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Grain boundaries cause markedly di�ering physical and chemical properties of

polycrystalline materials in comparison to their constitutive single crystals. The

understanding of grain boundary related processes and their relation to the grain

boundaries' structural properties is a key challenge in various scienti�c disciplines,

including geosciences, materials science, and chemistry. The quanti�cation of ele-

ment di�usion rates along grain boundaries is of particular interest, because it is

often several orders of magnitude faster than its counterpart through the grain's

volume and thus governs a number of physico-chemical processes.

Despite the pivotal role of grain boundaries, today's knowledge on grain bound-

ary structure and its relation to numerous phenomena, including grain boundary

di�usion, is only fragmentary. This work aims to provide a feasible and consistent

approach to study the relation between structure and element di�usion in both the

grain's volume and along well characterised single grain boundaries on the nm-scale.

In chapter 1.1, I provide a general introduction to the structure and properties of

grain boundaries, I mention the commonly used geometrical model to describe grain

boundaries, and I brie�y introduce standard methods to synthesize grain bound-

aries. Chapter 1.2 treats some general aspects of element di�usion and introduces

the most common analytical solutions to the di�usion equation, which are used to

derive di�usion coe�cients from laboratory experiments. This section ends with an

overview of standard approaches to experimentally derive di�usion data.

The main results of my thesis are summarized and discussed in chapter 2, whereas

chapter 3 contains the complete manuscripts, which emerged from my thesis.

In the �rst part of chapter 2 (2.1), I show that the wafer direct bonding method

is ideally suited to synthesize well de�ned synthetic grain boundaries in yttrium

aluminium garnet. I �nd that annealing temperatures higher than 60% of the melt-

ing temperature are needed to obtain a grain boundary with maximum stability. I

thoroughly characterize the synthesized grain boundaries and discuss the in�uence

of slight misorientations with regard to a perfect Σ5 grain boundary on the grain

boundary structure.

The second project of my thesis (chapter 2.2) aimed at showing that thin-�lm dif-

fusion experiments can be coupled with transmission electron microscopy (TEM) as
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the analytical tool to quantify di�usion rates in yttrium aluminium garnet. I evalu-

ate the in�uence of crystallisation of the initially amorphous thin-�lm, the di�usant

source, on the applicability of a commonly used analytical solution to the di�usion

equation. A numerical model is developed to extract the di�usion coe�cent that ac-

counts for the observed time-dependent structural properties of the thin-�lm. I show

that characterization of the di�usant source is of major importance to determine the

volume di�usion coe�cient, because the behaviour of the di�usant source de�nes the

boundary conditions that need to be implemented in the modelling/�tting of the

di�usion pro�le. I compare the results of this new approach to measurements that

I performed using Rutherford Backscattering, which is an established technique to

acquire di�usion pro�les.

In the following section (chapter 2.3), I performed grain boundary di�usion ex-

periments on the synthetic grain boundary, which I characterized in chapter 2.1,

by using the same experimental procedures and analytical tools that I explored in

the volume di�usion study (chapter 2.2). I show that this innovative combination

of miniaturized experiments and small-scale analysis is outstandingly well suited to

study both volume and grain boundary di�usion on the same sample. In addition,

TEM provides valuable information on the time-dependent properties of the di�u-

sant source and the grain boundary structure. These additional informations were

used to tailor a numerical model that adequately describes our experimental setting.

Finally (chapter 2.4), I performed a TEM study at atomic resolution to directly

determine and characterize the e�ective grain boundary width for di�usion, which

is a key parameter in several equations describing di�usional or rheological pro-

cesses. I used high resolution TEM focal series, in combination with multislice and

chemically-sensitive Z-imaging, to image the narrow zone of enhanced Yb di�usion

along the grain boundary. I conclude that these techniques are indeed capable to

monitor the e�ective grain boundary width and �nd that it to be about 40 times

larger than commonly assumed. This is a big step ahead towards a quantitative

understanding of di�usion processes on the nanometer scale.

The four parts of my thesis show that the combination of bicrystal synthesis by
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direct wafer bonding, thin-�lm production by pulsed laser deposition, and analysis

with di�erent TEM modes is exceptionally well suited to study both volume and

grain boundary di�usion on the atomic scale and draw important conclusions about

their relation to the material's structure. In future studies, this innovative approach

can be applied to other materials, both in Earth sciences and materials' research.

At the end of my thesis (chapter 4), I discuss a promising innovative way to study

crack healing processes, which is based on the �ndings of this thesis.
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Die chemisch-physikalischen Eigenschaften von polykristallinen Materialien un-

terscheiden sich deutlich von den Eigenschaften der Einkristalle, durch die sie aufge-

baut sind; die Ursache sind Korngrenzen. Eine zentrale Herausforderung verschiede-

ner wissenschaftlicher Disziplinen, darunter Chemie, Geo- und Materialwissenschaf-

ten, ist es, korngrenzbeein�usste Prozesse und deren Zusammenhang mit den struk-

turellen Eigenschaften der Korngrenze zu verstehen. Die quantitative Bestimmung

von Korngrenzdi�usion ist von besonderem Interesse, da sie um Gröÿenordnungen

schneller ist als ihr Gegenpart im Kristallvolumen und sie somit viele chemisch-

physikalische Prozesse kontrolliert.

Trotz der zentralen Bedeutung von Korngrenzen ist unser heutiges Wissen über

das Zusammenspiel von Korngrenzstruktur und Korngrenzphänomenen, einschlieÿ-

lich Korngrenzdi�usion, nur ober�ächlich. Die hier präsentierte Arbeit stellt einen

konsistenten Ansatz vor, der die Untersuchung des Zusammenhangs von Struktur

und Di�usion, sowohl im Kristallvolumen, als auch in Korngrenzen, auf der nm-

Ebene ermöglicht.

In Kapitel 1.1 gebe ich eine generelle Einführung in die Struktur und Eigen-

schaften von Korngrenzen. Ich diskutiere das allgemein gebräuchlichste Modell zur

geometrischen Beschreibung von Korngrenzen und stelle die gängigsten Methoden

zur Korngrenzsynthese vor. Kapitel 1.2 behandelt einige wichtige Aspekte der Ele-

mentdi�usion. Die gängigsten analytischen Lösungen der Di�usionsgleichung, die

gewöhnlich zur Bestimmung von Di�usionskoe�zienten aus Laborexperimenten ge-

nutzt werden, werden vorgestellt. Ein Überblick über Standardverfahren, um Di�usi-

onsdaten mit Laborexperimenten zu gewinnen, wird am Ende des Kapitels gegeben.

Die zentralen Ergebnisse meiner Arbeit sind in Kapitel 2 zusammengefasst. Die

kompletten Manuskripte, die aus meiner Arbeit entstanden sind, enthält das Kapitel

3.

In meiner ersten Verö�entlichung (Kapitel 2.1) zeige ich, dass die 'wafer direct

bonding'-Methode hervorragend zur Synthese de�nierter Korngrenzen in Yttrium-

Aluminium-Granat geeignet ist. Eine Temperaturbehandlung bei mehr als 60% der

Schmelztemperatur ist Voraussetzung, um Korngrenzen mit maximaler Stabilität

zu erzeugen. Die synthetischen Korngrenzen habe ich anschlieÿend genauestens cha-



CONTENTS 10

rakterisiert. Der Ein�uss kleiner Orientierungsabweichungen von einer perfekten Σ5

Korngrenzorientierung auf die Korngrenzstruktur wird diskutiert.

Das Ziel des zweiten Projekts meiner Arbeit (Kapitel 2.2) ist es zu zeigen, dass

Di�usionsexperimente in Dünnschichtgeometrie mit Transmissionselektronenmikro-

skopie (TEM) geeignet analysiert, und so Di�usionsraten in Yttrium-Aluminium-

Granat quanti�ziert werden können. Ich evaluiere mögliche Ein�üsse der Kristallisa-

tion der ursprünglich amorphen Dünnschicht, der Di�usionsquelle, auf die Anwend-

barkeit einer gewöhnlich verwendeten analytischen Lösung der Di�usionsgleichung.

