mellan kvasikristallen och approximanten så visade det sig att approximanten har 
en högre hårdhet, men klart sämre brottseghet. 
 En liknande studie gjordes för Al-Cu-Co filmer. Detta system, som innehåller 
dekagonal kvasikristall, valdes delvis för att det även i Al-Cu-Co-Si finns en kvasikristall. 
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Värmebehandling av dessa filmer visar hur filmerna transformeras till kvasikristallen vid 
ökande temperaturer. Vid höga temperaturer observerades att kvasikristallen kornen blir bättre 
och att de med fördel orienterar sig med den periodiska axeln i riktning mot ytan. För det mer 
temperaturkänsliga Si substratet så bildades också den dekagonala kvasikristallen. Genom 
kompositionsanalys uppmättes nu Si inne i kvasikristallen. Diffusion av Si in i filmen sker 
alltså även för Al-Cu-Co, men endast i en mängd som tillåter den dekagonala kvasikristallen 
att bildas. Det observerades också att reaktionen mellan film och substrat sker vid selektiva 
positioner till skillnad från Al-Cu-Fe där reaktionen skedde längs med hela ytan. Vid högre 
temperaturer så bildas dock andra kristallina faser som innehåller en ansenlig mängd Si i 
företräde för kvasikristallen. 
 I den sista studien gjordes jon-assisterande beläggningar av Cu-Al-Sc vid låga tillväxt 
temperaturer. Syftet var att syntetisera en kvasikristallin tunnfilm direkt under beläggning 
utan någon efterföljande värmebehandling. Det observerades att temperaturen kunde sänkas 
långt under den temperatur som tidigare använts för att bilda en Al-Cu-Sc kvasikristallin fas. 
Däremot försämrades kvaliteten på filmen vid minskning av temperaturen. Ökad jonenergi 
och ökat jonflöde kunde delvis återfå kvaliteten, liknande vad som skulle skett vid förhöjd 
tillväxttemperatur för respektive prov. Detta gäller dock upp till en viss gräns, då en för hög 
jonenergi leder till att kvaliteten sjunker radikalt på grund av återsputtring och defekter i 
filmen. 
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Preface 

The present thesis is the summary of research which was conducted in the Thin Film Physics 
Division at Linköping University during 2008-2013. The thesis focuses on the growth and 
characterization of Al-based quasicrystalline and approximant thin films. 
 The first part of the research was directed towards the growth of multilayered Al/Cu/Fe 
thin films and the studies of the phase transformation into quasicrystalline phases during post-
annealing. This included the formation of the Al-(Si)-Cu-Fe approximant phase, which 
formed through a solid state diffusion reaction between the film and the Si substrate. In 
addition to the phase evolution, the microstructure and film composition were investigated.  
 In the second part, the tribological properties of the Al-Cu-Fe quasicrystalline and Al-
(Si)-Cu-Fe approximant phases were investigated and compared to each other and to 
reference samples. Thin films of Al-Cu-Co were prepared in a similar manner as the Al-Cu-Fe 
films. In this system the diffusion of Si was also observed to occur, however, here the 
decagonal quasicrystalline phase was still able to form. Ion-assisted thin film growth was used 
on Al-Cu-Sc to stimulate the formation of quasicrystal during film deposition in an 
environment that may be sufficient to prevent Si diffusion.  
 The project has been funded by the Swedish Foundation for Strategic Research (SSF) 
Strategic Research Center in Materials Science for Nanoscale Surface Engineering (MS2E) 
and The Knut and Alice Wallenberg Foundation. 
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1 Introduction 

1.1 Background 

Materials science research for discovering new materials and new ways to improve existing 
ones and create new applications, is always on-going. The technological advancements are 
accelerating rapidly as the amount of knowledge increases across the globe. Among the fields 
that have improved over the last decades is thin film technology. Thin film technology has 
expanded both as a research field and in the number of applications to become a major power. 
 By using the surface properties of a film and the bulk properties of another material, it is 
possible to combine the separate parts into an improved product. Infinite combinations exist 
for which thin films and bulk materials can be combined as well as an incredible large amount 
of methods to do it.  
 Quasicrystals is a class of materials that was only just recently discovered. The largest 
impact from the discovery was the requirement of a new description needed to describe the 
material, which is very unique within physics. With a structure that can only be explained in 
six dimensions (6D), a different approach from the classical has been needed to understand 
the material and the properties it exhibits. The structural differences from the classical 
materials also suggest that new possibilities of applications may arise with the appropriate 
usage. 
 From the research on quasicrystals it has become clear that one of the main possibilities 
of applications involving quasicrystals is the usage of thin films. By avoiding the problems 
that arise from using quasicrystals as a bulk, full advantage can be taken of the many other 
interesting properties of quasicrystals.  
 The Al-based quasicrystals offer an excellent starting point since several of the 
constituting elements of these quasicrystals are not toxic, are abundant, and also cheap. Cost 
effectiveness is a basic requirement and multifunctionality is a most desired property, both of 
which are most helpful for a successful product. Al-based quasicrystals can offer both. 

1.2 Research Aims 

Preparing thin films of quasicrystals has its sets of difficulties. The sensitive composition 
range, high formation temperature, sensitive crystal quality, etc. all pose problems that needs 
to be overcome for the preparation of a high quality quasicrystalline thin film. The primary 
research aims have been to use magnetron sputtering to grow quasicrystalline thin films, and 
to identify, learn and understand how the quasicrystalline phases form. 
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 My research strategy has been to observe the transformation of the as-deposited films in 
detail, using both in situ and ex situ characterization methods. By observing when and how 
the thin film transform into quasicrystalline or related crystal phases I hope to improve on the 
existing knowledge of thin film growth of quasicrystals in a way that allows for the 
development of both new and improved applications. 

1.3 Outline of the Thesis 

The thesis is divided into two parts. The first part begins with an introduction to quasicrystals, 
followed by a simplified explanation of the crystallography needed for identifying crystals 
and quasicrystals. The material systems, of which I have prepared quasicrystals, are explained 
in chapter four. In chapter five a short description of thin film deposition and thin film growth 
is presented, while the characterization techniques are explained in chapter six. Chapter seven 
is a summary of the included papers and in chapter eight my contributions to the scientific 
field are listed. In the second part of the thesis the papers are the included. 
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2 Quasicrystals 

In 1982 Dan Shechtman [1] discovered a phase in an Al-Mn alloy that had long range order, 
showing sharp diffraction peaks, but yet did not have any of the rotational symmetries 
necessary for lattices assigned to crystals, the solids which had sharp diffraction peaks. 
Instead the new phase had 5-fold symmetry axes with angles of 63.43° from each other, with 
both 2- and 3-fold symmetry axes in between. Shechtman had discovered a phase with 
icosahedral symmetry, later coined as quasicrystal, which was an aperiodic structure. This led 
to much debate, as previously it was thought that only periodic structures could yield sharp 
diffraction points. Mathematicians had however already proven that aperiodic patterns, such 
as Penrose patterns [2], would give sharp diffraction points if exposed to electromagnetic 
waves [3]. The 3D equivalents of Penrose patterns were also used as structure models of 
quasicrystals in the early days by decorating the pattern with atoms [4]. After further 
analyzes, such as proving that the diffraction pattern was not the result of twinning and 
growing large enough crystallites to prove that the diffraction points were sharp, quasicrystals 
and aperiodic phases slowly became accepted. This culminated in 1992 in a redefinition of a 
crystal to incorporate the family of aperiodic phases [5] and later a Nobel prize in chemistry 
2011. 
 After the first publication of quasicrystals, many more articles were published in quick 
succession with the discoveries of both new aperiodic structures and several other 
intermetallic alloys containing quasicrystalline phases. Although only metastable 
quasicrystals was known at first, stable quasicrystals in ternary alloys like Al-Cu-Li [6], Al-
Cu-Fe [7], Al-Cu-Co [8], Al-Ni-Co [9] and more were found at the end of the 80’s and 
provided new possibilities for research as large samples could be grown. Another large 
breakthrough came when stable binary icosahedral quasicrystals were found in Cd-Yb and 
Cd-Ca [10,11] which provided new opportunities to solve the atomic decoration of 
quasicrystals, a task that had been going on ever since the first article was published in 1984. 
A solution to the decoration in Cd-Yb has been published in Nature in 2007 [12], but the next 
step to solving ternary quasicrystal is still far ahead. The search also went on for a naturally 
occurring quasicrystal, which was finally found in a piece of rock in Kamtjaka in 2009 [13]. 
The origin of the rock was however from a meteor having formed in outer space before 
landing on earth [14]. With an age of 4.5 Gyears, the rock served as a good evidence for the 
thermodynamic stability of quasicrystals. 
 Today more than 300 different element combinations that can produce quasicrystals are 
known. In the periodic table, quasicrystal alloys cover all of the transitions metal (except 
mercury, Hg) all lanthanides and many metalloids and alkali. Excluding the few quasicrystals 
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that include oxygen, quasicrystals are intermetallic alloys although their behavior is far from 
it. 

 

Figure 2.1 The periodic table of the elements. Elements marked in grey have been used in 
quasicrystalline material systems. 

2.1 Structure 

There are over 500 different quasicrystalline phases that have been found today. These can be 
separated into different elemental families or in different structures. Categorizing by 
elemental families will show which elemental combinations that are most frequent. The 
largest family is the Al-based quasicrystals [15], which cover over half of all known 
quasicrystals. Other large families are the Ti-based [16], the Zr-based [17], the ZnMg-based 
[18] and lately the Cd or ZnSc-based [19] families. There are many remaining quasicrystals 
that fall outside of these families. 
 
A more informative classification is with the aperiodic structure. To date 6 different structures 
have been found: icosahedral, decagonal, octagonal, dodecagonal, quasiperiodic and 
approximants. They are closely connected to the mathematical identity τ called the golden 
mean. 
 2 1τ τ= +  or ( )2cos 36 1.618τ = ° ≈  2.1 

- Icosahedral quasicrystals are aperiodic in all 3 dimensions. The symmetry is based on 
the dodecahedral body, which have 6 axes of 5-fold rotational symmetry, 10 of 3-fold 
and 15 of 2-fold symmetry. This was the first quasicrystal structure, found by 
Shechtman, and covers the majority of the quasicrystalline phases. The icosahedral 
structure is further divided into groups based on the atomic clusters that build up the 
icosahedral body [20]. These are the Mackay-clusters [21,22] with members from e.g 
Al-Cu-Fe [7] and Al-Pd-Mn [23], Bergman-clusters [24] with members from e.g. the 
Zn-Mg-RE (RE=all lanthanides except Pm), and the Tsai-clusters [19] found in Cd 
and ZnSc-based families. 
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Figure 2.2 a) 3D view and high symmetry axes of the icosahedron. b) The stereographic 
projection of the symmetry elements of the icosahedron.  

- The first decagonal quasicrystals was reported only a few months after Shechtmans 
article, by Bendersky [25] and Chattopadhyay [26]. This structure is aperiodic in a 
plane with a periodic axis normal to this plane. Several physical properties are 
anisotropic due to this combination [27]. There is one 10-fold axis (the periodic axis) 
and 2 different types of 2-fold axes, 5 of each. The decagonal quasicrystals are usually 
categorized by the length of their periodic axis. The periodic axis is a multiple n of ~4 
Å, with only a few exceptions with periodicity 5.1 Å [28], as such they are marked as 
Dn. An alternative description numbers the layers per periodicity, which then includes 
the exceptions together with D1 as two-layer periodicity [20]. There are several stable 
decagonal quasicrystals known, the most important being in the Al-Ni-Co [9] and Al-
Cu-Co [8] systems that together make up more than 50% of the articles covering 
decagonal quasicrystals. 

 

 

Figure 2.3 The decagonal quasicrystalline polyhedron, where a and b are the 2-fold axes that span 
the quasiperiodic plane, and c is the 10-fold axis in the periodic direction.  

- The octagonal and dodecagonal were discovered by Wang [29] in 1987 and Ishimasa 
[30] in 1985, respectively. These are like the decagonal structure aperiodic in the plane 
and periodic in the normal axis, but with 8 and 12-fold rotational symmetry. Only a 
few phases have been found of either structure, all metastable except for one 
dodecagonal Ta1.6Te-phase [31]. 
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- Quasiperiodic structures are aperiodic in one axis with periodic planes. These can be 
found as quasicrystals with the aperiodicity resembling a Fibonacci sequence, e.g. in 
AlCuFeMn [32], but also artificially with any sort of aperiodicity from multilayered 
thin films [33]. 
 