Ein numerisches Modell, welches die beobachteten zeitabhängigen Eigenschaftsän-

derungen der Di�usionsquelle berücksichtigt, wurde entwickelt und zur Bestimmung

des Di�usionskoe�zienten verwendet. Die Eigenschaften der Di�usionsquelle de�nie-

ren die Randbedingungen, die in der Auswertung/Modellierung der Di�usionspro�-

le berücksichtigt werden müssen. Daher ist die gewissenhafte Charakterisierung der

Di�usionsquelle von groÿer Bedeutung. Die Resultate dieser neuen Vorgehensweise

vergleiche ich mit Messdaten, die ich mit Rutherford-Rückstreuung, einer etablierten

Technik zur Messung von Di�usionspro�len, ermittelt habe.

Zur Durchführung der im folgenden Abschnitt (Kapitel 2.3) vorgestellten Kornz-

grenzdi�usionsexperimente, verwendete ich die synthetische Korngrenze, welche ich

zuvor charakterisiert habe (Kapitel 2.1). Ich habe dieselbe Versuchsdurchführung

und die gleichen analytischen Methoden verwendet, die ich in der Volumendi�usi-

onsstudie erkundet habe (Kapitel 2.2). Ich zeige, dass die innovative Kombination

miniaturisierter Experimente und kleinmaÿstäblicher Analyse hervorragend geeignet

ist, um sowohl Volumen- als auch Korngrenzdi�usion an derselben Probe zu unter-

suchen. Wertvolle Informationen über die zeitabhängigen Eigenschaften der Di�u-

sionsquelle und der Korngrenzstruktur können durch TEM gewonnen werden. Das

numerische Modell aus Kapitel 2.2 wurde auf Grundlage der zusätzlichen Informa-

tionen weiterentwickelt, und die experimentellen Gegebenheiten und Beobachtungen

werden angemessen und zweidimensional beschrieben.

Um die e�ektive Korngrenzweite für Di�usion direkt zu bestimmen und zu cha-

rakterisieren, habe ich schlieÿlich (Kapitel 2.4) eine TEM-Studie bei atomarer Auf-

lösung durchgeführt. Die e�ektive Korngrenzweite ist ein wichtiger Parameter in
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vielen Gleichungen zur Beschreibung di�usiver und rheologischer Prozesse. Fokus-

serien, aufgenommen mit hochau�ösender TEM, wurden zur Phasenrekonstruktion

verwendet. Sie wurden mit Z-sensitiver Raster-TEM, bei der die Signalintensität

mit der Ordnungszahl korreliert, kombiniert, um den schmalen Bereich mit erhöh-

ter Yb-Di�usion entlang der Korngrenze abzubilden. Die verwendeten Techniken

ermöglichen es tatsächlich, die e�ektive Korngrenzweite sichtbar zu machen. Meine

Ergebnisse zeigen, dass sie etwa 40 mal so breit ist, wie gewöhnlich angenommen.

Dies ist ein groÿer Schritt in Richtung eines quantitativen Verständnisses von Dif-

fusionsprozessen auf der Nanometer-Skala.

Die vier Teile meiner Arbeit bauen strikt aufeinander auf und zeigen, dass die

Kombination aus Bikristallsynthese mit der 'direct wafer bonding'-Methode, Dünn-

schichtherstellung mit 'Pulsed Laser Deposition' und Analyse mit verschiedenen

TEM Techniken auÿerordentlich gut geeignet ist, um sowohl Volumen- als auch

Korngrenzdi�usion auf atomarer Ebene zu untersuchen. Wichtige Erkenntnisse über

den Zusammenhang von Di�usion und Struktur des Materials können so erzielt wer-

den. In zukünftigen Arbeiten kann die beschriebene Kombination, sowohl in den Geo-

als auch in den Materialwissenschaften, auf andere Materialien angewendet werden.

Am Schluss dieser Arbeit (Kapitel 4) gebe ich einen Ausblick, wie Rissheilungs-

prozesse erfolgreich untersucht werden könnten. Die Idee basiert auf den Beobach-

tungen, die ich während meiner Arbeit machte.
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1.1 Grain Boundaries

The physical and chemical behaviour of polycrystalline materials, including rocks

and ceramics, often di�er from those observed on single-crystals. Phase or grain

boundaries, which form foam-like three-dimensional networks (Fig. 1.1), largely

impact the materials' properties (Gleiter & Chalmers, 1972; Chadwick & Smith,

1976; Carter & Föll, 1978; Föll & Ast, 1979; Carter et al., 1981; Cunningham

et al., 1982; Sutton & Ballu�, 1995; Christophersen et al., 2001; Merkle et al.,

2004; Randle, Rohrer & Hu, 2008). Grain and phase boundaries exhibit di�erent

characteristics and the terms should be carefully distinguished. Phase boundaries

connect two di�erent minerals or minerals of di�erent composition. In contrast, grain

boundaries separate two mineral grains with the same structure and composition,

but di�erent crystallographic orientation. Grain as well as phase boundaries are

interfaces; both can contain an interphase (Fig. 1.2). For the sake of simplicity,

I will only use the term grain boundary in the following treatise, even though the

majority of the declarations below hold for phase boundaries as well.

Figure 1.1: (a) Sketch of a structure close to equilibrium in a polycrystalline material, phase and

grain boundaries are labeled. (b) The three-dimensional network in soap foam, which is built by

the boundaries between bubbles, is comparable to the network found within rocks. The interfaces

between individual bubbles are slightly curved and they are connected at triple junctions, where

they form 120◦ angles with each other. The picture was kindly provided by B. Bossert.

1.1.1 Grain Boundary Structure

The study of grain boundaries is, unfortunately, hampered by the overwhelming

variability of their appearances. They can be straight, stepped or facetted; some-
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Figure 1.2: Schematic presentation of grain and phase boundaries. Grain boundaries separate two

grains with distinct orientations, whereas phase boundaries separate two mineral grains with either

di�erent chemical composition or crystal structure. The interface of both boundary types might

contain an interphase.

times even micrometer-wide zones are referred to as grain boundaries (Mistler &

Coble, 1974; Fabris & Elsässer, 2001; Lartigue-Korinek et al., 2008; Sato et al.,

2009). They may appear glassy, amorphous, �uid covered or crystalline (Sun &

Ballu�, 1982; S. B. Lee et al., 2003; Lozovoi et al., 2006; Pennock et al., 2009).

Accordingly, their properties vary widely as does their behavior under stress or at

elevated temperatures, and physico-chemical processes, such as deformation or dif-

fusion, are markedly in�uenced by the character of the grain boundaries involved

(Haynes & Smoluchowski, 1955; Byerly & Vogel, 1973; Stöckhert & Duyster, 1999;

Shan et al., 2004). This motivated many studies on the structure of grain bound-

aries, especially in the 1970ties. Nevertheless, investigations of the relation between

grain boundary structure and its in�uence on the process of interest are still scarce

and thus our understanding is humble (Mishin & Herzig, 1999). From a geoscienti�c

point of view, our mostly qualitative knowledge is likewise annoying, because quan-

titative grain boundary di�usion data and their relation to structural properties are

needed to understand several phenomena, including metamorphic and rheological

processes. Grain boundaries are also omnipresent in our daily life, where they de-

termine not only the performance of electronic devices or medical implants but also

the reliability of car brakes and aircraft turbines, to name just a few examples. It

is a fundamental challenge in material engineering to design polycrystalline materi-
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als with desired properties, which requires a detailed knowledge of grain boundary

structures and relies on a quantitative understanding of its in�uence on di�erent

processes, including element di�usion (Ikesue et al., 1995; Brown & Bonnell, 1998;

Lu et al., 2002; Mah et al., 2004; C.-S. Kim et al., 2006; Randle, Hu & Coleman,

2008; D. Chen et al., 2009). The quanti�cation of element di�usion rates along grain

boundaries and their dependence on structure is a major goal of this thesis (chapters

3.1 and 3.3).

Commonly used methods only allow to derive a combination, either as product

or as quotient, of the grain boundary di�usion coe�cient and the e�ective grain

boundary width δ for di�usion (e.g. Hondros, 1976). The e�ective grain boundary

width includes the strained area resulting from mis�t between the crystals plus the

space-charge region (Lehovec, 1953; Kliewer & Koehler, 1965; Kingery, 1974) on

either side in case of ionic materials. This results in a zone of enhanced di�usion

parallel to the grain boundary (S. White, 1973). The structural (or physical) grain

boundary width, in contrast, is the distance between two adjacent crystal lattices.

Unfortunately, the e�ective grain boundary width can not be routinely measured.

This adds considerable uncertainty to the derived di�usion coe�cient in previous

studies. This thesis aims at directly quantifying both element di�usion along a grain

boundary (chapter 3.3) and the e�ective grain boundary width for di�usion (chapter

3.4).