- Approximants have for a long time been an important structure in the field of 
quasicrystals [34,35]. It was demonstrated in 1985 by Elser [36] that certain already 
known crystalline structures could be related to the newly found quasicrystals by the 
hyperspace model (more on hyperspace in chapter 3). It was also shown that the 
atomic clusters which made up quasicrystals were also found in approximants. The 
approximants are generally very large crystals in order to accommodate these clusters. 
The atomic similarity between approximants and quasicrystals also make their 
properties similar, which can be seen in e.g. [27,37]. But maybe more important is that 
the approximants were very good starting blocks for modeling the quasicrystals. The 
solution of approximants in Cd6Yb [38] was one of several factors that led to the 
solution of the Cd5.7Yb quasicrystal [12].  
 Approximants can be found in most systems that contain a quasicrystal, and the 
identification of an approximant is a main method to finding new quasicrystals. Very 
often the approximant is thermodynamically stable even if the quasicrystalline phase is 
not, which can be an important factor to consider for future applications.  
 There is one special class of crystals that are vacancy ordered phases which can 
be described as superstructures of cubic CsCl-phases [39]. These are regarded by some 
[40,41] as approximants due to their close composition and relation to Fibonacci 
numbers[42], while other are more critical [43] since these phases do not possess 
icosahedral clusters like the other approximants. 
 

2.2 Properties and Potential Applications 

With the discovery of the long-range aperiodicity in quasicrystals, unusual behavior in the 
properties that was affected by the long-range order in crystals was expected. In particular, 
thermal and electronic properties were expected to be different, which indeed also was 
observed.  
 Metals follow Matthessiens rule which has as an effect that the conductivity increases 
with increasing crystal perfection. In quasicrystals the inverse is observed, an increase in 
resistance with quasicrystal perfection. The absolute values were also very low, comparing to 
those of semiconductors rather than of metals [44,45]. Part of this was later found to be due to 
oxidation in the measured samples [46], but measurements on decagonal quasicrystals with 
their characteristic anisotropy has shown that the quasiperiodicity do affect the conductivity 
behavior. The quasiperiodic structure creates a pseudogap in the Fermi energy [47], from 
which the electronic behavior can partly be understood. Comparisons between approximants, 
which behave similarly, suggest that the local order created by the atomic clusters is also an 
important factor. 
 Quasicrystals have also shown to have a much higher hardness and lower toughness 
than their constituent elements [48,49,50]. As a result of the brittleness, the usage of 
quasicrystals in bulk has been mostly discarded. However quasicrystals do show a 
combination of low friction, low surface energy, non-stick character and anti-corrosion 
behavior, an interesting combination of tribological properties [41] that can effectively be 
used with the high hardness and elastic modulus. Other peculiarities are the observation of a 
low reflection coefficient in the infrared [51] and absorption of hydrogen [16]. A summary of 
properties for quasicrystals is given in Table 2.1. 



7 
 

Table 2.1 Comparison between some physical properties of quasicrystalline alloys versus typical 
metallic materials. I (S) stands for ionic (semiconducting) material typical properties. 

Property Metals Quasicrystals 

Mechanical Ductility, malleability Brittle (I) 

Tribological 

Relatively soft 
Easy corrosion 
High friction 
Poor wear resistance 

Very hard (I) 
Corrosion resistant 
Low friction 
Wear resistant 

Electrical 
High conductivity 
Resistivity increases with T 
Small thermopower 

Low conductivity (S) 
Resistivity decreases with T (S) 
Large thermopower (S) 

Magnetic Paramagnetic Diamagnetic 

Thermal High conductivity Very low conductivity (I) 

Optical Drude peak 
No Drude peak 
IR absorption (S) 

 
The search for possible applications has been underway ever since the discovery was made. 
The suggestions have been to employ quasicrystals in either coatings or precipitates to avoid 
the notorious fragility [52]. Quasicrystalline coatings for use in cooking ware are among the 
oldest ideas. The most notable example is the Cybernox frying pan [53], which was however 
rather unsuccessful. The design of the product made the quasicrystalline coating ineffective 
[54], leading to an early withdrawal from the market. The idea of using quasicrystalline 
coatings for cooking ware is however still alive [55]. 
 Precipitation of quasicrystals is used in a current product, known as Nanoflex steel 
produced by Sandvik [56]. The quasicrystal is one of the main contributors to the continuous 
age hardening of the steel, allowing over hundreds of hours of ageing. Currently research is 
being conducted toward using quasicrystal precipitation in both Al [57] and Mg alloys [58] 
for strengthening. A similar idea is to use quasicrystaline powders as reinforcing material for 
polymer products [59]. Other suggestions for applications are as solar absorbers [60], thermal 
barrier coatings [61] and hydrogen storage [62]. 
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3 Crystallography 

Crystallography. The word itself is derived from the greek words crystallon, meaning frozen 
drop, and grapho, meaning to write. Illustrating atoms as the frozen drops, crystallography 
means the description of arrangement of atoms. Or more generally, crystallography describes 
the arrangements of the crystal components, atoms, to achieve long-range order. 
 In the beginning, crystallography was a subgroup of mineralogy. As the methods of 
diffractions were discovered crystallography grew into a major field, as the structures of 
several thousands of compounds were refined and solved down to the exact position of each 
individual atom. The field is still growing, with today including the extension into biology 
where it is used to solve the structure of proteins, DNA and more. Understanding of 
crystallography is today fundamental in material science. Many of the materials physical and 
chemical properties can be directly derived from the crystal structure.  
 This section will provide a short introduction to the basic description of crystals as well 
as to quasicrystals. Focus will be on the reciprocal space, the space probed by diffraction 
methods, which is used for identifying and solving the structure. A deeper understanding of 
the reciprocal space can yield much information of both microstructure; grain size, preferred 
orientations, layer thicknesses, etc., as well as of the crystallites themselves; stress, 
composition, unit cell basis, electronic band structure, etc. A good understanding of the 
reciprocal space is invaluable in crystallography. 

3.1 Crystal Definition 

For a very long time, all structures that were analyzed within crystallography obeyed a few 
simple rules. If there were a set of discrete points in the reciprocal space, the probed material 
must have a periodic decoration of the atoms and was called a crystal. If there were no 
discrete points, then there was no periodicity and the material was amorphous. The definition 
of a crystal was then simply a statement of the periodicity: 
 

“A homogenous solid formed by a repeating, three-dimensional pattern of atoms, 
ions, or molecules and having fixed distances between constituent parts.” 

 
With the discovery of quasicrystals a material that broke conditions directly related to 
periodicity, but still had discrete points in reciprocal space, had been found. After much 
debate, the old definition for a crystal was forced to be changed to incorporate aperiodic 
crystals. The new definition set by The International Union of Crystallography in 1991 [5] is: 
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“In the following by ‘crystal’ we mean any solid having an essentially discrete 
diffraction diagram, and by ‘aperiodic crystal’ we mean any crystal in which 
three-dimensional lattice periodicity can be considered to be absent. As an 
extension, the latter term will also include those crystals in which three-
dimensional periodicity is too weak to describe significant correlations in the 
atomic configuration, but which can be properly described by crystallographic 
methods developed for actual aperiodic crystals” 

 
A definition which, as quoted by Shechtman [63], is “The most humble definition in the entire 
scientific world”. 

3.2 Conventional Crystals 

As just mentioned, a conventional crystal is defined as a homogenous solid formed by a 
repeating, three-dimensional pattern of atoms, ions, or molecules having fixed distances 
between the constituent parts. A mathematical description of this definition can be made, and 
is found in most basic literature on material science or physics [64]. Let us start with single 
atoms. If these atoms are indeed part of a crystal, then they are required to follow a pattern 
with fixed distance, a crystal lattice. If we call these distances a1, a2, a3 corresponding to three 
separate directions, then going from atom A to atom B will be a integer number n1, n2, and n3 
steps in each of these directions. A translational repetitiveness of the crystal lattice can then 
be described through  

   � = ���� 	+ ���� + �	�	 3.1 

If there is only one type of atom and all atoms can be found at positions mapped by T, then 
the description of the crystal lattice is complete. However, most solids have several different 
elements or atoms that can not be found following the translation steps given by T. For this 
reason, it is necessary to group those atoms into a basis. Once done, the set of basis instead of 
the atoms will then follow Eq. 3.1 and the crystal lattice is well defined from the vectors a1, 
a2, a3, and the individual atoms in the basis from fractions of these vectors. The vectors a1, a2, 
a3 are not necessarily orthogonal. They can be defined in arbitrarily directions, and of 
arbitrarily length. The convention although is to define a small cell that are as symmetric as 
possible, cubic being the preferred. An example is in Figure 3.1 in the next section, where the 
smallest possible cell would have been a rhombohedral cell but a cubic cell with 4 atoms as 
basis can also be constructed and is ideally used instead.  

3.2.1 Real and Reciprocal Space 

From each lattice in real space there is an associated lattice in reciprocal space, a reciprocal 
lattice. The reciprocal lattice is of utmost importance, since the main methods for solving 
crystal structures are not by measuring features in the real space but rather in the reciprocal 
space. 
 The reciprocal lattice is defined by a translation vector G which is connected to the real 
space vectors through the formulas:  

   
 = ℎ��∗ + ���∗ + ���∗  3.2 

   ��∗ = 2� ��×����∙��×�� ,			��∗ = 2� ��×����∙��×�� ,			��∗ = 2� ��×����∙��×��  3.3 
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These equations form a set of vectors that span the reciprocal space. Each point in reciprocal 
space can thus be accessed by the reciprocal lattice vector G where h, k, l are integers known 
as Miller indices.  
 The Miller indices are defined from planes in the real space crystal lattice. Set a group 
of planes connecting between basis of the crystal and shifted in the normal direction, as in 
Figure 3.1. The plane will then cut the vectors a1, a2, a3 at rational ratios of their length. The 
Miller indices are then defined as the lowest set of integers inverse to those ratios. For 
example, if the lower left atom is origo then the plane in Figure 3.1 is cutting the cell at ratios 
1/1, 1/1, 1/1 of  a1, a2, a3. The inverse of these are 1,1,1 and also the lowest. Therefore the 
plane is the (111) plane. 
 

 

Figure 3.1 Real and reciprocal space of a cubic crystal. Planes in the real space are connected to 
points in reciprocal space. Several points are missing in the reciprocal lattice due to extinction 
rules. 

From Fourier analysis of the real space crystal in connection to the above definition of 
reciprocal vectors, it can be proved that the point h,k,l in reciprocal space corresponds to the 
plane (hkl) in real space and the opposite. The (111) plane of the real crystal is therefore the 
111 point in reciprocal space, as in Figure 3.1.  
 The size of the reciprocal points is also determined from the real space. The relation is 
connected through an identity called the structure factor SG, which is also derived from 
Fourier analysis. The structure factor is a sum of atomic form factors fj, a factor directly 
related to an atoms electron density, with an exponential function relating the reciprocal point 
and the real space position of all atoms in the basis. 

   �� = ∑ �����
∙ !�   3.4 

In certain systems the structure factor of the lattice equals zero. The most simple and common 
examples, are the body centered cubic (bcc) and face centered cubic (fcc) crystals. The 
conditions these crystal structures have to fulfill in order to have a non-zero structure factor, 
the extinction rules, are 
 

   
"##: ℎ + � + � = 2��## = ℎ, �, �	%��	�&��	'(	%��	')) 3.5	
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An example of this rule is shown in Figure 3.1, where there are no points on (100) and (110) 
and the related positions.  
 Going back to the statement that crystal structures was solved from probing the 
reciprocal space. By measuring the reciprocal space, all reciprocal points and their weights 
can be found.  The reciprocal point positions will be directed related to the planes of the real 
crystal lattice which describes the lattice. Through the structure factor, the weights of the 
reciprocal points are directly related to the basis. These relationships are therefore sufficient 
to refine the crystal structure, which has been done on numerous compounds. 

3.2.2 Crystals and Their Symmetries 

For 3D crystal lattices there are only a few different kinds of lattices possible. Any crystal that 
is periodic in 3 dimensions will fall within one of the 7 (6 when rhombohedral and hexagonal 
are classified together as trigonal) lattice systems listed in Figure 3.2. These systems can 
further be divided into 14 Bravais Lattices [65], which are a coupling between the seven 
systems and lattice centerings. A further division can be made when regarding symmetry 
operations in the Bravais lattices, from which 230 different space groups are derived.  
 The number of lattice systems, bravais lattices and space groups increases rapidly with 
the dimension. In 6D, there are more than an astonishing 28 million space groups [66].  
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Figure 3.2 The 14 Bravais lattices in 3 dimensions obtained by coupling the 7 crystal systems with 
different lattice centerings. Each Bravais lattice refers to a distinct lattice type, and describe the 
possible translational symmetries in periodic crystals. 

For any crystal structure at least one axis of either 1-, 2-, 3-, 4- or 6-fold rotational symmetry 
can always be found, corresponding to the rotation of 2π, 2π/2, 2π/3, 2π/4 and 2π/6, which 
return the lattice to the equivalent state. Only the triclinic structure will not have any 
symmetry axis higher than 1-fold. No other rotational symmetries exist for a 3D periodic 
lattice. This is proven by the crystallographic restriction theorem. 
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Figure 3.3 Proof of the crystallographic restriction theorem. A rotation symmetry in 2 or 3 
dimensions must move a lattice point to a succession of other lattice points in the same plane, 
generating a regular polygon of coplanar lattice points. 

The restriction theorem is very easy to show for a 5-fold rotation symmetry, and is illustrated 
in Figure 3.3. The principle is the same for any other rotation. Consider two nodes (lattice 
points), A and B, separated by their minimum distance amin, i.e., they are nearest neighbors. 
Since each of these nodes should follow the law of translation and rotation, both will have 
four additional nearest neighbors, shaped in a pentagon for a 5-fold rotational symmetry. The 
angle will be 72° to each neighbor, and they will be separated a distance amin. 
 Now observe the nearest neighbors A1 and B1 in Figure 3.3. It can be geometrically 
proven that the distance between these nodes is less than the distance amin, which is a 
contradiction to the first statement that A and B are nearest neighbors. Thus, a 5-fold 
rotational symmetry is not consistent with a periodic lattice. 

3.3 Hyperspace Model 

To describe the reciprocal lattice of quasicrystals, any of the models used for 3D crystals does 
not work. The reason is that in order to index the reciprocal lattice points, only 3 integers 
(h,k,l) are insufficient. Either the crystal has to be infinite size, to reduce the reciprocal vector 
G to infinitesimal size, or a model in higher dimension where the periodicity is restored is 
required [35,67,68]. The later is the preferred method, since a hyperspace model can not only 
be used for describing an indexing method of quasicrystals, but also for the associated 
approximant crystals as well as to give a model for the phenomenon called phasons. A basic 
description of the hyperspace model will be shown here in 2D hyperspace of 1D lattice, with 
the help of Figure 3.4. The basics are similar for higher dimensions. 
 Begin by creating a lattice in the hyperdimension with lattice parameter anD. In this 
lattice we define the physical space, commonly called the parallel space or external space, in 
one direction and in the orthogonal direction the perpendicular space, also called intrinsic 
space. Along the physical space a window of width ∆ is defined, inside which the lattice 
nodes are projected onto the physical axis. These projected nodes will generate an aperiodic 
sequence if the slope is irrational, and a periodic sequence if the slope is rational. The special 
case is when the slope is at a ratio 1/τ, or 31,72° angle. This case corresponds to a Fibonnaci 
sequence, and the generation of a quasicrystal.  
 Performing fourier transform of the hyperdimensional lattice will generate a reciprocal 
lattice. Due to the projection window the reciprocal lattice points can then also be projected to 
the physical axis in reciprocal space at positions G||. The weight of these points will however 
be dependent on the window width ∆ and the perpendicular distance G⊥ in the 
hyperdimensional lattice.  
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   +∥ = �-. �√�01 (ℎ + ℎ34)  3.6 

   +6 = �-. �√�01 (ℎ − ℎ34)  3.7 

   F	 ∝ 	∆ ;<=>∆�?� @ ;∆�?� @A   3.8 

The integers h and h’ are both integer indices that describes the aperiodicity in 1D.  
 

 

Figure 3.4 Visualization of a 1 dimensional a) direct and b) reciprocal lattice as a projection from 
a 2-dimensional hyper space. A cut-and-projection at an irrational angle results in a quasiperiodic 
sequence (e.g., the Fibonacci sequence LSLLSLSLLSLLSLS…). 

3.4 Icosahedral Quasicrystals 

Icosahedral quasicrystals were the first quasicrystals found. They are aperiodic in all 3 
physical dimensions. This means that to index the reciprocal lattices of quasicrystals, 6 
integers n1 to n6 are required. The indexing system that have been used throughout the thesis 
are the one described by Cahn [69], but a similar system described by Elser [68] is also 
frequently used. The difference between them is only a different choice of corners of the 
dodecahedron to which the base vectors point at. 

3.4.1 Indexing Icosahedral Quasicrystals 

The system employed by Cahn is as following: An orthogonal basis in 6 dimensions (6D) is 
defined, e1 to e6, forming a hypercube. All points of the 6D reciprocal space can be defined by 
a linear combination of these vectors 

 
BC = �-.DE (��, ��, �	, �F, �G, �H)  3.9 

with index n1 to n6 corresponding to a 6D Miller index. They are thus forming a periodic 
reciprocal lattice in the 6D room. The 6D space are then put under an operation referred to as 
cut-and-project into 2 separate 3 dimensional rooms, which was the procedure described in 
section 3.3. 
 Algebraically this can be shown as taking the 6D vector in Eq. 3.9 under operations of a 
rotation and cutting of half of the dimensions into the form 
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 = I ∗ J ∗ 
HK = �-.DEL�(�01)∑ ��M��  3.10 

with R being the rotation matrix, and C is the operation that returns only the three first 
dimensions of a 6D vector, i.e. 
 

  J = �L�(�01)
N
OOP

1 4 0 −1 4 04 0 1 4 0 −10 1 4 0 −1 4−4 1 0 4 1 01 0 −4 1 0 40 −4 1 0 4 1 S
TTU	, I =

N
OOP
1 0 0 0 0 00 1 0 0 0 00 0 1 0 0 00 0 0 0 0 00 0 0 0 0 00 0 0 0 0 0S

TTU, 3.11 

 
leaving in the physical space 6 vectors with a basis as: 

 

M� = (1, 4, 0)M� = (4, 0,1)M	 = (0,1, 4)MF = (−1, 4, 0)MG = (4, 0, −1)MH = (0,−1, 4)
 . 3.12 

 

 

Figure 3.5 The six basis vectors, qi, are needed to span the reciprocal lattice for 3 dimensional 
quasicrystals with icosahedral symmetry. The relations to x-, y-, and z-axes are shown.  

 
If only the length of the reciprocal vector is of interest, the direction being superfluous, the 
indexing system can be further reduced from 6 to only 2 parameters, N and M. N contains all 
the rational parts of G while M contains all the parts connected to τ. These are referred to as 
Cahn index, and are commonly used used in measurements of polyquasicrystalline samples. 

 
V = 2∑ ����W = (�� + �G)� + (�� + �F)� + (�	 + �H)� +⋯⋯+ 2Y(�� − �F)(�� + �G) + (�	 − �H)(�� + �F) + (�� − �G)(�	 + �H)Z  3.13 
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which leaves the absolute value of the reciprocal vector G as 

 [ = �-√\0]1.DEL�(�01) . 3.14 

The parameter a6D is the lattice parameter chosen by convention. In truth any parameter can 
be chosen due to the aperiodicity, which results in the non-existence of a shortest possible 
vector as in the case of a periodic lattice. By choosing a6D and the constant in front of it in this 
manner, the first strong diffraction peak will be the (1,0,0,0,0,0) peak, corresponding to 2/1. 
The part of the vectors that were cut off above in the cut-and-project does not affect the 
positions of the reciprocal points, but will affect the intensities as mentioned earlier. In the 6D 
description G⊥ can be described from Eq. 3.9, but with the cutting matrix C being replaced by 
a cutting matrix that returns only the last 3 dimensions of the 6D vector. The absolute value of 
G⊥ can then easily be given through Cahn index as 

 [6 = �-L1(\1�]).DEL�(�01)  3.15 

As mentioned in section 3.3, the weight of G is heavily dependent on G⊥. The lowest value of 
G⊥ for any N will be highest when M is as large as possible. This is limited by the 
relationship −V/4 < W < V4, since G⊥ will have its lowest values for those M. All strong 
points in the reciprocal space require a low value on G⊥	which in turn means that the points 
have N/M ratio close to τ. There are other factors affecting the weight, but this is the one 
derived due to aperiodicty of the quasicrystal. 
 The reciprocal lattice vector in Eq. 3.10 is the sum of basis vectors towards the 5-fold 
symmetry axes with integer coefficients, but this can also be re-written to make use of the x-, 
y-, z-directions in the common orthogonal basis; 

[(M) = �-.DEL�(�01)∑ ��M�H�`� = �-. (��M� + ��M� + �	M	 + �FMF + �GMG + �HMH) =
= �-.DEL�(�01) a(ℎ + 4ℎ′)cd + (� + 4�′)ed + (� + 4�′)fgh   3.16 

This clearly visualizes some important consequences; 
• Since the expression explicitly contains both integers and the irrational golden ratio, τ, it 

is clear that the reciprocal lattice vector is inconsistent with periodic translations in 3D. 
• G vectors generate a discrete set of points that fill space densely. However, since the 

structure factor of most reciprocal lattice vectors is small, only a comparatively small 
number of diffraction peaks are observed experimentally. 

• Irrational self-similarity since τnG belongs to the set defined in Eq. 3.16 (τ-
inflation/deflation). 

• There is a periodic image of the quasicrystal structure in a higher dimensional space, 
and the diffraction pattern of an icosahedral quasicrystal observed in 3D can be seen as 
a projection from a 6D hyperspace. 

 
In similarity to 3D cubes, there exist 6D hypercube equivalents of the fcc and bcc, called face 
centered icosahedral (fci) and body centered icosahedral (bci). In a similar way to their 3D 
counterparts there are extinction rules for which the structure factor becomes zero. The 
extinction rules for fci and bci are actually identical to those of FCC and BCC;  

 
"#i: ∑ ��� = 2��#i: �� 	%��	�&��	'(	%��	')) 3.17 
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For the simple icosahedral (si), any index is allowed. Currently, several fci (which includes 
the Al-Cu-Fe quasicrystal) and si quasicrystals (including the Cu-Al-Sc quasicrystal) have 
been found, but bci quasicrystals are yet to be discovered. It can be noted that for the indexing 
system used for fci quasicrystals there is a convention to express fci quasicrystals with the 
lattice parameter of the si quasicrystal [66]. This has the result that any indexed peak in an fci 
quasicrystal is multiplied by a factor of ½. An equivalent way of thinking is that instead of 
including forbidden indices, because the reciprocal lattice points are not present, one can 
express the extra basis points as separate allowed lattice points with ½ indices.This allows 
Cahn indices to have odd values for N. 

3.5 Decagonal Quasicrystals 

Decagonal quasicrystals are slightly different from the icosahedral quasicrystals. Since they 
are aperiodic in a plane, and periodic in the normal to the plane, they combine both aperiodic 
and periodic indexing. To index a reciprocal lattice point for the decagonal quasicrystals, 5 
indices are necessary; 4 in the aperiodic plane and 1 in the periodic direction. 

3.5.1 Indexing Decagonal Quasicrystals 

There are several indexing systems used for decagonal quasicrystals. A few of them uses 6 
index where the 6th index is redundant, similar to how hexagonal indexing uses 4 intergers. A 
comparison between index systems can be found in [70,71]. The main index systems are those 
developed by Yamamoto [72] and Steurer [73]. Only Yamamoto indexing will be shown 
below, but to transfer between Yamamoto and Steurer indexing the lattice parameter a is 
scaled by √5 4⁄  (Steurer is the larger value). The following matrices are used to change the 
Miller indices 

 l => �
N
OP
−1 1 0 −1 00 0 1 −1 0−1 1 0 0 0−1 0 1 −1 00 0 0 0 1S

TU , � => l	
N
OP

0 1 0 −1 00 1 1 −1 0−1 1 1 0 0−1 0 1 0 00 0 0 0 1S
TU 3.18 

In the Yamamoto indexing system, the reciprocal space vector qi5D in 5D is given by  

 MnoC = ∑ W��%�G�`� , W = �.√G 	
N
OOP
#� p� #� p� 0#� p� #F pF 0#	 p	 #� p� 0#F pF #	 p	 0
0 0 0 0 √G.q S

TTU 3.19 

Where  #� = cos �-�G   and p� = sin �-�G  . and ai is unit base vectors. Only i =1, 2, 5 belongs to 

the physical space while i = 3, 4 are part of the hyperspace. After cutting the hyperspace, the 
remaining parts of the vectors and the resulting reciprocal vector will be  
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M� = �.√G (c�, s�, 0)M� = �.√G (c�, s�, 0)M	 = �.√G (c	, s	, 0)MF = �.√G (cF, sF, 0)MG = �.√G ;0,0, √G.q @
, 3.20 

 

 
 = 2�∑ ��M�� . 3.21 

 

 

Figure 3.6 a) Basis vectors bj (j=1…5) of a decagonal quasicrystal labeled by five indices hi. 
Vector b0 is the negative sum of the four vectors bj (j=1…4), and not an independent basis vector. 
b) Indexing scheme. The circles denote the positions of diffraction spots generated and projected 
normal to the periodic axis. 