I synthesized a speci�c grain boundary in yttrium aluminium garnet (YAG) using

the direct wafer bonding method and investigated the resulting structure (chapter

3.1). This served as the fundament for successive grain boundary di�usion experi-

ments along this grain boundary (chapter 3.3). A novel way to perform well de�ned

di�usion experiments in miniaturized geometry and characterize di�usion at the

nm-scale was explored and is discussed in the chapters 3.2 � 3.4. Furthermore, I

examined experimentally how grain boundary di�usion chemically alters the lattice

around the grain boundary and investigated its relation to strain (chapter 3.4).
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1.1.2 Description of Grain Boundaries

Commonly, grain boundaries are divided in general (or random) grain boundaries

and special grain boundaries (Chadwick & Smith, 1976; Ballu� & Sutton, 1996).

Special grain boundaries exhibit a periodic structure, repeated every few nanome-

ters, whereas general grain boundaries show no appearent periodicity. Their prop-

erties thus di�er.

Grain boundary structure models have mostly been developed for metals, but

they are largely applicable to oxides and silicates. The need for charge compen-

sation along the grain boundary of oxides and silicates represents the main di�er-

ence towards metals as illustrated in Fig. 1.3a (Lehovec, 1953; Kliewer & Koehler,

1965; Clarke & Wolf, 1986). The prevailing grain boundary structure models, which

evolved over the last decades, are tightly interwoven and assume that speci�c grain

boundary plane orientations with low energy con�gurations exist. Consequently, the

interface tries to attain such a minimum energy con�guration, if necessary by the

introduction of additional defects (Chadwick & Smith, 1976). The structural rear-

rangement usually produces an excess free volume at the boundary and the physical

and chemical properties of the grain-boundary are a�ected by the di�erence be-

tween the grain boundary structure and the crystal structure. The atoms in a grain

boundary exhibit lower coordination numbers (Fig. 1.3b) and larger average bond

lengths (e.g. Kaur et al., 1995; Heinemann et al., 2003). Interestingly, the strength

of a grain boundary is similar to the one of a perfect single crystal lattice. This

has been shown on di�erent materials (e.g. Gleiter & Chalmers, 1972; Gösele et al.,

1999) and indicates that 'atomic contact' between two crystals is of the same kind

as within a crystal (Gifkins, 1976).

Mainly geometric models are used to describe grain boundaries. The 'dislocation

model' is the fundament for geometrical considerations. Over the years, the di�erent

models merged to �nally produce the most commonly used 'coincidence site model',

which was often revised, modi�ed and extended.
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Figure 1.3: (a) Comparison between metals/alloys and oxides/silicates. If an atom is removed

from a metallic structure, the `electron gas' compensates for the resulting charge. In contrast, a

charged vacancy (V−) results if an ion is removed from an ionic structure. Charge compensation

is even more important and more complex along planar defects such as grain boundaries (Kliewer

& Koehler, 1965). (b) Relaxed structure of a Σ5 36.87◦ [001]/(310) tilt grain boundary in NiO

represented with circles of radii proportional to Pauling values. The need for charge compensation

induces a rigid body translation. Blue: oxygen ions; Red: nickel ions. Modi�ed from Du�y and

Tasker (1984).

Dislocation Model

The dislocation model is part of most other models and widely applied to describe

low angle grain boundaries and distinguish them from high angle grain boundaries.

A low angle grain boundary can be described as an array of edge dislocations. The

angle between adjacent grains forming the grain boundary only depends on the

number of dislocations in the boundary (Fig. 1.4). This has been described by

Frank (1951), who formulated a law (eq. (1.1)) that relates the distance between

the dislocations d in low angle grain boundaries to the mis�t angle α and the length

of the burgers circuit b:

d =
b(

2 sin
(

α
2

)) ⇒ b

α
(1.1)

At some angle, the dislocation cores will overlap each other, making it impossible

to distinguish individual dislocation lines. This angle de�nes the transition from low
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Figure 1.4: Relation between dislocation density d/b and mis�t angle α of a grain boundary.

Frank's formula relates α to the ratio of the distance d between individual dislocations and the

Burgers vector b of these dislocations. Dislocations at the grain boundary plane can generate or

compensate an additional mis�t angle.

to high angle grain boundaries. For metals and alloys, the maximum angle where

individual dislocation lines can be distinguished is between 10-15◦, whereas in oxides

angles as high as 21.5◦ can be reached (Heinemann et al., 2005). With increasing

misorientation, grain boundary energies and transport properties are thought to

increase. Both are generally larger for high-angle and general grain boundaries

compared to low-angle grain boundaries, special grain boundaries exempt (Chadwick

& Smith, 1976; Wolf & Yip, 1992; Sutton & Ballu�, 1995; Lojkowski & Fecht, 2000).

Coincidence Side Lattice Model

All atoms in the boundary are in�uenced by both crystal lattices. They try to

occupy optimum positions, which would be positions where they belong to both

crystal lattices. Those positions are referred to as coincidence sites. Atoms on

other positions than coincidence sites have higher free energies. From a simple

theoretical consideration it follows that the free energy of the grain boundary would

be twice that of a free surface, if no contact between the atoms of the lattices

existed (Wolf & Yip, 1992). Accordingly, the atoms in the boundary region adjust
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their positions, which increases the strength by bond formation and decreases the

energy of the boundary. The lattices of both crystals that in�uence the atoms of

the grain boundary are strictly periodic, therefore the arrangement of the atoms in

the boundary should also be periodic, presumably on a larger scale. Rigid body

translations do not a�ect the periodicity, but can cause a relaxation along the grain

boundary without rotation or atom displacement.

These considerations lead to the most commonly used grain boundary model, the

coincidence side lattice model (CSL, Gleiter & Chalmers, 1972; Chadwick & Smith,

1976; Sutton & Ballu�, 1995). In this model, two three-dimensional lattices are

super-imposed and translated until they coincide at lattice sites (see also chapter

3.1) and generate a super periodicity or 'super lattice', which is then referred to as

the coincidence site lattice.

The Σ-nomenclature is commonly used to describe the relation between the num-

ber of lattice points in the unit cell of a CSL and the number of lattice points in the

unit cells of the generating lattices. It is de�ned as Σ = 1/n, where n is the fraction

of the lattice points of the two super-imposed lattices that coincide. A more detailed

description of the CSL and the Σ-nomenclature is provided in chapter 3.1. Generally

speaking, Σ-boundaries are energetically favorable over general boundaries and low

Σ-boundaries are favourable over high Σ-boundaries.

1.1.3 Abundance of Grain Boundaries

Low Σ-grain boundaries, for instance twins, should be abundant in natural or syn-

thetic polycrystalline aggregates and dominate the boundary network, and thus the

bulk properties (C.-S. Kim et al., 2006; Z.-h. Chen et al., 2008; D. Chen et al.,

2009). Di�erent studies (Cho et al., 1998; Mao, 2001; Barmak et al., 2006; Vonlan-

then & Grobety, 2008) show the correlation between misorientation and abundance

of grain boundaries (Fig. 1.5). Misorientations, where more low Σ-grain boundaries

occur, are more frequently observed.

The grain boundary plane orientation distribution, in contrast to the grain bound-

ary misorientation distribution, is speci�ed by a �ve parameter grain boundary

character distribution (GBCD). The GBCD is de�ned as the relative areas of grain
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Figure 1.5: Abundance of grain boundaries with a certain misorientation in α-Al2O3 (hexagonal)

and zirconia (cubic). Both materials are randomly oriented, thus they do not show a lattice

preferred orientation (Vonlanthen & Grobety, 2008). The distributions are characteristic for the

speci�c crystallographic systems. The misorientation of the Σ5 grain boundary, indicated as green

dashed line, that I studied in a cubic material (YAG) as part of this thesis is relatively abundant in

cubic materials and its behaviour is thus important for the overall behaviour of grain boundaries

in YAG.

boundaries of di�erent types, distinguished by their lattice misorientation and grain

boundary plane orientation. Even though the GBCD strongly in�uences materials

properties, it has only rarely been studied (Cho et al., 1998; Mao, 2001; Schuh et

al., 2005; Barmak et al., 2006; Randle, Rohrer & Hu, 2008; Vonlanthen & Grobety,

2008; Dillon & Rohrer, 2009; Li et al., 2009; Pennock et al., 2009). Only recently,

the increased computing power, as well as new analytical methods (FIB-SEM), al-

lowed for measuring all �ve grain boundary parameters in tolerable time (Rohrer et

al., 2004; Rohrer, 2007; Randle, Rohrer & Hu, 2008; Dillon & Rohrer, 2009). The

'�ve-parameter analysis' demands for serial sectioning, where several parallel planar

sections are EBSD mapped and used to reconstruct the 3D grain boundary network

(Randle & Davies, 2002). The GBCD of di�erent metals and alloys seems to be in-

dependent of composition, processing, substructure, and grain size. There is a clear

tendency for grains to terminate on low index planes. These, in turn, dominate the

grain boundary network (Saylor et al., 2004; Schuh et al., 2005).