3.6 Approximants 

Approximants were earlier explained as large crystals similar to quasicrystals in section 2.1, 
but periodic. The same similarity also applies to the reciprocal space of approximants to 
quasicrystals. The hyperspace model of cut-and-project works also here. But instead of a 
plane that is tilted with τ, a rational cut p/q approximating τ [36,41,66] is done  as in Figure 
3.7. The p/q numbers are ideally part of the fibonnaci sequence, but not necessarily.  
 The rational cut will guarantee that in the projection scheme there will be a periodicity. 
The projected plane can be expressed as a shear on the quasicrystalline projection plane, from 
which the name is derived, in accordance with the shear formalism developed by 
[74,75,76,77]. The generation of non-periodic approximants was covered by Gratias [77]. The 
locations of the approximant crystal reciprocal points can be derived from a few equations 
involving the physical space, perpendicular space and the, by the approximant, cut space. The 
idea is that the hyperspace, w = xw∥, w6y where w∥ is denoting the physical space and w6 the 
perpendicular lost space, is cut into a lower dimensional plane Ec in a direction slightly 
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different from the quasicrystal. A reciprocal lattice point of the quasicrystal, x
∥, 
6y, is 
consequently shifted into a new position given by, 

 

∥3 = 
∥ − z{
6


63 = 
6   3.22 

where ε is the 3×3 shear matrix that defines the shifts. ε is constructed from two matrices 
constructed by the scalar products of the unit vectors of the cut space Ec and those of w∥ and w6, respectively, according to: 

 z = Y|6 ∙ |qZY|∥ ∙ |qZ��  3.23 

As can be noted from equation, if the cut space coincides with that of icosahedral space, then 
the first matrix becomes zero, resulting in the shear matrix being zero, and no shift occurs as 
expected. If the the cut is very close the physical space, i.e. a high p/q ratio, then the shear 
will be very small and the points will be close to the quasicrystal points. Another effect of the 
shear transformation on the icosahedral points is a split into several nearby points, as a result 
of the different directions for vectors of equal Cahn index N/M. In the particular case of a 
cubic approximant, the shear matrix becomes fairly simple;  

 
z = }~%�� 0 00 ~%�� 00 0 ~%���

~%�� = ���1�0�1
  3.24 

It is also possible to relate the lattice parameter of cubic approximants, a, to that of the parent 
quasicrystal by the relation 

 % = .DE√�L(�01) (� + �4)  3.25 

In the case of the obtained 1/1 approximant and quasicrystal in Al-Cu-Fe, the match has been 
excellent. The lattice parameters obtained from the same deposited film and the same heat 
treatment are 12.25 Å and 6.287 Å for the approximant and quasicrystal, respectively, which 
is within a 0.1% error margin. 
 Quasicrystals and approximants have similar reciprocal lattices. The similarity has been 
derived by Mukhopadhyay et. al. [78] with an interesting equation. They showed that the 
distance between reflections of the icosahedral quasicrystals, GI, and approximants, Gp/q, in 
parallel space are  

 ∆
 = 
�∥ − 
�/M∥ = 1����0(�/�)1
�∥	. 3.26 

This relation show that as p/q approaches τ, the difference quickly becomes smaller. High 
p/q-approximants, where 5/3 is already considered high in this equation, are very hard to 
discern from quasicrystals. 
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Figure 3.7 Visualization of a 1 dimensional direct lattice as a projection from a 2-dimensional 
hyper space. A cut-and-projection at a rational angle results in a periodic approximant. 

3.7 Atomic Disorder: Phonons and Phasons 

As in conventional crystals, phonons are vibrations in the quasicrystal lattice. But in 
quasicrystals there exist another type of vibrations, associated to vibrations in the 
perpendicular space x⊥, called phasons [79]. In the real space phasons corresponds to local 
rearrangements of atoms.  
 These phasons are associated with shifts and broadening of reciprocal spots of the 
quasicrystal from phason strain. If there is a linear phason strain in the quasicrystal the 
reciprocal spots will shift in directions determined by the perpendicular part of the reciprocal 
vector G⊥. In an X-ray diffraction pattern this would equal peak shift in either direction for 
each peak [80,81], while a linear phonon strain would shift all peaks in the same direction. 
The presence of phason strain also increases the difficulty in separating quasicrystal and 
approximant phases, since e.g. peak shifts observed in TEM patterns can be interpreted in 
either way. Phason strain when large enough are also known to be able to transform a 
quasicrystal into one of its approximant phases.  
 In Figure 3.8 the diffraction pattern of ZnMgY along a 5-fold direction is shown. 52 
diffraction peaks are clearly resolved, and all can be indexed according to an FCI quasicrystal 
using 6 indices. The corresponding 6D lattice parameter is 7.335 Å. 
  

Z2Z 1/1-approximant

quasicrystal

tan(α)=1/τw2
L S

S
S

S

S
S

L
L

L
L
L

L
L

L

L

L

L

L
L

L

x
┴

x



22 
 

 

 

Figure 3.8 X-ray diffraction of a ZnMgY single-grain quasicrystal along a 5-fold direction. There 
are significant peak shifts with respect to the theoretical positions. b) Evolution of the peak shift as 
a function of the perpendicular scattering vector, Q⊥. There is a clear linear dependence indicating 
the presence of a linear phason strain in the sample.  

In Figure 3.8 there are significant peak shifts with respect to the theoretical positions. The 
peak shift with respect to the ideal position is either positive or negative. This rules out an 
explanation by a systematic error in the measurement, or a wrong lattice parameter. In fact the 
sign of the deviation is related to the sign of the Q⊥ vector of the Bragg reflection. The shift of 
a Bragg peak caused by linear phason strain is given by ∆Q=αMQ⊥, where α is the phason 
amplitude and M is the phason matrix.  
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4 Material Systems 

In the following section, information about the material systems I have worked with during 
the thesis will be briefly mentioned. Since the main part of the thesis have involved annealing 
of as-deposited thin films of individual elements into the quasicrystalline phases, plenty of 
phases have been observed during the path. The observed phases are however only a small 
fraction of the numerous phases that exists in the system and subsystems for each elemental 
combination prepared. It was also necessary to include extensions for the element Si, since 
film-substrate reaction has been frequent.  
 Since any of the known phases could have been formed, it has been necessary to gather 
crystallographic information of all of them for use during the analysis, mainly diffraction 
patterns. Considering the many subsystems possible from quaternary alloys, a substantial 
amount of time has been invested in this part. A large part of the crystallographic data used 
has been from the JCPDF [82] and ICSD [83] databases. However, both of these databases, 
and most others as well, unfortunately, are lacking crystallographic information of 
quasicrystals and related phases. It was therefore necessary to thoroughly study the literature 
on quasicrystals and approximants, from which the main diffraction indices and lattice 
parameters could be obtained. Since the phase evolution has been studied for thin films during 
annealing, thermal expansion and to some extent mechanical strain had to be considered. For 
this purpose a code was developed that allowed to freely change the lattice parameters, 
resulting in changes of lattice spacing for every Miller index in the reference data, to account 
for these peak shifts. Furthermore, since film texture is a possibility, which was also observed, 
not all Miller indices indicated in the data may be present. This further increases the difficulty 
to make a thorough and correct analysis, as there may very well be competing phases when 
only a few diffraction peaks can be observed. There may also be phases that are so alike, like 
quasicrystals and approximants with high p/q numbers, that even under the best of 
circumstances several methods and samples will be required before a definite identification 
can be made. A young and fresh eye is also very helpful [84]. 
 In the following sections the most important phases in the Al-Si-Cu-Fe, Al-Si-Cu-Co 
and Al-Cu-Sc material systems are presented, including a table of the crystallographic 
information for a larger group of phases that have been most relevant. This compilation is, 
however, only a small fraction of the phases that have been considered when comparing 
experiments with reference data.   
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4.1 Al-Si-Cu-Fe 

In the Al(Si)CuFe system there are a number of known quasicrystals and approximant phases. 
Phases in this material system have been the main part of this thesis, with focus on the 
icosahedral quasicrystal and its approximant in the expanded Al-Si-Cu-Fe system. 
 

- The icosahedral Ψ-Al 62.5Cu25Fe12.5 phase was first identified as a quasicrystal by Tsai 
1987 [7], and have made a large impact on the field. It was the first found quasicrystal 
that were both stable and had sharp diffraction points, preceded by AlCuLi who 
although stable still showed diffuse peaks [6]. The discovery of a quasicrystal that 
could diffract with spot size equal to those of highly perfect crystals and be grown in 
large sizes made a solid argument for the discussion on aperiodicity and also allowed 
reliable measurements of properties to be conducted. The phase have an interesting 
history, as it was actually discovered back in 1939 by Bradley and Goldschmidt [85] 
who named it Ψ but could not identify the structure. It is also the only quasicrystal 
found in nature [13], as part of meteorites with the same age as the Earth [14]. To date 
the Ψ-phase is the most studied thin film quasicrystal, and second most studied bulk 
quasicrystal, after the AlPdMn quasicrystal system.  
 

- There are many known approximants to the Ψ-Al 62.5Cu25Fe12.5 phase. This includes the 
α-Al 55Si7Cu25.5Fe12.5 approximant phase, where a low amount of Al has been 
substituted by Si. The α-approximant was found in 1996 [37] and readily verified as a 
cubic 1/1 approximant. Several studies of this phase were conducted early after the 
discovery and the structure has been refined [86,87]. The structure is similar to a CsCl 
structure, but instead of atoms there are two slightly different pseudo-Mackay clusters 
in the corners and center of the cube. A projection in the 100 and 111 directions 
generated by refinement data [87] of the α-approximant are shown in Figure 4.1. 

 

Figure 4.1 The α-Al(Si)CuFe approximant unit cell viewed in the a) [111] zone axis, and b) 
[100] zone axis. The icosahedral clusters are clearly visible. 

- In many Al-TM (TM=transition metal) alloys a large part of the phase diagram are 
made up of a CsCl (B2) structure phase. One such phase exist in Al-Fe system, where 
up to 80% of the Fe atoms can be substituted for Cu. The lattice parameter is around 
2.9 Å for all TM alloys and the substitution of Fe to Al(CuFe) only changes this 
parameter a small amount. 
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Table 4.1 Quasicrystalline, approximant, and other relevant phases in the Al-Cu-Fe system. 

Name Structure Composition 
Lattice 

parameter 
p/q Comment Ref 

Ψ icosahedral Al62Cu25.5Fe12.5 a6d=6.3 Å  Quasicrystal 7 

R rhombohedral Al63Cu26Fe11 
a=32.14 Å 

α=36° 
3/2 Approximant 88 

P1 pentagonal Al63.6Cu24.5Fe11.9 a=52.31 Å 4/3 
Approximant 

 
89 

P2 pentagonal Al60Cu30Fe10 a=84.49 Å 7/4 
Approximant 

 
90 

O orthorhombic Al60.3Cu30Fe9.7 
a=32.16 Å 
b=116.34 Å 
c=19.85 Å 

3/2 
11/7 
2/1 

Approximant 91 

α cubic Al55Si7Cu25.5Fe12.5 a=12.33 Å  1/1 Approximant 37 

β cubic Al50(CuFe)50 a=2.904Å  
CsCl structure  
Can hold up to 

40% Cu 
92 

ω tetragonal Al7Cu2Fe 
a=6.336 Å 
c=14.87 Å 

  93 

λ monoclinic Al13Fe4 

a=15.492 Å 
b=8.078Å 

c=12.471 Å 
β=107.69° 

 

Approximant to 
the decagonal 
quasicrystal  

d-AlFe 

94,95,96 

θ tetragonal Al2Cu 
a=6.066 Å 
c=4.885 Å 

  92 

η2 monoclinic AlCu 

a=12.066Å 
b=4.105Å 
c=6.913Å 
β=55.04° 

  92 

γ cubic Al4Cu9 a=8.7023 Å   92 

τ7 monoclinic Al3Fe2Si3 

a=7.179Å 
b=8.354Å 
c=14.455Å 
β=93.8° 

  97,98,99 

τ5 hexagonal Al7.4Fe2Si 
a=12.404Å 
c=26.234Å 

  97,98,99 

 

4.2 Al-Si-Cu-Co 

The second quasicrystalline material system investigated was the Al-(Si)-Cu-Co system. 
Several phases in the Al-Cu-Co system are isostructural to those in Al-Cu-Fe, when replacing 
Fe for Co. There are also several Al-Co phases that are stable while the corresponding Al-Fe 
phases are metastable. Another difference is that the quasicrystal in this system is decagonal 
instead of icosahedral. 
 