In chapter 3.1 of this thesis, I synthesized a near Σ-grain boundary and analyzed
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its structure and behavior during temperature annealing on the atomic scale. One

goal of this speci�c experiment was to understand, if crystals in near Σ-orientations

turn into Σ grain boundaries during temperature treatment.

1.1.4 Methods to Synthesize Grain Boundaries

Sintering is one of the earliest methods to prepare oriented bicrystals (Coble, 1961;

Raj et al., 1975; Kimura et al., 1986; Kaiser et al., 1987). Today, there are nu-

merous methods for the synthesis of bicrystals and a thorough overview is given

by Tong and Gösele (1999). Here, I will only brie�y introduce a few techniques

that are widely used, including (1) ultra high-vacuum (UHV) di�usion bonding, (2)

wafer direct bonding, (3) directional crystallization/solidi�cation, and (4) the �ux

method. Growth techniques are generally not able to produce de�ned general grain

boundaries, as during growth the grain boundary tries to achieve a minimum energy

con�guration und thus special grain boundaries result.

1. UHV di�usion bonding requires a special bonding chamber, where an UHV

can be maintained during heating and pressurizing the bicrystal. Temperatures

above 1300◦C are usually maintained for about 6 h for bonding, the applied

pressures are in the range of 4-5 MPa. (Gemming et al., 2003; S. B. Lee et al.,

2003; Peters & Reimanis, 2003).

2. In direct wafer bonding, two highly polished and cleaned wafers are brought

into contact at ambient conditions without applying force. The initial bond

is weak and is formed by hydrogen bonds, thus only van der Waals forces are

active. The bonding strength increases during high temperature annealing,

typically above 1000◦C (Maszara, 1991; Tong et al., 1995; Ljungberg et al.,

1997; Gösele et al., 1999; Pössl & Kräuter, 1999; Heinemann et al., 2001).

3. Directional crystallisation/solidi�cation is a method to grow oriented bicrystals

from a melt. Bicrystals with desired orientation are used as seed to initiate

growth of oriented bicrystals. However, the boundary in the growing crystal

often exhibits a di�erent orientation, as it tends to minimize its energy during

growth (Mitzi et al., 1990; Surholt et al., 1998; Tsu et al., 1998; Schwarz et al.,
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2002).

4. The �ux method is an alternative technique to grow crystals in a melt, but the

resulting orientation relation in the bicystals can not be in�uenced (Kaiser et

al., 1987; Tsu et al., 1998).

These techniques yield bicrystals of di�erent quality, quantity and size. In this

work, I took advantage of the potential of the direct wafer bonding technique to

produce well de�ned grain boundaries. The synthesised grain boundaries showed

a minimum of defects as discussed in chapters 3.1 and 3.4 of this work. They

are perfectly suited for element di�usion experiments with well known boundary

conditions, in particular, they allow for simultaneously quantifying volume and grain

boundary di�usion on the atomic scale as discussed in chapters 3.2 and 3.3.
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1.2 Di�usion

Various solid-state phenomena, such as phase transformations and other microstruc-

tural changes, that occur in materials are largely di�usion controlled. Di�usional

processes in turn are strongly in�uenced by the local defect structure of the speci�c

material. Defects, in particular grain boundaries, are the most important short-

circuiting paths for element di�usion (Okabe et al., 1981; Kaur et al., 1995; Mishin

& Herzig, 1999; Jiménez-Melendo et al., 2001; Milke et al., 2007; Keller et al., 2008).

Generally speaking, di�usion is the macroscopic result of random thermal motions

on the atomic scale. The disordered two dimensional structure of the grain boundary

generally provides a less dense medium for atomic movements, compared to the or-

dered structure of the perfect crystal lattice, and di�usion is signi�cantly enhanced.

Grain boundary di�usion is orders of magnitude faster compared to volume di�u-

sion, especially at temperatures below 0.6×Tm (Tm = melting point of the matrix),

and it plays a major role in processes that involve material rearrangement, such as

Coble creep, sintering, di�usion-induced grain boundary migration, discontinuous-

precipitation-dissolution-coarsening, recrystallization, grain growth, etc. (Kaur et

al., 1995). Despite its importance, element di�usion is a research topic that is far

from being understood.

1.2.1 Volume Di�usion

To balance chemical gradients in any material, there will generally be a net �ux of

atoms from the higher concentration towards the lower concentration. In a struc-

turally isotropic material, the di�usant �ux J is proportional to the gradient in

concentration c in the direction of di�usion (Kaur et al., 1995; Ganguly et al., 1998;

Mishin & Herzig, 1999).

J = −D∇c (1.2)

where ∇ is the gradient vector operator de�ned as (in a rectangular coordinate

system (x, y, z)
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∇ =
∂

∂x
+

∂

∂y
+

∂

∂z
(1.3)

The di�usion coe�cient D is a proportionality constant and a measure of the

di�usion rate of the moving atoms. D is assumed to be concentration independent,

which is true for most di�usion studies where small amounts of the di�usant are

considered. A convenient expression for the experimental determination of D is

given by the second law of Fick. At a given position, the concentration gradient is

related to the change of concentration with time (Fick, 1855; Kaur et al., 1995):

∂c

∂t
= −∇J (1.4)

If the assumption of a position-independent (which also implies concentration-

and time-independent) D is made and J is substituted by eq. (1.2), one derives

∂c

∂t
= D∇2c (1.5)

which is often referred to as the di�usion equation. The experiments that I

carried out in the present work are designed in a way that di�usion is unidirectional

(di�usion occurring only in the x-direction), which reduces the di�usion equation to

∂c

∂t
= D

∂2c

∂x2
(1.6)

The concentration c(x, t) of the di�usant that I measure in the one-dimensional

di�usion experiments in this thesis (chapter 3.2) can be related to the di�usion

coe�cient D. The di�usant di�uses in an initially di�usant-free specimen. The

thin-�lm corresponds to h = x < 0 and the crystal corresponds to the region x >

0. The corresponding solution is (Crank, 1975):

c(x, t) =
c0

2

[
erf

(
x + 2h

2
√

Dt

)
− erf

(
x

2
√

Dt

)]
(1.7)

In case of homogeneous volume di�usion in the x-direction, isoconcentration con-

tours parallel to the x = 0 surface develop. This is a useful e�ect and can be used

to evaluate if the volume a�ected by di�usion was homogeneous. The temperature

dependence of the di�usion coe�cient obeys an Arrhenius relationship:
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D = D0 exp(−Q/RT ) (1.8)

Where the pre-exponential factor D0 is a constant and independent of tempera-

ture, Q is the activation energy of the di�usion process, R is the molar gas constant,

and T is the absolute temperature. D0 and Q are referred to as the Arrhenius Pa-

rameters.

In the present work, I determined the volume di�usivity to a �rst approximation

by �tting the experimentally derived di�usion pro�les with the one-dimensional

analytical solution to the di�usion equation (1.7). In order to evaluate the feasibility

of this analytical solution and the associated simpli�cations, a numerical model was

developed, based on the observations that I made in the speci�c di�usion experiment.

I discuss the comparison between analytical solution and numerical model in chapter

3.2.

1.2.2 Grain Boundary Di�usion

Di�usion in grain boundaries is generally divided in three kinetic regimes, which are

de�ned by the ratio between the characteristic di�usion length in the volume (Lv)

and along the grain boundaries (Lgb). This classi�cation was proposed for the �rst

time by Harrison (1961). According to Harrison (1961), the di�usion �ow in a poly-

crystal in kinetic regime 'C' is dominated by grain boundary di�usion, and volume

di�usion can be neglected. In the kinetic regime 'B', volume and grain boundary

di�usion are both important, but the di�usion from adjacent grain boundaries into

the crystal volume do not overlap. In the 'A' regime, the di�usion length of the

volume di�usion is comparable to the di�usion length of grain boundary di�usion.