- The decagonal Al-Cu-Co quasicrystal was first found by He et.al in 1988 [8,100]. 
Periodicities of 4, 8, 12 and 16 Å was all discovered, but only the 4 Å periodicity have 
been confirmed as stable. Several articles have investigated the stability range of this 
phase with varying compositional ranges as a result, but all of them are centered 
around a composition of Al65Cu17.5Co17.5 [101-104]. This was the first stable 
decagonal phase found, and just like the Ψ-Al 62.5Cu25Fe12.5 phase for icosahedral 
phases, the d-Al-Cu-Co could be grown to large single grains, allowing the possibility 
to investigate the quasicrystalline-related properties. Anisotropic behavior between the 
quasicrystalline plane and periodic axis was readily observed [105-108]. It is also 
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known that up to 3% of Al can be replaced with Si without recrystallization [109, 
110].  
 

- Of the known vacancy ordered phases (VOP) found in different Al-based systems 
[39,111], only τ3 has been found as stable in Al-Cu-Co [112]. Based on the Al3Ni2 
structure type, this particular VOP can be indexed both with hexagonal index as in 
table 4.2 or as a superstructure of CsCl like the other τn phases. This phase has also 
prior been encountered in thin films together with d-Al-Cu-Co [113]. 

 
- The φ-Al 23Co10Si9 was found recently by Richter together with two other new phases 

in the AlCoSi system [114]. This is a very large crystal, as seen by the parameters in 
table 4.2, and in the refined complex structure there are pentagonal motifs [115]. The 
phase is however not mentioned as an approximant, neither do the lattice parameter 
show the p/q similarity of approximants, as described in section 3.6. In the phase 
diagram provided in [114] the phase exists only in a tiny region, which in his refined 
structure have a composition of φ-Al 23Co10.14Si8.72. In our study of Al-Cu-Co on Si we 
have, however, confirmed ϕ-phase with 4-8 at.% Cu, existing together with the d-Al-
Cu-Co-Si. 

Table 4.2 Quasicrystalline, approximant, and other relevant phases in the Al-Cu-Co system. 

Name Structure Composition 
Lattice 

parameter 
p/q Comment Ref 

d decagonal Al65Cu17.5Co17.5 
a=4.4 Å 
c=4.1 Å 

 
Decagonal 

Quasicrystal 
8 

 monoclinic Al65Cu17.5Co17.5Si2 
a=b=51.5 Å 

c=4.13  
β=108° 

7/5 Approximant 116,117 

τ3 hexagonal Al3(CuCo)2 
a=4.112 Å 
c=4.958 Å 

 
VOP 
B2 

superstructure 
112 

β cubic Al50(CuCo)50 a=2.904Å  CsCl structure  92 

ω tetragonal Al7Cu2Co 
a=6.305 Å 
c=14.756 Å 

  82 

m monoclinic Al13Co4 

a=15.183 Å 
b=8.122Å 
c=12.34 Å 
β=107.54° 

2/3 Approximant 118 

o orthorhombic Al13Co4 
a=8.158 Å 
b=12.342Å 
c=14.452 Å 

3/2 Approximant 119 

M monoclinic Al13Co4 

a=17.071 Å 
b=4.0993Å 
c=7.4910 Å 
β=116.17° 

2/2 Approximant 120 

Z, τ2 monoclinic Al3Co 

a=39.84 Å 
b=8.148 Å 
c=32.23 Å 
β=107.97° 

 
Approximant 
τ2 inflation of 

m-Al13Co4 
121 

ϕ orthorhombic 
Al 23Co10+xSi9-2x 

x=0.14 

a=13.852 Å 
b=23.055 Å 
c=7.340 Å 

  114,115 
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4.3 Cu-Al-Sc 

In the Cu-Al-Sc system co-sputtered films were grown using both substrate heating and ion-
assistance. The goal was to grow the quasicrystalline phase directly during deposition, and the 
phase evolution was thus not studied. The only identified phase in these films was the 
quasicrystalline phase, however comparison was performed with other known phases in the 
Cu-Al-Sc system to eliminate other solutions to the diffraction pattern, in particular the 
orthorhombic approximant [123].  
 

- The quasicrystal in Cu-Al-Sc was found by Honma and Ishimasa at a composition of 
Cu46Al 38Sc16 in 2007 [122]. This is an icosahedral quasicrystal, but unlike the Ψ-
Al 62.5Cu25Fe12.5 this is a simple icosahedral made up from Tsai-clusters. In their report 
the quasicrystal was grown at a temperature of 776 K, a value which I could reduce 
significantly. 

 

Table 4.3 Quasicrystalline, approximant, and other relevant phases in the Cu-Al-Sc system. 

Structure Composition Lattice parameter p/q Comment Ref 
icosahedral Cu46Al 38Sc16 a=6.959  Quasicrystal 122 

orthorombic Cu48.1Al 36.4Sc15.5 
a=b=51.5 Å 

c=4.13  
β=108° 

1/0 
2/1 
1/0 

Approximant 123 

cubic Cu2Al 1Sc1 3.09    
cubic Cu2Al 1Sc1 6.199    

hexagonal Cu1Al 1Sc1 
a=5.04 Å 
c=8.24 Å 
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5 Deposition and Growth of Thin Films 

The following section is dedicated to thin films and their synthesis using magnetron sputtering 
deposition. 

5.1 DC Magnetron Sputtering 

The method of making a coating or thin film involves using a physical or chemical mean to 
move selected atom elements from a source (liquid, gas, melt, target, etc.) through a medium 
(vacuum, gas, liquid, etc.) onto a substrate of choice [124]. Several methods have been 
developed, categorized into chemical and physical vapor deposition, CVD and PVD, 
respectively. However, only the PVD method DC magnetron sputtering has been of interest in 
this thesis. The setup of magnetron sputtering is as following [125]: A sealed chamber is 
evacuated to high vacuum to prevent impurities during the depositions. Inside a target with 
the material to be sputtered is placed attached to a magnet and a negative potential; a 
magnetron. On the other side of the chamber a substrate holder is placed, which can allow a 
substrate bias potential, substrate heating, and substrate rotation to be applied. The chamber is 
filled with a sputtering gas, typically an inert noble gas but other gases can be used in case 
reactive sputtering is desired. By applying a negative voltage to the target an electric field will 
form between the target and the substrate. As a result of cosmic radiation a small amount of 
ions and electrons are always present in the chamber, and these will be affected by the applied 
electric field. The negative electrons are repelled from the target and, if they gain sufficient 
energy from the electric field, cause ionization of the sputtering gas due to electron impact 
ionization 
 2e Ar e Ar− − ++ → +  5.1 

with a probability related to the scattering cross-section of the gas, here Ar. The ions, on the 
other hand, are positively charged and therefore attracted towards the target. Upon collision 
with the target surface a cascade of collisions takes place within the target and, among others, 
target atoms will be ejected.  
In Figure 4.1 the magnetron and substrate holder are schematically shown together with 
illustrations of the sputtering at the target and condensation of atoms at the substrate. 
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Figure 5.1 Schematic illustration of the deposition process. 

 
The sputtering gas is generally only a few mTorr in pressure. If enough electrons can be in the 
sputtering gas at any given time, a plasma is formed and sustained. The electrons will 
however have a high chance of hitting the grounded chamber wall, leaving the system, or to 
recombine with the ions to neutrals. It is therefore difficult to sustain the plasma using the 
electric field alone. By applying a magnetic field from the magnetron [125], the time the 
electron spends in the vicinity of the target will be multiplied due to the spinning motion 
caused by the Lorentzian force [126], and the plasma will be much easier to maintain. 
 
 ( )q= + ×F E v B  5.2 

To control the magnetic field, magnetic materials may be used to decrease the field at certain 
areas, or a conducting solenoid may be applied elsewhere in the chamber to generate a 
magnetic field e.g. at the sample holder. Once a positive ion is formed, it will be attracted 
toward the target due to the potential field, gaining momemtum. This will lead to a collision 
with the target atoms, releasing several different types of particles including target material, 
schematically shown in Figure 5.1. 
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Figure 5.2 When an ion interacts with the surface several phenomena can occur. The secondary 
electrons are most important in order to produce more ions and thus to sustain the plasma. 
Photons, emitted at the relaxation of excited gas atoms, provide the glow of the plasma. 

An erosion zone, or racetrack, will be formed in the target surface due to the ions impinging 
from the region where the plasma is strongest, i.e. where the free electrons have the highest 
presence due to the Lorentzian force. The released particles of most interest are sputtered 
target atoms and secondary electrons. The secondary electrons will enter into the plasma, 
further improving the ability to sustain it. The target atoms will, if ionized, be accelerated by 
the electric field through the plasma and hit both the grounded chamber walls and the 
substrate holder, where they will condense and form a film on a substrate. The majority is 
however neutral atoms, which will be sputtered in a cosnθ-distribution from the target. The 
highest amount of sputtered atoms will therefore be in the forward direction, where the 
substrate thus should be placed for the highest deposition rates. 
 

 

Figure 5.3 A schematic of the magnetron together with electric and magnetic fields. The electrons 
are kept in front of the target by the magnetic field, leading to an increased ionization rate, and 
thereby an increased deposition rate. 
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5.2 Ion-assisted Deposition 

In magnetron sputter depositions, it is possible to increase the flux of Ar ions to the substrate 
by using a magnetic field to guide secondary electrons from the plasma to the substrate region 
where they ionize Ar sputtering gas atoms. The energy of the Ar ions to the substrate, can 
then be controlled by applying a voltage between the plasma and the substrate. The flux of 
ions and the ion energy are the two most important parameters used in ion-assisted 
depositions. By attracting ions from the plasma to the substrate, the energy provided to the 
adatoms allow for an increased surface mobility. This improves the nucleation and crystal 
growth, and affects several features of the film like microstructure, texture and phase 
composition [127]. This can also increase the density and reduce the film stress. With high ion 
energies implantations of gas ions and resputtering of the film material can also occur. 
 Controlling the plasma during the deposition can in improve the thin films in a number 
of ways. This has been used in the co-sputtered thin films of Cu-Al-Sc, where an 
improvement of the film was observed with increased ion flux. Both the ion energy and the 
incident ion-to-neutral flux ratio are fundamental parameters in ion-assisted deposition, and 
their independent control is essential for investigations of the effects of the ion bombardment. 

5.3 Plasma Characterization 

Since different plasma conditions will influence the film growth and film properties it is very 
important to know the characteristics of the plasma, in particular in the vicinity of the 
substrate. In order to obtain information of the plasma a current-voltage (IV) characteristic is 
determined by performing electrical probe measurements [128,129]. Figure 4.4 shows a 
typical probe characteristic, from which all plasma parameters can be deduced. To be able to 
measure both in the ion-current region (I), as well as in the electron-current region (III), two 
different probe geometries are used. A Langmuir probe, a few mm long tungsten wire, is used 
to determine the plasma potential. To determine the ion current density a flat probe of 
stainless steel is used.  

 

Figure 5.4 Illustration of the IV-characteristic of the plasma. The ion (I) and electron (III) 
saturation regions are separated by a transition region (II). The floating potential is where the 
probe current is zero, and the plasma potential is the inflection point. 

From the IV-measurement both the plasma potential Vp and the floating potential Vf can be 
determined directly. The floating potential Vf is defined as the potential where the net current 
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is zero, I(Vf)=0, and the plasma potential Vp can be derived as the potential at the inflexion 
point in-between ion and electron dominating regions given by 
 

 
������ ��`�� = 0 5.3 

 
For a negative probe voltage below the kinetic energy of the electrons, no electrons reach the 
probe, with an area A, and only positive ions are collected. The measured ion current, Ii, can 
then be used to calculate the ion flux, Ji . Using the deposition rate, r, the density of the film, 
ρ, and the molar mass, M, of the neutral atoms the flux of neutrals, Jn, can be derived using 
the same formula. The flux ratio of ions to neutral atoms is then simply the ratio which 
reduces to 

 �� = \��{ = ����   5.4 

 �� = \��{ = �\��]    5.5 

  Φ = ���� = ��]�\����   5.6 

 

When a negative voltage is applied to the substrate, Vs, ions from the plasma will be attracted. 
If q is the valence of the ion, e the elementary charge, the energy of the ions impinging on the 
substrate surface can be determined from the relationship 

 ���� = ����� − ���   5.7 

  

5.4 Thin Film Depositions 

5.4.1 Deposition System 

The thin films investigated in this work have been deposited using a high-vacuum DC 
magnetron sputtering system, schematically shown in Figure 5.5. The size of the chamber is 
500 mm in diameter and 350 mm in height with a target-to-substrate distance of 120 mm. The 
chamber is designed for two 3” (75 mm) diameters magnetrons, placed at a tilt angle of 25° 
towards the substrate table normal, and a third, 2” (50 mm) diameter magnetron, in a position 
inbetween with a tilt angle of 30°. The target discharges were established with constant-
current power supplies. All magnetrons were running continuously during the deposition, and 
the material fluxes to the substrate were regulated by fast acting computer controlled shutters 
located in front of the magnetrons. 
 The configuration in the magnets is such that the outer magnetic field lines are 
positively coupled to each other, guiding secondary electrons away from the cathodes towards 
the substrate, and thus extending the plasma to the substrate region. Between the magnetrons 
an electrically isolated µ-metal shield prevents cross-contamination and forces the magnetic 
field lines to connect beneath the shield, closer to the substrate. Ar (99.999%) sputtering gas 
was introduced into the chamber to the desired working sputtering gas pressure, as measured 
with a capacitance manometer. 
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 The substrates were mounted on a rotating substrate table, directly in line-of-sight of 
both magnetrons. The substrate was rotated during the depositions with a constant rate of 60 
rpm in order to prevent anisotropic film properties. The substrate table was electrically 
isolated from the system and a negative bias voltage could be applied to the substrate in order 
to attract ions from the plasma. The substrate temperature was measured by an optical 
pyrometer and calibrated against a thermocouple. 
 