This is the case for nanocrystalline materials, very long di�usion anneals, high vol-

ume di�usion coe�cients, or temperatures close to the temperature of melting. The

three regimes are illustrated in �gure 1.6.

Because both Lv and Lgb depend on temperature, grain size, and time, they are

valid only for a certain set of these variables. To experimentally investigate grain

boundary and volume di�usion simultaneously, the 'B' regime is most appropriate
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Figure 1.6: Schematic illustration of the distribution of the di�usant in di�erent kinetic regimes

according to Harrison (1961) (�gure after Mishin and Herzig (1995)). The nomenclature is as

follows: s = segregation factor; δ = e�ective grain boundary width; d = grain size; Lv = the

characteristic di�usion length in the volume; Lgb = the characteristic di�usion length in the grain

boundary.

and it is favourable to use bicrystals having the grain boundary normal to the

di�usant source (Le Claire, 1963). A sketch of this experimental setup is shown in

�gure 1.7a, as it is the approach that I used to study di�usion (chapter 3.3).

Analytical solutions to the di�usion equation to describe this experimental situ-

ation are based on the following assumptions (Kaur et al., 1995):

1. Fick's laws of di�usion are valid in the crystal volume and the grain boundary.

2. Dv and Dgb are isotropic and independent of concentration, position, and time.

3. The di�usant �ow is continuous at the grain boundary/crystal interface at x =

±δ/2.

4. The grain boundary width δ is small enough for the concentration variation

across it to be ignored.

Fisher (1951) treated the grain boundary as a thin (thickness δ of atomic dimen-

sions) uniform rectangular slab embedded in a semi-in�nite crystal, the di�usion
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Figure 1.7: (a) Sketch of the experimental setup that I used for the di�usion experiments. A

thin-�lm serves as di�usant source. (b) Isoconcentration contours typical for Fisher's approximate

solution for di�usion from a constant source. Ψ refers to the angle between the di�usion contours

and the grain boundary slab.
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coe�cient in the slab (Dgb) is much larger than that outside it (Dv). The di�usion

source is assumed to have a constant concentration. He took the lateral leakage of

the di�usant from the grain boundary into the semi-in�nite crystal into account, but

neglected the direct volume di�usion contribution from the source into the crystal

(Fig. 1.7b).

Whipple (1954) formulated a more exact solution to the same homogenous slab

model of Fisher for di�usion from a constant source. The work of Levine and Mac-

Callum (1960), combined with the work of Le Claire (1951), made routine appli-

cations of the exact solutions to experimental measurements possible as the former

expressions were too complicated to be applied to experiments. Their approach to

the problem of grain boundary di�usion was completely di�erent and based on a

polycrystalline body in general. According to their model, logD varies linearly with

x5/6 in the grain boundary di�usion region.

Suzuoka (1961) formulated an exact solution for di�usion from an instantaneous

source. He assumed that the di�usion source is an in�nitely thin layer with a no

�ux condition at the surface. This is valid only, if the di�usion rate at the surface

is close to that in the volume, and in the region of the grain boundary that is

close to the surface. Furthermore, the grain boundary must not act as a sink for

the di�usant. During annealing, the concentration of the di�usant in the source

decreases according to this solution.

In summary, Fisher's approximate solution and Whipple's and Suzuoka's exact

solutions are the most important analytical solutions for the isolated grain boundary

model.

However, they are based on various assumptions and the appropriate analytical

solution must be chosen based on the individual experimental arrangements, thus

the surface conditions. I �nd that none of the standard analytical models adequately

describes the experimental setup that I used in this work (Fig. 1.7a). Therefore, a

numerical model was developed that accounts for my speci�c experiment and the

TEM observations that I made on the structure of the di�usant source and the grain

boundary (chapter 3.3).
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In�uence of the grain boundary structure on grain boundary di�usion

None of the grain boundary di�usion models described above considers the in�uence

of the grain boundary structure on grain boundary di�usion (Wuensch & Tuller,

1994). However, many experiments (Turnbull & Ho�man, 1954; Surholt et al.,

1998; Budke et al., 1999; Klugkist et al., 2001) and computer simulations (Siegel

& Hamilton, 2005; Suzuki & Mishin, 2005; Divinski et al., 2007; Divinski & Wilde,

2008) show that di�usion rates strongly vary with grain boundary orientation and

hence structure.

Experiments have mainly been performed on metals and oxides (Chadwick &

Smith, 1976), where polycrystals/bicrystals with tilt grain boundaries were the main

investigative target (Turnbull & Ho�man, 1954; Herbeuval et al., 1973; Sommer et

al., 1995). Twist grain boundaries in bicrystals were studied only rarely (Schwarz

et al., 2002; Noort et al., 2007). Computer simulations to understand the in�uence

of the grain boundary structure on di�usion were performed as early as the mid

80s (e.g. Metsch et al., 1986; Chung et al., 2000; Campbell et al., 2004; Suzuki &

Mishin, 2005; Frolov & Mishin, 2009). Monte Carlo simulations of grain boundary

di�usion showed that grain boundary di�usivities vary by 4 to 10 orders of magnitude

depending on the grain boundary orientation and temperature (Suzuki & Mishin,

2005; Frolov & Mishin, 2009). Furthermore, the physical and chemical properties of

di�use and sharp grain boundaries are fundamentally di�erent (Sutton & Ballu�,

1995).

This thesis contributes to our understanding of the relation between grain bound-

ary structure and element di�usion along a speci�c boundary. Chapters 3.1 and 3.4

give detailed information about the structural properties of a synthetic grain bound-

ary, whereas chapter 3.3 reports experimental results on element di�usion along the

same grain boundary.

1.2.3 Methods to Study Di�usion

This chapter gives a brief overview of the techniques that are routinely used to

study grain boundary di�usion in the crystal volume and along grain boundaries

and discusses their advantages and disadvantages. In general, the methods to study
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di�usion can be separated in direct and indirect methods. Direct methods are those,

where the distribution of the di�usant is either measured directly during the di�usive

treatment, or after such a treatment. Indirect methods study physical phenomena

caused by di�usive processes, for instance di�usional creep, electro transport, sin-

tering or phase transformations, and estimations on the di�usion coe�cients are

drawn from these observations. Direct methods are favorable as the rate-controlling

mechanism does not have to be de�ned a priori.

Direct methods include (1) concentration contour imaging methods, (2) lateral

spreading approaches, (3) surface accumulation techniques, and (4) sectioning ex-

periments. Each method can be carried out in combination with di�erent analytical

methods. A nice overview of analytical techniques is given by Kaur et al. (1995).

1. Concentration contour imaging methods map iso-concentration contours of dif-

fusion in the volume and along grain boundaries. The parameters of the con-

tours can be related to the di�usion coe�cients using standard equations.

2. Lateral spreading methods are mainly used to study di�usion in delicate thin-

�lms. For such studies overlapping thin-�lms are produced and the movement

of the di�usion front after annealing is monitored. Peak-like zones at the front

are then attributed to grain boundary di�usion. As di�usion occurs at the

plane of the sample, and not within the sample itself, it is in�uenced by surface

di�usion, which complicates the interpretation of the lateral di�usion data. On

the other hand, this technique does not require sectioning work.

3. In surface accumulation methods, measurements are carried out on the backside

of the sample, which is the side not covered with the di�usant source. The

accumulation of the di�usant is monitored during the di�usion experiment.

These experiments are especially interesting for the investigation of di�usion in

thin-�lm specimens, which are of particular interest in modern microelectronic

devices. Generally, it is favorable to use a heavily emitting isotope as di�usant,

which allows to reduce the detection limit.

4. Sectioning methods aim at depth pro�ling the average concentration. The aver-

age concentration is measured in short spatial intervals parallel to the di�usion
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source. The slope of the obtained pro�le is evaluated using standard equations.

A number of experimental techniques are available for di�erent experimental

conditions, for example the classical radio tracer method.

Even though, analytical TEM (ATEM) has been used to study low temperature

volume di�usion as early as 1983 (Nicholls & Jones, 1983), its high demands on

sample preparation prevented well de�ned di�usion studies on grain boundaries.