 

 

Figure 5.5 Schematic illustration of the magnetron sputter deposition system used for the 
depositions. 

The ion flux to the substrate is determined by the extent of magnetic confinement of the 
magnetron plasma and can therefore be altered by changing the magnetic field configuration 
in the chamber. By using a solenoid surrounding the substrate table a magnetic field axially 
through the substrate position can be generated. By choosing the direction of the current (±5 
A) in the solenoid an induced magnetic field through the substrate (B=±10 mT) can couple to 
one of the magnetrons while repelling the others. This allows for secondary electrons, 
produced in the sputtering process, to be guided from the coupled magnetron source down 
towards the sample where further ionization of sputtering gas atoms can take place. Thus, by 
controlling the solenoid current, the strength of the magnetic coupling, the number of 
secondary electrons, and hence the number of sputtering gas ions in the vicinity of the 
substrate can be controlled. 

5.4.2 Deposition Parameters 

The depositions have been made with a background pressure of 10-7 Torr obtained using a 
turbo molecular pump backed by a rotary vane pump. The low pressure reduces the amount of 
contaminations during deposition, which is important for high quality quasicrystalline films. 
The target discharges were established with constant-current power supplies and discharge 
currents (voltages) of about 0.2-1.0 A (-200 V to -400 V) were used.  
 

- To produce the Al-Cu-Fe thin films, elemental layers of Al, Cu, and Fe were 
sequentially deposited on top of each other to form a multilayered stack. Al was kept 
as the top layer to prevent oxidation other than the natural, passive surface oxide. 
Layer thickness ratios of Al:Cu:Fe equal to 7:2:1 were used to maintain a global 
chemical composition ratio of 5:2:1, corresponding to the ideal quasicrystalline phase. 
To ignite the Fe plasma, the target had to be polished down to ~1 mm in thickness to 
increase the magnetic field in front of the target. In addition, an iron shield was used 
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around the magnetron to eliminate the magnetic field from protruding on the sides of 
the magnetron. Neither the solenoid or substrate heater was used, while the bias was 
kept at -25 V. 

 
- Al-Cu-Co thin films were produced in a similar manner as the Al-Cu-Fe, i.e., by 

depositing elemental multilayers. Here, however, the composition was used as a 
variable, and compositions around Al64Cu18Co18 with about ±3 at.% of each element 
were deposited. This corresponded to layer thickness ratios of about 72:14:14 for 
Al:Cu:Co. Neither the solenoid or substrate heater was used, while the bias was kept at 
-25 V. 
 

- The Cu-Al-Sc films were co-sputtered from three separate elemental targets. These 
films were made using ion-assisted growth, where the substrate bias voltage, substrate 
solenoid and substrate heater were all used. These depositions consisted of a series of 
samples where the substrate temperature and the ion-assisted energy and flux were 
varied. 
 

For all of the depositions, both Al2O3(0001) and Si(001) were simultaneously used as 
substrates. Typical deposition rates were ~0.5 Å/s for each layer during growth of the 
multilayer, while for co-sputtering the total deposition rate was ~1.3 Å/s. 
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6 Thin Film Characterization 

In this section the characterization techniques that have been used are briefly described. The 
methods cover phase identification, structure characterization, elemental analysis and 
mechanical characterization. 

6.1 X-ray Diffraction 

Ever since the discovery of X-rays by Wilhelm Conrad Röntgen [130] and the following 
discovery of their diffraction in matter by Ewald, Laue and father and son Bragg [131-134], 
electromagnetic waves in the wavelength range 0.1-100 nm has been an invaluable and 
unsurpassed tool in material science for the characterization of crystals. X-ray diffraction 
(XRD) is a method that is simple to use, often requires no sample preparation, is non-
destructive, and a very versatile analytical method. Thanks to its many uses and powerful 
abilities the XRD equipment is a common tool in scientific laboratories. 
 The principle of XRD [135] is that as X-ray waves travels through a crystal, a small 
fraction will undergo elastic Thomson scattering against electrons in the atoms constituting 
the crystal [136]. The scattered waves will travel in all directions and interfere with each 
other. Due to the phase difference, there will be a destructive interference of the waves in 
most directions. However, in a few very specific directions constructive interference will 
occur. These directions can be correlated to the atomic positions in the crystal structure which 
are separated distances on the same order as the X-rays wavelength, a few Å. 

6.1.1 Real and Reciprocal Space 

In chapter 3.2 the concept of periodicity and reciprocal space was briefly explained. When a 
material is made up of repeating unit cells, i.e. a crystal, identical atomic planes can be drawn 
and also described by Miller index hkl. These planes are spaced a distance dhkl in a relation 
involving the lattice parameters and the Miller indices. The normal of these planes can also be 
described with the Miller index, which is the reciprocal lattice vector G in Eq. 3.2. Since the 
Miller index are all integers, the reciprocal lattice vector G maps out a lattice in reciprocal 
space called the reciprocal lattice. Each node in the reciprocal lattice corresponds to a plane in 
the real lattice, and the opposite, as in Figure 6.1. The lattice spacing dhkl is related to the 
reciprocal lattice vector G through: 

  )��  = �-|
|  6.1 
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When X-rays are incident on a crystal, lattice specific directions will yield constructive 
interference. These directions can be described in both the real space, using Bragg’s law, or in 
the reciprocal space, using the Laue condition. In real space, if the path length of the wave is 
an integer of the wavelength there will be constructive interference. From geometry related to 
the plane spacing dhkl, illustrated in Figure 6.1 a), this results in the condition of Eq. 6.2. In 
reciprocal space, constructive interference can only occur if the incoming and outgoing wave 
vector can both be connected to reciprocal lattice nodes, the condition of Eq. 6.3. Geometrical 
definitions of this scattering vector give Eq. 6.4. By using Eq. 6.1, it can be seen that Eq. 6.2 
and 6.4 describes the same condition. 

  �¢ = 2)�� pi�£  6.2 

  M = Δ¥ = ¥�¦{ − ¥�� = 
��   6.3 

  |M| = F-§ pi�(£)  6.4 

When working with conventional, periodic, crystals the geometry of Bragg’s law is easy to 
visualize. However, for quasicrystals the definition of a plane distance is not as rigid due to 
the aperiodicity. It has, however, been proven that a decoration of atoms that follows an 
aperiodic pattern will generate a reciprocal lattice with discrete points [3]. The reciprocal 
lattice of quasicrystals is therefore straightforward from the hyperdimension description. This 
makes the Laue condition the preferable description of the diffraction condition. 

 

Figure 6.1 Diffraction in real a) and reciprocal space b), here illustrated by diffraction from (111)-
planes.  
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6.1.2 Diffractometers and optics 

During the thesis, several diffractometers have been used. The mainly used diffractometers 
are a Philips PW1710 powder diffractometer, a Philips X’Pert MPD Bragg-Brentano θ-θ 
diffractometer and a Panalytical Empyrean diffractometer.  
 A Cu X-ray source has been in all diffraction experiments. Inside the X-ray tube, 
electrons are emitted from a W wire and accelerated towards the anode, which is Cu metal 
plate. When the electrons collide with the Cu plate, brehmsstrahlung radiation, from the 
braking of the electrons, and characteristic radiation from electron transitions in the Cu is 
emitted. The X-rays are emitted in all directions, but a Be window is placed to let the X-rays 
escape in the desired direction. 
 The escaping X-rays will be a mixture of the high intensity characteristic X-rays and the 
brehmsstrahlung radiation. When performing angle resolved diffraction, a monochromatic 
radiation is desired. A filter placed after the Be window will reduce the undesired radiation. 
For Cu radiation a filter made of Ni is used to produce monochromatic Cu-Kα radiation, 
consisting of the Cu-Kα1 and Cu-Kα2 wavelengths 1.54056 Å and 1.54439 Å. 
 To control the X-ray beam size and divergence a simple mask followed by a set of slits 
are used. Figure 6.2 illustrates the positions of the masks and slits. 

 

Figure 6.2 A schematic illustration of a conventional hard X-ray Bragg-Brentano diffractometer 
with two rotation axes, ω (sample) and θ (detector). 

 
 With the geometry above information can only be collected in a plane of the reciprocal 
space of the sample. To obtain information in the entire space, it is necessary to be able to tilt 
and rotate the sample in any direction. This is obtained using an Eulerian cradle sample 
holder. This allows the sample to be rotated around the sample normal axis (ϕ) or tilted in the 
direction away from the diffraction plane (Ψ).  
 Several of the different scanning geometries are shown in Figure 6.3 below. They 
corresponds to different methods to probe the reciprocal space, which will be explained 
below. 
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Figure 6.3 Scans in reciprocal space; θ-2θ scans, 2θ-scans, ω-scans and reciprocal space mapping. 

6.1.3 Phase Analysis 

In the most common use of XRD, measurements are performed in a symmetric θ-2θ setting. 
In a θ-2θ measurement an equal angle of the incoming and outgoing X-rays with respective to 
the sample surface is maintained. Therefore, in this mode the scattering vector q is 
perpendicular to the sample surface during the entire scan. All of the detected bragg 
reflections will therefore lie in the same axis in the reciprocal space. For powders and 
polycrystalline samples the measurement will be enough to detect all of the Bragg reflections 
of the sample within the measured range, which is why it is the most commonly used method.  
 From the positions and intensities of the peaks the phases in the sample can be 
determined by comparison to reference data. Since the peak positions are very sensitive to the 
lattice parameters of the crystal, shifts due to strain or thermal expansions will have to be 
considered when identifying the phases. The FWHM of the diffraction peaks can also be used 
to describe the grain size through the Scherrer equation [137], where more narrow peaks 
correspond to a larger grain size. The shape of the peaks also provide information of the 
defect density in the grains, where a sharper peak corresponds to a better quality. In many 
samples there may be diffraction peaks that are missing compared to the reference data, or 
there may be a difference in the intensity distribution of the diffraction peaks. This can be 
indicative to certain orientations of the crystal grains being more preferred (texture). Overall, 
the simple θ-2θ measurement is able to provide a lot of information with relatively ease, 
making it very useful for experimental scientists. 

6.1.4 Texture Measurement 

If there are signs of texture present in a sample then it can be analyzed with rocking curves 
and pole figures. When performing a rocking curve measurement, the scattering angle 2θ is 
kept at a constant value. The sample is then tilted in the θ-2θ plane with a ω-scan, effectively 
the same as rocking the sample. If there is a texture in the sample, the diffracted peak at the 
chosen 2θ value will show large intensity variations. This can easily be performed on several 
2θ values. A benefit of rocking curves is that it does not require an eulerian cradle, but due to 
intensity loss from absorption related to the path geometry there are limits to the analyze. 
 A different way to measuring texture is with pole figures. In this setting, 2θ is again 
kept at a constant value. The sample is then tilted in the ϕ and Ψ directions. By measuring the 
diffraction intensity while performing rotations over the entire range ϕ=0-360° and Ψ=0-90° a 
2D map is obtained. In this map there will be an intensity distribution that can be directly 
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related to the crystal orientation of that particular scattering angle 2θ, and will thus show the 
texture of the sample. The interpretation will of course have to consider the crystal 
relationship of reciprocal lattice vectors G from the same family. Pole figure measurements 
can also be performed for expected diffraction peaks, not detected in a θ-2θ scan, like e.g. a 
single crystal, to find the orientation of the lattice planes. 

6.1.5 Reciprocal Space Mapping 

It is possible to scan a large part of the reciprocal space. By making measurements of 2θ for 
many fixed ω-angles, or the opposite, a reciprocal space map (RSM) is produced. RSM is 
used to study the shape of the diffraction peaks, which can provide information of, e.g., lattice 
distortions. In the case of quasicrystals, diffraction peak shifts caused by phason strain is a 
subject of interest. These can be studied with RSM.  
 In Figure 6.4 a RSM has been created over a large part of the reciprocal space from a 
Zn-Mg-Y single crystal. A paper covering the phason shifts observed is in development but 
not finished at the writing of this thesis. 