This changed when FIB-sample preparation became available about a decade ago

(Phaneuf, 1999; M. R. Lee et al., 2003; Wirth, 2004). In the present study, I

use ATEM as a depth pro�ling method. In contrast to common depth pro�ling

approaches, the averaging and the spatial intervals are minimized by cutting an

oriented FIB lamella across the grain boundary and measuring the grain boundary

di�usion at spots/windows of 20×40 nm2; thus the in�uence of the crystal volumes

is minor. The spatial resolution for the measurement is basically limited by the

window size selected. Thus, it is possible to acquire an energy dispersive spectra

(EDS) every 20 nm. I show in chapters 3.2 and 3.3 of this thesis that ATEM is

well suited to study volume as well as grain boundary di�usion. The results can

be complemented by simultaneously derived information about the structure of the

sample and the grain boundary on the atomic scale (chapters 3.1 and 3.4). The

combination of these capabilities makes TEM a very promising tool for the study of

di�usion processes and their relation to structural properties.

Many of the above mentioned methods involve estimations of the e�ective grain

boundary width to extract di�usivities, which is still debated and most probably

varies from system to system, and depends on the exact processes and elements

studied. One goal of this thesis is to enhance our understanding of the e�ective

grain boundary width for di�usional processes on the atomic scale by using TEM-

based analytical techniques (chapter 3.4).
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Chapter 2

Results and Discussion (Synergy)
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In this chapter, I summarize and discuss the main results of my PhD-research.

The four major parts of this thesis, which are published or submitted for publication

in international scienti�c journals, and their tight connection are outlined here. The

complete manuscripts can be found in chapters 3.1 � 3.4.

2.1 Synthetic near Σ5 (210)/[100] Grain Boundary in YAG

Fabricated by Direct Bonding � Structure and Stability

(this abstract is based on chapter 3.1)

To date, the most complete picture on grain boundary structures emerges from

studies on metals and alloys, simple metal oxides, and few complex ionic compounds

(Gleiter & Chalmers, 1972; Carter & Föll, 1978; Föll & Ast, 1979; Carter et al., 1981;

Cunningham et al., 1982; Sutton & Ballu�, 1995; Ernst et al., 1999; Christophersen

et al., 2001; S. B. Lee et al., 2003; Merkle et al., 2004; Randle, Rohrer & Hu, 2008).

In contrast, studies on more complex oxides, including silicates, the most relevant

compounds from an Earth sciences point of view, are rare. Systematic work on

synthetic grain boundaries is a promising way to progress towards a better under-

standing of grain boundary structures in these materials. I explored the suitability

of the wafer direct bonding method (Tong & Gösele, 1999) to produce well de�ned

synthetic grain boundaries within a bicrystal of yttrium aluminium garnet (YAG).

This method allows to join two well polished material slices without glue, force,

or ultra high vacuum, instead, bonding is initiated at ambient conditions (Harendt

et al., 1992; Pössl & Kräuter, 1999). However, several aspects of the wafer direct

bonding method and the produced bicrystals are not fully understood, including the

temperature needed to obtain strong bonds across the interface. For further process-

ing, bonds with strength comparable to those in the crystal volume are desirable.

This, for instance, is prerequisite for the subsequent grain boundary di�usion exper-

iments that I performed as part of this thesis, because the bicrystal has to be cut in

order to deposit a thin-�lm perpendicular to the grain boundary (see chapter 2.3).

Here, I used the wafer direct bonding method to produce several grain boundaries,
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which I annealed at di�erent temperatures, ranging from 673 to 1873 K. The result-

ing grain boundaries are not distinguishable based on their �atness and apparent

cohesiveness in high resolution TEM (HRTEM) micrographs (Fig. 2.1). However,

I observed a considerable step in their mechanical stability at around 1273 K, a

temperature that corresponds to about 60% of the melting temperature of YAG.

Below this speci�c annealing temperature, the wafers can easily be separated at

the interface. In contrast, separation attempts on samples, which were annealed at

higher temperatures, resulted in fractures through the volume of the crystals. Based

on these observations, I conclude that temperatures of at least ∼60% of the melting

temperature are required to reach bonding strengths that are comparable to the

bonds in the volume of a single crystal.

The synthesized grain boundary is a near Σ5 (210)/[100] grain boundary, as

shown in the HRTEM image in �gure 2.2. The di�raction pattern (inset in Fig. 2.2)

con�rms the rotation of ∼36.9◦ of the two crystals with respect to each other.

Along this grain boundary, I observed a long-range strain contrast with a pe-

riodicity of roughly 40 nm (Fig. 2.3a). Even though long-range strain contrasts

have been observed for low-angle grain boundaries, they have not been reported for

high-angle grain boundaries so far. I show that these strain �elds are associated with

steps along the interface (Fig. 2.3b). I �nd that these periodic extended strain �elds

are an intrinsic property of the grain boundary and conclude that they are caused

by faceting along the grain boundary plane. This is needed to achieve a minimum

energy con�guration of the grain boundary plane.

Here, I demonstrate that the direct wafer bonding method allows for producing

well de�ned grain boundaries with any desired orientation. These synthetic bicrys-

tals are perfectly suited as starting materials for element di�usion experiments that

could enhance our understanding of grain boundary di�usion in relation to the

atomic structure of the speci�c grain boundary. The associated experiments that I

performed as part of this thesis and their �ndings are discussed in the chapters 2.2

and 2.3.
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Figure 2.1: HRTEM images of grain boundaries synthesized at 673, 873, 1073 and 1273 K (a-d).

At all stages, the lattice fringes of the opposing crystals touch each other at the interface and no

amorphous material or material with di�erent structure is observed. The varying image quality

results from the di�ering thicknesses of the respective TEM lamellae.
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Figure 2.2: HRTEM image of the near Σ5 (210)/[100] grain boundary. The [100] direction of

the upper crystal is parallel to the incident beam. [100] is the common axis of a perfect Σ5 twin

boundary. As the misorientation with respect to this orientation is small, each crystal shows a

di�raction pattern of a <100> zone axis. They are rotated by ∼36.9◦ towards each other around

this axis (illustrated by yellow angle). The lower crystal is not perfectly aligned in [1̄00] and thus

only one set of lattice fringes can be seen in the image.

Figure 2.3: (a) TEM bright �eld image of the bicrystal grain boundary. The sample thickness

decreases towards the left margin. The periodicity of the dark contrast along the grain boundary

is about 40 nm. (b) Lattice fringe image of the bicystal at a relatively thick part of the sample,

where the zone axis of the lower crystal is oriented parallel to the incident beam. Most of the grain

boundary plane area lies in the (042) plane except for the steps of the facet, which is spatially

related to the extended strain contrast, represented by the dark contrast. Furthermore, the lattice

on both sides of the facet is distorted, causing a slightly blurred image.
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2.2 Volume Di�usion of Ytterbium in YAG: Thin-�lm Ex-

periments and Combined TEM � RBS Analysis

(this abstract is based on chapter 3.2)

Rocks that are exposed to changing physical and chemical conditions tend to re-

equilibrate, frequently by element di�usion. Laboratory experiments play a major

role to develop a quantitative understanding of di�usional processes. They often per-

formed in so-called thin-�lm geometry, where a thin layer that contains the di�usant

is deposited onto a substrate. After annealing the sample at a certain temperature

for a de�nite time, the element exchange between thin-�lm and substrate can be

measured and this information is used to derive the particular di�usion coe�cient.

However, these laboratory studies demand for well de�ned sample geometries and

precise knowledge of the specimens' microstructures.

Here, I used the pulsed laser deposition (PLD) technique to deposit a thin-�lm

of de�ned thickness and chemical composition onto a substrate of YAG. After a dif-

fusion anneal, both analytical TEM (ATEM) and Rutherford backscattering (RBS)

were used to measure the di�usion pro�le from the thin-�lm into the substrate. The

results show that reliable di�usion data can be determined by TEM (Fig. 2.4). Fur-

thermore, TEM allows to derive complementary information about the local defect

structure of the thin-�lm and the substrate. This additional capability was used

to study if the initial geometry and microstructure of the thin-�lm was maintained

during temperature annealing, and if any disturbing e�ects such as reaction between

source and substrate took place. Knowledge of the condition of the thin-�lm is of

fundamental importance to validate the chosen analytical solutions to the di�usion

equation (see chapter 1.2).

During the di�usion experiments, progressive crystallisation of the initial amor-

phous thin-�lm (Fig. 2.5) took place. The complex behavior of the di�usant source

can not be described using existing analytical solutions to the di�usion equation.

To test the potential e�ects of the thin-�lm's transient state on the derived di�u-

sion coe�cients, a numerical model was developed that accounts for the successive
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Figure 2.4: Yb di�usion pro�le in YAG measured by ATEM (a) and RBS (b). The annealing

temperature is constant (1723 K), but the time and the thin-�lm thickness were chosen di�erently.

Note that the abscissas are scaled di�erently. The interface between thin-�lm and substrate is at

zero. The Yb mole fraction is normalized over c0 (the initial value in the thin-�lm). The lines are

least square �ts to the experimental data using an analytical solution (Crank, 1975), where the

only parameter adjusted was the di�usion coe�cient D. The uncertainty in logD is the least square

error from �tting. Additionally, scanning TEM (STEM) Z-contrast data are shown as yellow dots

in (a).

crystallization of the thin-�lm and the associated change of its transport properties.

The e�ect of a �nite thin-�lm crystallization time tc is illustrated in Fig. 2.6. The

analytical and numerical di�usion pro�les are signi�cantly di�erent, when the an-

nealing time t is comparable to tc. In that case, adjusting the analytical solution

to the numerical curve (Fig. 2.6) would lead to an overestimation of the di�usion

coe�cient in the substrate. In our experiments, t >> tc, which implies that the

di�erences between the analytical and numerical solutions are less pronounced and

the analytical solution (equation (1.7), chapter 1) serves as an acceptable model for

data reduction (Fig. 2.4).

Although the change in thin-�lm transport properties, associated with successive

crystallization during the di�usion anneal, does not play a major role for our spe-

ci�c experimental setup, this e�ect cannot generally be ignored. Reliable di�usion

coe�cients can only be extracted when the di�usion experiments are complemented

by a detailed analysis of the boundary conditions, and a careful assessment of the

applied solution to the di�usion equation.

This work is the fundament for the subsequent grain boundary di�usion exper-
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Figure 2.5: (a-d) Bright �eld (BF) images of the thin-�lm after di�erent annealing periods at 1723

K. The platinum layer deposited on the surface of the sample limits gallium-ion damage during

FIB lamella preparation. Broken lines depict the continuing crystal structure over the initial thin-

�lm/substrate interface. (a) Prior to annealing. The thin-�lm is amorphous and the interface with

the substrate is extremely �at. (b) After 20 minutes. The thin-�lm became polycrystalline, with

crystal diameters ranging from tens to hundreds of nm in diameter. Epitaxy can be observed at the

former interface with the substrate, further away no preferential orientation is visible. (c) After 40

minutes. The thin-�lm starts to copy the orientation of the substrate, but is still polycrystalline

at its surface. (d) After 2 hours. The thin-�lm displays epitaxial growth. The varying di�raction

contrast results from small distortions in the crystal lattices. (e) Schematic of the evolution of the

thin-�lm and the di�usion pro�le with time. (f) STEM Z-contrast image. The brightness, which

positively correlates with atomic mass, decreases from the thin-�lm towards the crystal volume at

constant sample thickness, indicating Yb-Y di�usive exchange. At the right side of the image the

brightness is compromised by the underlying holy carbon grid which serves as lamellae holder.
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Figure 2.6: Several illustrative numerical solutions to the di�usion equation (blue lines) are shown

together with the predictions of the approximate analytical solution (red lines). The thin-�lm's

crystallisation time was set to 2 h. Successive snapshots of the concentration pro�les' evolution

with time are shown. The two solutions are considerably di�erent for t ∼ tc, but the di�erence

decreases for t >> tc.

iments, which I describe in the following chapter 2.3, as it shows the validity of

using TEM to quantify di�usion pro�les and simultaneously characterize the local

structure of the sample.
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2.3 Grain Boundary and Volume Di�usion Experiments in

Yttrium Aluminium Garnet at 1723 K: A Miniaturized

Study

(this abstract is based on chapter 3.3)

Grain boundary di�usion is the dominating element transport mechanism at low

temperatures where volume di�usion is slow. Even if the rates of grain boundary

and volume di�usion approach with increasing temperature, it is commonly assumed

that grain boundary di�usion is prevailing over volume di�usion during most small-

scale transport processes of elements in large portions of the solid Earth.

Here, the previously synthesized and characterised bicrystal (chapter 2.1) is used

for grain boundary di�usion experiments. The experiments are performed and ana-

lysed following the approach that was successfully explored for the volume di�usion

study (chapter 2.2). I show that the combination of the used methods is outstand-

ingly well suited to overcome di�culties of previous investigations of grain boundary

di�usion, including the following:

1. Grain boundary di�usion studies are mostly performed on polycrystals with

randomly shaped grain boundaries and unde�ned orientation distribution. Thus,

the di�usion geometry is very complex and often impossible to characterize ad-

equately.

2. Commonly used methods to measure grain boundary di�usion pro�les mostly

yield bulk analyses over large areas, which results in a mixed analyses of both

grain boundary and volume di�usion. Furthermore, the di�usivity can change

by orders of magnitude with varying grain boundary orientation (Herbeuval

et al., 1973; Klugkist et al., 2001; Guan, 2003) and, therefore, analysing sev-

eral grain boundaries at once adds an additional uncertainty to the extracted

di�usion coe�cient.

3. Solutions to the grain boundary di�usion problem are often oversimpli�ed, or

they are not well adapted to the experimental setup, often simply because the
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samples cannot be adequately characterized.

Speci�cally, I took advantage of the following methods to overcome these prob-

lems:

1. Simple geometry: Bicrystal synthesis by direct wafer bonding allowed to pro-

duce a straight and exactly oriented grain boundary over a length of several

µm (see chapter 2.1). As di�usant source, a thin-�lm is deposited perpendicu-

lar to the grain boundary using pulsed laser deposition (see chapter 2.2). The

resulting experimental geometry is simple and well de�ned (Fig. 2.7a).

2. High resolution analytics: Site speci�c preparation of an oriented sample by the

FIB technique (Fig. 2.7a) makes analyses with TEM at the grain boundary

possible. The high spatial resolution of TEM allows for the measurement of

volume and grain boundary di�usion, even though the pro�le lengths vary

considerably (Fig. 2.8).

3. Numerical modeling: A numerical model was developed that accounts for all

experimental observations. Information on the local changes of the thin-�lm de-

fect structure that occurred during annealing (Fig. 2.7b and c, see also chapter

2.2) helped to design the numerical model accordingly. It allows for a quanti-

tative evaluation of the di�usion coe�cients in our speci�c system (Figs. 2.8

and 2.9). This cannot be achieved using existing analytical solutions, because

none meets the present experimental con�guration and our observations on the

nm-scale.

Using this innovative combination of techniques, I �nd the grain boundary di�u-

sion coe�cient (Dgb = 3 · 10−15 m2/s) to be 4.85 orders of magnitude higher than

the determined volume di�usion coe�cient (Dv = 4.3 · 10−20 m2/s) at the present

experimental conditions (1723 K, ambient oxygen fugacity). This di�erence is likely

situated at the lower end of di�erences between volume and grain boundary di�u-

sion, considering that the studied grain boundary is a near Σ5 grain boundary and

Σ and low-angle grain boundaries are expected to have the lowest grain boundary

di�usivities (Chadwick & Smith, 1976; Kaur et al., 1995; Mishin & Herzig, 1999).
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Figure 2.7: (a) Sketch of the sample geometry. The grain boundary of the bicystal is perpendicular

to the thin-�lm (red). The thickness of the thin-�lm is about 200 nm, whereas the bicrystal's size is

in the mm-range. The blow-up shows a draft of the TEM lamella prepared with the FIB technique,

its dimensions are usually 15×8 µm2, with a thickness between 40 and 150 nm. (b) and (c) are

bright �eld (BF) images of the bicrystal with the thin-�lm prior to and after annealing, respectively.

For FIB sample preparation, a protection layer of platinum was deposited on the surface of the

sample, which is visible in the upper part of the images. (b) The thin-�lm is amorphous and has

an excellent contact with the bicystal. (c) Di�raction contrast causes the di�erent grey tones of

the opposing crystals. The thin-�lm grew epitaxially on the bicrystal, thus the grain boundary

continues in the thin-�lm.
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Figure 2.8: Comparison of volume di�usion (blue points) and grain boundary di�usion (red points).

Both pro�les were measured on the same TEM-lamella. The interface between thin-�lm and

substrate is at zero. The grain boundary di�usion coe�cient is 4.85 orders of magnitude higher

than that of the volume di�usion. The red stars are the mean values of the calculated mole fraction

(averaged over 20×40 nm2 boxes along the grain boundary of the numerical model).