  

Figure 6.4 Reciprocal space mapping of a fci-Zn-Mg-Y single quasicrystal a) in the map 
directions of 2-, 3-, and 5-fold symmetry can be identified. More than 100 diffraction peaks are 
visible in this map. In b) the same map, the diffraction peaks in the diffraction plane are marked 
with green circles, while those in-front and behind the diffraction plane, are marked with red 
circles. 

6.1.6 Residual Stress Measurements 

From phase identification with θ-2θ measurements it is possible to see shifts of peaks which 
may be due to strain in the sample. When growing thin films, very often there is some residual 
stress. Thanks to the high sensitivity of XRD, it is possible to measure the strain of the films 
and correlate it to the stress. When a crystal grain is strained, it will be deformed in response. 
By tilting the grain it is possible to measure the lattice spacing in separate directions, and 
correlate it to the strain direction. As such, residual stress measurements are performed by 
doing 2θ-ω (the same as θ-2θ but in directions not normal of the surface) measurements over 
the diffraction peaks for different values of ϕ and Ψ. The collection of measurements can then 
be modeled into a film strain. In the simplest model for film stress analysis, biaxial stress 
model, the film is strained biaxially along the interface plane. The strain therefore depends 
only on Ψ. In this model it is possible to quickly obtain several mechanical parameters 
regarding the crystal phase, from the following Eqns. 6.5-6.7. The model predicts a linear 
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relationship between sin2
Ψ and lattice spacing d, which makes it easy to verify from the 

measurements. If the strain is more complex, there are other models which can be used but 
requires more work since several mechanical parameters will be needed. 

  z¨© = �ª«��¬�¬   6.5 

  z© = �ª«��¬�¬ ∥ sin�Ψ− �°̄ ∥  6.6 

  sinΨ∗ = ± �¯�0¯  6.7 

 

6.1.7 X-ray Reflectivity Measurements 

X-ray reflectivity (XRR) is technically not a XRD method. There is no diffraction involved, 
but instead the specular reflection at low angles. The method is however connected by the use 
of X-rays and interference that it is grouped with XRD. XRR is a method that can be used to 
measure the thickness of a thin film or a multilayer with good accuracy. It is also possible to 
obtain information about the roughness, refractive index and density of the film [138]. 
Measuring a thin film with X-rays at low angles will result in fringes caused by reflective 
interference between the film layers thickness and the substrate. In the case of a monolayer, 
using geometry and Fresnels laws, a modified Bragg’s law can be deduced as 

  ²¢ = 2)pi�£±1 + ³�������´  6.8 

Here η is the refractive index of the film, and d is the thickness. The equation can be rewritten 
as 

  pi��£ = §�µ�
F�� − (¶� − 1)  6.9 

yielding a straight relationship between the squares of the mth reflectivity peak and the sine of 
its angle, from which the thickness can be calculated. A similar result is reached for 
multilayers, where d instead corresponds to the multilayer period, and η is the mean refractive 
index of the multilayer. XRR has been used during the thesis to calculate the thicknesses of 
the deposited films as well as to prepare the films with a good stoichiometry. 
 

6.2 Electron Microscopy 

Thanks to the wave-particle duality of electrons, analysis methods based on electron beams 
have been developed since early 1900. Today they are indispensable tools for material 
analysis thanks to the supreme resolution and magnification abilities they possess. 
 The working principle of electron microscopy is based on the interaction of electrons 
from an electron beam with the ions in the sample. Several kinds of interactions can occur to 
generate different kind of signals, illustrated in Figure 6.5. Each type of these signals can be 
collected and used to obtain information of the sample. 
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Figure 6.5 Signals produced by the interaction between the electron beam and sample. 

 

6.2.1 Scanning Electron Microscopy 

In scanning electron microscopy (SEM) [139-141] an electron beam working in the range of 
1-30 keV is focused on the surface of the sample. The beam continuously scans over the 
region of interest and generates signals for each pixel. In this analysis method only the signals 
that are reflected from the surface are collected. As such, the thickness of the sample does not 
matter which makes the sample preparation simple for most samples.  
 The signals that have been of interest in this thesis are the X-rays used for energy 
dispersive X-ray analysis (EDX) described below, the backscattered electrons, and the 
secondary electrons, both used for surface topography imaging. 
 Secondary electrons are generated through inelastic scattering of sample electrons with 
the beam electrons. These electrons will have a low energy and therefore only those generated 
close to the surface, a few nm, will be able to escape the sample. The detected secondary 
electrons therefore carry much topographical information, and are collected by the SE2 
camera. Backscattered electrons are electrons from the beam reflected back by elastic 
scattering by interaction against atoms. The energy they have after the scattering is dependent 
on what element it interacted with (and to some degree the depth of interaction) and will 
therefore carry elemental information. Since backscattered electrons can be detected from 
larger depths than secondary electrons, they are not as surface sensitive but will still have 
some topographical information. The backscattered electrons are collected with an Inlens 
detector. Other strengths of SEM is the large depth of field, several times better than for 
optical microscopes, which makes the images generated much easier to interpret in 3D. 
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6.2.2 Transmission Electron Microscopy 

In the first Transmission electron microscope (TEM) which was developed by Ruska and 
Knoll in 1932 [142-144] the magnification was a not so impressive 16x. Since then the 
electron beam gun, magnetic lenses and aberration correctors have improved. Today a 
resolution below 1 Å is possible, allowing imaging in atomic size which makes it a frequent 
tool in material science.  
 The working principle of TEM is that a focused electron beam, typical working in a 
range 50-300 keV, is incident on a thin sample. If the sample is thin enough, typically below 
100 nm, the electron beam will be able to transmit through the sample. The beam will 
undergo interaction with the sample to generate different signals, see Figure 6.5, which can be 
collected and used for interpreting the samples nature. Due to the high energy the electrons 
will have a wavelength of a few picometers (compare to hundreds of pm for X-rays and 
hundreds of nm for visible light) which allows the resolution limit defined from Rayleighs 
criterion [145] to be much lower than other irradiations. Therefore a higher magnification is 
possible.  
 
Imaging 
 
Different interaction mechanisms of the electron beam allows for different contrasts to image 
the sample. The ones that will be briefly explained here are density/thickness contrast and Z-
contrast. 
 In density/thickness contrasts the atoms of the sample acts as scattering material of the 
electron beam. The thicker the region or the heavier the atoms, the higher the intensity loss of 
the beam, leading to a contrast of the direct beam. This contrast dominates at low 
magnifications.  
 In scanning TEM mode (STEM) the beam is scanned across the region of interest and 
information is collected for each pixel. By collecting the electrons scattered at high angles 
with a high angle annular dark field (HAADF) detector, the contrast becomes heavily 
dependent to the Z number of the atoms and less to the defocus of the microscope or thickness 
[142,146]. High resolution (HR) images can therefore be collected by the Z-contrast in 
STEM. 

 

Figure 6.6 HR-STEM micrograph in the 5-fold axis of an Al-Cu-Fe quasicrystalline grain. 

 

2 nm
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Diffraction 
 
When the beam pass through the sample, some of the electrons of the beam will be diffracted 
by the crystal planes. These electrons can be collected to form a diffraction pattern by 
changing the projection system of the microscope to diffraction mode. The physical principle 
of electron diffraction is the same as for X-ray diffraction. But since the wavelength of the 
electrons is so small, the Ewald sphere becomes much larger. The scattering vector is 
therefore in practice orthogonal to the wavevector, returning a diffraction pattern with 
diffraction spots orthogonal to the incidence crystal axis. 
 If the viewed region of interest is large with many crystal grains, there will be in 
essential crystal grains in all axes present. The diffraction pattern will then be circles with 
radius corresponding to all the crystal distances. If the crystal grains are from the same phase, 
this will be an effective method to obtain all the crystal distances of that phase.  
 By using apertures in the microscope it is possible to limit the viewed region to a small 
area of a few nm. This is called selected area diffraction pattern (SADP). With SADP it is 
possible to obtain diffraction pattern of single crystal grains. The pattern will then contain 
only the diffraction spots orthogonal to the crystal axis of that particular grain. By viewing the 
same crystal from various axes, combining both symmetry axes, diffraction distances and 
peak extinction, it is possible to solve the crystal structure. Both of these are important 
methods to obtain information of the crystal structure.  

 

Figure 6.7 Electron diffraction pattern of the 5-fold oriented grain, shown in Figure 6.6. 

Kikuchi Lines 
 
To obtain a useful SADP, it is preferably to view a crystal grain that is lying in one of its 
crystal axes. The more if the axis is in one of the symmetry axes. To find such an axis, the 
sample may have to be rotated. With the assistance of Kikuchi lines [147] the procedure of 
finding and rotating a crystal grain can be facilitated. 
 Kikuchi lines are formed by incoherently scattered electrons being diffracted by crystal 
planes. These electrons will then be visible in diffraction mode as a line corresponding to the 
crystal plane. By rotating the sample several Kikuchi lines may come together, which 
correspond to an orientation of the crystal with its crystal axis orthogonal to the planes of the 
Kikuchi lines. Stronger Kikuchi lines correspond to stronger diffraction spots.  
 

[000001]
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Sample Preparation 
 
Before using TEM, the sample will need to be thinned to a thickness below 100 nm. For some 
people this may be a joyful process [148], but for most it is better described with the legend of 
Sisyphus. 
 The TEM samples used in this thesis have all been prepared in cross-sectional 
orientation. The preparation starts by cutting the substrate with a diamond saw into pieces 1.8 
x 0.8 mm in size. Two pieces are sandwiched film to film inside a Cu grid and glued into 
place. The grid is then mechanically polished with SiC and diamond polishing paper down to 
a thickness of 50 µm. During this stage one has to be very careful since many samples will 
easily break when the thickness go below 100 µm. The final polishing is done by an argon ion 
miller (PIPS) at 5 keV until a small hole is formed at the interface, followed by a short milling 
at lower energy to remove dirt. After this the region close to the hole will be thin enough for 
use in TEM.  
 

6.3 Energy Dispersive X-ray Analysis 

Energy dispersive X-ray spectroscopy (EDX or EDS) [141], is a common method used for 
elemental analysis due to the simplicity in its use, and high information yield. EDX is 
common in equipment using electron beam such as SEM and TEM, since the EDX signal can 
be obtained at the same time as the electron signals. 
 The principle of EDX is based on the fact that the binding energies of electrons in atoms 
are specific for the element type of the atom. The detection of these energies thus directly 
indicates from which element the energy originated at. The working method is that as an 
electron beam hits the sample, core electrons of the atoms will be excited and leave the 
sample. Another core electron of the atom from a higher energy shell will then de-excitate 
into the free position by the radiation of an X-ray (or by exciting another electron which will 
also leave the atom; called auger electron) with an energy of the difference in the initial and 
final level of that atom. 
 

 

Figure 6.8 SEM imaging and compositional EDX mapping of Al, Cu, and Fe of an Al-Cu-Fe thin 
film consisting of the icosahedral Ψ-Al 62.5Cu25Fe12.5 quasicrystalline and cubic β-Al(CuFe) phases. 

These X-rays are collected by the EDX detector to form a spectra showing all energies of the 
X-rays, which works as fingerprints for the elements. The collected X-rays can also be further 
used for quantitative calculations to yield the composition of the sample. Also, by scanning 
the beam over an area (or along a line) of the sample, it is possible to yield an elemental map 
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of the area, a method used in co-operation with both SEM and TEM to separate and identify 
regions of different stoichiometries e.g. different phases. 
 

6.4 Ion Beam Analysis 

While EDX has been the main method used for quantifying the thin films in this thesis, the 
method is not the best for all situations. Ion beam analysis (IBA) methods have several 
advantages that have been required to analyze the thin films, especially those that are grown 
on Si. IBA is a group of methods that applies ions at MeV energies to obtain information that 
is not only specifying the elements and quantification, but also to perform depth profile and to 
detect trace amounts of elements.  

6.4.1 Rutherford Backscattering Spectroscopy 

Rutherford backscattering spectroscopy (RBS) [139, 149] is based on the principle of 
conservation of energy and momentum in an elastic scattering between two particles. In RBS 
a beam of light ions, often He+, with energy of a few MeV is incidence on a sample placed in 
vacuum. Some of the ions will be backscattered by a collision with atoms inside the sample 
and can be detected by a detector. By solving the kinematic equations involved during the 
collision the energy of the backscattered ion can be resolved as dependent upon a kinematic 
factor, which includes the angle of scattering and mass dependences of the particles, and 
depth, in the form of energy loss Eloss from traveling a length t inside the material: 

  
°·°¬ = ¸a�¹ − � ���,��h − � ���,�¦{  6.10 

The higher the mass of the sample atom and the less the penetration before collision, the 
higher the energy of the outgoing He+ ion will be. The energy spectra will therefore contain 
bands corresponding to each element in depth ranges. If some initial conditions of the sample 
are known, such as the elements and if there is a layered structure, the measured spectra can 
be fitted by a simulation software. This has been done with SIMNRA. A depth profile based 
on the composition and thicknesses of the layers in the sample will then be obtained. RBS is 
particularly useful for measuring heavy elements but has some trouble when the sample 
element is close in mass to the ion element due to the yields dependence on Z numbers and 
mass ratios. The mass resolution is however improved with light elements. 
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Figure 6.9 Rutherford backscattering spectroscopy, experimental results from Al-Cu-Fe multilayer 
and after annealing. 
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6.4.2 Elastic Recoil Detection Analysis 

Elastic recoil detection analysis (ERDA) [140] is a method related to RBS. While RBS 
measures the energy of the backscattered ions from the beam, the energy measured in ERDA 
arrives from the recoiled atom rejected from the sample by the collision. For this reason a 
heavy ion, like I+, is preferably used. The energy dependence of the recoiled atom is similar to 
that of RBS, but instead the recoiled kinematic factor and energy loss during exit the ejected 
element is used. This method also puts a higher workload on the detector, which needs to be 
able to detect all elements with good detection ratio. There is often a time-of-flight (ToF) 
equipment mounted in front of the detector. This equipment measures the velocity of the 
incoming atom. The atom element and energy can then both directly be distinguished, and a 
better profiling of both the depth and composition can be achieved.ToF-ERDA is useful for 
detecting light elements. ToF-ERDA has been particular useful in this thesis as it can give an 
accurate quantification of the Si content in the films deposited on Si, which has not been 
possible by other methods from which only qualitative information was collected due to 
various reasons. 
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Figure 6.10 Elastic recoil detection analysis experimental results from Al-Cu-Fe. 

 

6.5 Nanoindentation 

To measure mechanical properties of a thin film the use of indentation is a common method. 
In indentation experiments a sharp needle made up of a hard material, typically diamond, with 
a well-defined tip shape is pressed down on the film under a controlled load. The load and 
penetration depth is recorded from which several properties can then be calculated. Over the 
last decades the control and size of the tip has improved which allow for indentation in the 
size and depth on a nanoscale, nanoindentation, compared to microindentation found in older 
literature.  

6.5.1 Hardness and Elastic Modulus 

Measurements for hardness and reduced elastic modulus were performed with a diamond 
Berkowich tip. Using the slope of the unloading curve, and maximum of depth and load 
obtained from the recorded load-depth data after indentation both the hardness and reduced 
elastic modulus can be evaluated with the method derived from Oliver-Pharr [150]. The 
reduced elastic modulus is evaluated using Eq. 6.11 and the hardness is calculated from Eq. 
6.12.  
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º»º¼ = �√-��√½  6.11 

  H = ¿ÀÁÂ�   6.12 

Where A is the projected area made from the indentation tip, which can be approximated by a 
polynomial of the max depth hmax. The elastic modulus can via contact mechanics be derived 
from knowing the poisson ratio of the sample and the Poisson ratio and elastic modulus of the 
indenter material. For diamond the values of these are Ei=1140 GPa and νi=0.07. 

  
�°Ã = (��¯�)° + (��¯��)°�  6.13 

 

Figure 6.11 A schematic representation of load, F, versus indenter displacement, h, for an 
indentation experiment. 

 

6.5.2 Friction and Wear 

To measure friction and wear of a film, the tip is indented with a constant load and then slided 
along the film several times. By recording the lateral forces the friction can be calculated, and 
by measuring the depth of the track formed during sliding the wear can be obtained. 

6.5.3 Fracture Toughness 

If a high enough load is put on the indenter, cracks can form from the indented area. These 
cracks can after the indentation be observed in SEM. By measuring the crack of the lowest 
load needed to form a crack the fracture toughness of the sample can be calculated. Several 
models exist for different crack types. For cracks that have been observed after indentation of 
the Al-Cu-Fe samples studied in this thesis, Eq. 6.14 [151] was used to calculate the fracture 
toughness. 
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Figure 6.12 Contact impression after nanoindentation of an α-Al 55Si7Cu25.5Fe12.5 approximant 
phase grain using an indentation load of 12 mN. Material is piled up due to the plastic flow of 
material, and cracks are extending from the contact impression. 

 

6.6 Heat Treatments 

Post-annealing has been used to transform the as-deposited multilayered thin films into 
quasicrystalline thin films. Two sets of heating furnaces have been used for this purpose. 
 The first is a tube furnace, in which a quartz tube holding the sample is inserted into a 
furnace. The quartz tube is not evacuated before use, which means there is a high amount of 
atmospheric gas left inside. This atmospheric gas may react with the samples during the 
heatning, mainly the oxygen that forms a surface oxide layer. To minimize the oxidation Ar 
gas was flowing across the sample during the heating experiment. 
 The other furnace is fitted onto a X-ray diffractometer, allowing for diffraction to be 
recorded during the annealing experiment. The furnace is connected to a pumping system 
providing a high-vacuum environment to reduce the amount of contaminats. Heat is produced 
by running a current through two Ta heating filaments, one which is supporting the sample 
and one which is surrounding the sample. The temperature is measured by a thermocouple 
and controlled by a loop feedback mechanism. Temperature calibration is performed by 
measuring the expansion of atomic planes in alumina at different temperatures and relating to 
the known thermal expansion coefficient [152]. 
  

12 mN

1 µm
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Figure 6.13 Schematic view of the high-temperature vacuum chamber used for in situ X-ray 
diffraction measurements. 

 Only isothermal heat treatments have been used. The reason is that in order to reach a 
thermodynamic equilibrium, a long time is needed. A ramping treatment would therefore 
show a mixture of equilibrium phases, phases that have not yet transformed, and also be 
missing phases that would require further time to form. 
 Since X-ray diffraction was performed simultaneously as the heat-treatments the 
minimum time before the temperature was increased was a complete scan. In most of the 
experiments an annealing time of 9 h were used for each temperature.  
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7 Summary of the Results 

In paper I the phase evolution of Al-Cu-Fe multilayers, transforming into the quasicrystalline 
phase, is shown. The focus of the article was on the investigation of the phase evolution of Al-
Cu-Fe on Si towards the α-Al 55Si7Cu25.5Fe12.5 approximant phase. It was found that at the low 
temperatures first binary compounds of Al and Cu formed. At 390 °C diffraction peaks 
corresponding to a Si containing phase was observed instead of the expected ternary ω-phase. 
Thus, at this temperature Si was diffusing from the substrate and reacting with the film. 
Increasing the temperature further to 480 °C the α-approximant phase was formed and 
became the main constituent of the film. SEM and compositional EDX mapping showed that 
there are small amounts of Al3Fe2Si3 τ7-phase also present in the thin film. 
 
The formation of the α-approximant phase instead of the quasicrystalline Ψ-Al 62.5Cu25Fe12.5 
phase was further analyzed in paper II . It was shown that the α-approximant phase was still 
present even after as long as 120 h of annealing at 600 °C. The amount of Si diffusing into the 
film only resulted in a small change of the lattice parameter. TEM was used to investigate the 
microstructure, and a rough film-substrate interface due to the diffusion was clearly visible. 
The presence of the τ7-Al 3Fe2Si3 phase could also be confirmed with a contrast difference in 
the TEM and EDX line scans. STEM was used to collect a high-resolution micrograph of the 
approximant lattice projected along the [111] direction. 
 Compositional analysis was performed to determine the amount of Si inside the thin 
film after the different annealing procedures. RBS showed that the multilayered structure 
transforms into a uniform film of all elements including Si. With the use of ToF-ERDA the 
amount of Si could be determined to 8.3 at.% after 4 h of annealing and 12.0 at.% after 64 h. 
This showed that the amount of Si already after 4 h was very close to the reported ideal 
composition, and that the rate of in-diffusion of Si was very low, explaining the the α-
approximant phase remain even after annealing for 120 h.   
 
In paper III  the nanomechanical and nanotribological properties of both the quasicrystalline 
Ψ-phase and the α-approximant phase were investigated using a nanoindentor. The measured 
results were correlated to the microstructure and sample qualities for both phases. For the 
quasicrystalline Ψ-phase both hardness and elastic modulus were improved for the sample 
prepared at a higher temperature, concluded to be due to an improved structure. For the α-
approximant phase a degradation of both hardness and elastic modulus with increased 
annealing time was observed. The degradation was correlated to the increasing amount of Si 



54 
 

in the phase, which was further suggested to cause both a degradation in the aperiodic 
structure, as well as a deteriorating microstructure as the Si in-diffusion increases the interface 
roughness. However, the hardness values of the α-phase was higher than for the Ψ-phase 
phase. A low friction of about 0.13 was measured for all samples. The toughness factor of the 
Ψ-phase was found to be in the same range as other reports, but remarkably low for the α-
approximant phase. This was suggested to be caused by a high strain energy, causing crack 
propagations during indentation. 
 
In paper IV the Al-Cu-Co(-Si) was investigated. This system is known to have a two 
decagonal phases d-Al-Cu-Co and d-Al-Cu-Co-Si. The phase evolution was studied for both 
Al 2O3 and Si substrates, which appeared similar up to 600 °C where the decagonal phase was 
present in both substrates. At 700 °C and higher temperatures differences are apparent. TEM 
with the assistance of EDX did however reveal that there was Si diffusion occurring from the 
Si substrate, and that the decagonal phase also contained Si. The features of the 
microstructures were quite different compared to Al-Cu-Fe studied in papers I-III. Instead of 
Si diffusing along the entire interface, the diffusion is prominent at selected areas, where 
crystal grains of the thin film are growing. HR-STEM was used to collect micrographs of the 
decagonal phase in both substrates, as well as from the other phases that were present in the 
thin films. Both TEM and XRD showed that the decagonal phases were textured with the 10-
fold periodic 00002 axis aligned with the substrate normal. 
  
In paper V, the possibility of growing quasicrystalline Cu-Al-Sc thin films directly from the 
vapor phase by utilizing ion-assistance during growth at low temperatures was shown. The 
aim was to eliminate post-annealing and expand the applicability of quasiqrystalline coatings. 
Diffraction experiments revealed that amorphous films were formed at room temperature. The 
quasicrystalline phase formed at a substrate temperature of 340 °C with an improved quality 
at higher temperatures up to 460 °C. The quasicrystal film quality was improved by 
increasing the ion-flux during with ion energies of 26.7 eV. Increasing the ion energy further 
was however found to cause resputtering and defects in the films. Electron microscopy 
revealed a polycrystalline microstructure with crystal grains in the shape of thin needles. 
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8 Contributions to the Field 

I have increased the knowledge of growing quasicrystalline thin films with the use of 
magnetron sputter depostion. Noteworthy is the annealing process where I have observed and 
identified the phases at each temperature, as well as investigating the microstructure of the 
resulting thin films after the heat-treatment. This knowledge is very useful for tailoring the 
thin film into the desired condition. Generally I have; 
 

• Shown that it is possible to synthesize the α-Al-Si-Cu-Fe approximant phase in thin 
film form by solid state diffusion during annealing of multilayered Al/Cu/Fe thin films 
on Si. 
 

• Shown that the thin film annealing procedure has a large impact on the tribological 
properties. The right use of parameters are required to obtain the best result since the 
properties can change very quickly. 

 
• Synthesized and determined the phase-evolution during annealing towards the 

formation of oriented decagonal Al-Cu-Co and Al-Si-Cu-Co quasicrystals in thin 
films. 

 
• Shown that if Si is used as the substrate, similar quasicrystalline phases can still form 

but it will be those containing Si. Other choices of substrates may very well turn out to 
form some known undesired crystalline phase instead. 

 
• Shown that low-temperature, ion-assisted magnetron sputter deposition can be used to 

synthesize quasicrystalline Cu-Al-Sc thin films directly from the vapor phase, 
eliminating the need for a post-annealing procedure. 
 

 
More specifically I have: 
 

• Shown that the formation temperature of α-Al-Si-Cu-Fe approximant phase is at 430 
°C,and at 600 °C the thin films constitutes of ~99% approximant phase. 
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• Shown that the decagonal Al-Cu-Co and Al-Cu-Co-Si phases can be prepared as 
textured thin films with the aperiodic plane along the interface and periodic axis along 
the substrate normal. 
 

• Determined the nanomechanical and nanotribological properties of α-approximant 
thin films and compared those to the quasicrystalline phase. The hardness and elastic 
modulus were found to be 15.6 GPa and 258 GPa, respectively, with a low friction of 
0.13. 
 

• Shown that the α-Al-Si-Cu-Fe approximant phase can be harder than the Ψ-Al-Cu-Fe 
quasicrystal phase.  
 

• Shown that ion-assisted film growth can improve the quasicrystalline structure by 
reducing defects through an increase in the adatom surface mobility during. 
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