Figure 2.9: Density plots for the mole fraction of Yb c(x, y, t) normalized over the initial value in

the thin-�lm c0 at di�erent times. Left: the initial distribution, t = 0; middle: the distribution at

the time of crystallization, t = tc, right: the �nal distribution at t = T .
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Figure 2.10: STEM image of the sample investigated with nano x-ray �uorescence (left). The

camera length is chosen to probe a mixture of Z-contrast and di�raction contrast; it can be seen,

that the thin-�lm is fully epitactic. The platinum layer corresponds to the brightest grey in

the image, the thin-�lm appears in light grey, and the two parts of the bicrystal are dark grey.

The region mapped using the Yb-Lα peak from synchrotron x-ray �uorescence is shown in the

enlargement.

As part of this study, a di�usion map was also acquired using nano x-ray �uores-

cence at the European Synchrotron Radiation Facility (Fig. 2.10). Even though the

resolution is still relatively poor compared to TEM, the �ndings are consistent with

the numerical simulations (compare Figs. 2.9 and 2.10). This method is a promis-

ing tool to obtain quantitative di�usion maps and may soon be advanced enough to

bridge the scale-gap between electron microprobe and ATEM.

Most studies, including the present one, use the structural grain boundary width

to derive the di�usion coe�cient from the di�usion experiments. It is known that

this approach is a strong simpli�cation, and it might bias the extracted di�usion

coe�cient as the e�ective grain boundary width for di�usion is the relevant param-

eter instead. Unfortunately, this parameter is not quanti�ed. This motivated my

attempt to directly measure the e�ective grain boundary width by using state-of-

the-art atomic-resolution TEM at the National Center for Electron Microscopy in

Berkeley. The results are presented in chapter 2.4.
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2.4 Insights into the E�ective Grain Boundary Width for Dif-

fusion

(this abstract is based on chapter 3.4)

Grain boundaries impact the bulk properties of polycristalline materials and thus

play a pivotal role in numerous geological disciplines and in materials science. The

e�ective (or chemical) grain boundary width δ (Farver & Yund, 1991) is an imper-

ative parameter in many equations describing di�usional or rheological processes.

Despite its importance, it can not routinely be measured. Instead, it is usually

determined in combination with the grain boundary di�usion coe�cient (either as

product or as quotient).

Here, I used the thin-�lm/bicrystal di�usion assembly, as described in chapter

2.3, and took advantage of the recent developments in abberation corrected HRTEM

(Bosman et al., 2007; Kimoto et al., 2007; Urban, 2008) to study the e�ective grain

boundary width at the atomic scale.

First, I reconstructed the exit wave from a negative C
s
focal series of sub-

Ångstrom phase-contrast high resolution transmission electron micrographs (Fig

2.11a). Then, a bicrystal 'unit cell', which represents the orientation of the two

crystals forming the grain boundary, was built starting from the rotation of 36.9◦

around the common <100> direction of the bicrystal that was obtained from the

di�raction pattern (Fig. 2.11d). A 'super unit cell' of the grain boundary structure

was generated (Fig. 2.11 inset) and used for image simulation with the parameters

obtained from the exit wave reconstruction. Iterative adjustments of the 'super unit

cell' lead to a match of the simulated images (Fig. 2.11b) with the phase images

of the exit wave (Fig. 2.11c). I found that one crystal is rotated by about 12◦

(counter clockwise) around the <210> direction and about 6.5◦ perpendicular to

this direction with respect to the second crystal.

Electron energy loss spectroscopy (EELS) elemental maps of Yb show higher

intensities along the grain boundary compared to the crystal volumes (Fig. 2.12a).

The FWHM of Gaussian �ts to the Yb-intensity pro�les across the grain boundary
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Figure 2.11: (a) HRTEM image at Scherzer defocus. The structural grain boundary width is less

than 1 nm. (b) Simulated image, the bicrystal structure used for simulation is shown as inset. Y

atoms are coloured red, Al atoms are yellow and oxygen atoms are green. The oxygen atoms are

drawn to a smaller scale for clarity. A near Σ5 (210)/[100] grain boundary was simulated; from

the di�raction pattern in (d), the rotation of ∼36.9◦ around the <100> direction was obtained.

Two additional misorientations were needed to simulate the image correctly. First, a rotation of

about 12◦ around the y-axis of the image (corresponding to the <210> direction of both crystals),

and second a 6.5◦ rotation around the x-axis of the image. (c) Imaginary part of the reconstructed

electron exit wave. (d) Di�raction pattern of the experimental image (a). The red arrows indicate

the di�raction spots that correspond to the upper crystal, whereas the black arrows point at

di�raction spots from the lower crystal.
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Figure 2.12: (a) Jump ratio map obtained with EELS by using the Yb M5 1528 eV and M4 1576

eV edges. A relatively constant zone of increased Yb concentration around the grain boundary

compared to the crystal volumes is observed. This becomes evident in the pro�les across the

grain boundary, which monitor the Yb concentration perpendicular to the grain boundary with

increasing distance from the di�usant source (which is located ∼100 nm above the top of the

�gure). The pro�les are shifted in intensity with respect to each other for clarity. The white

boxes denote the position of the HRTEM (at ∼780 nm) and STEM (at ∼1050 nm) measurements

shown in (b) and (c). (b) shows the imaginary part of the reconstructed electron exit wave. (c)

is the STEM Z-contrast image of the same grain boundary about 400 nm further away from the

initial thin-�lm. The strong Z-contrast makes heavier atoms appear brighter. The aligned red

circles refer to example pro�les taken at the atom columns of interest with an integration width

of about 0.1 nm. The pro�les run along the [010] direction. The pro�les above the images are

single pro�les, whereas the pro�les below the images are averages over ten pro�les. The intensity

increases towards the grain boundary.
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show that the width of the chemically altered region is homogenous over several

µm. The concentration of Yb along this slab of constant thickness decreases as

shown in an EDS pro�le (chapter 2.3). Intensity pro�les, which were measured by

both HRTEM and STEM, two atomic imaging methods complementary in contrast

formation, show the same extent of the chemically altered region (Fig. 2.12b, c).

The average pro�le of the phase image of the exit wave has a FWHM of 21.2

nm perpendicular to the grain boundary and the intensity pro�le corresponding

to the STEM Z-contrast image shows a FWHM of 19.7 nm perpendicular to the

grain boundary. The FWHM measured in the two pro�les correlate amazingly well,

considering that the data were acquired at di�erent positions of the specimen (∼400

nm apart) using di�erent techniques. Furthermore, both are in good agreement with

the FWHM obtained from pro�les in the elemental map of Yb (17.9 nm). Therefore,

I infer that the chemically altered region has a constant width of ∼20 nm within

the experimental uncertainty (±3 nm).

In the previous grain boundary di�usion study, I observed blurred parts in the

crystal lattices parallel to the grain boundary, which extend over 8 to 12 nm, cor-

responding to about 20 nm on both sides of the grain boundary (see Fig. 3.14). I

concluded that these parts are distorted due to lattice mis�t at the grain bound-

ary (chapter 2.1). Based on the �ndings of this study, I further conclude that this

regional strain facilitates the local chemical alteration of similar extent (∼20 nm).

In summary, I observed a slab around the grain boundary with a constant width

of ∼20 nm over a length of a few µm, which is strained and chemically altered. I

interpret this altered region as the e�ective grain boundary width for di�usion.

This part of my work results in three major �ndings. First, I show that the

e�ective grain boundary width can experimentally be determined. Second, the ef-

fective grain boundary width in YAG at the present conditions is 20±3 nm, which

is ∼40 times larger than standard assumptions of 0.5 nm (Kaur et al., 1995). Third,

I illustrate directly that the chemically altered grain boundary region corresponds

to the strained/distorted region around the structural grain boundary, which is ex-

pected based on theoretical considerations (S. White, 1973; Kingery, 1974; Pond

& Vlachavas, 1983). Furthermore, I think that the e�ective grain boundary width
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depends on the extension of the strain �eld around the grain boundary and is thus

related to the misorientation angle. Consequently, this would imply that grain

boundary di�usivities Dgb, are less variable than previously proposed, because the

change in the product of Dgb and δ could, at least partially, arise from the proposed

large variations in δ.

In a nutshell, the four parts of my thesis show the enormous potential of miniatur-

ized sample geometries in combination with TEM analyis to study grain boundary

structure and element transport properties at the nm-scale.
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3.1 Synthetic near Σ5 (210)/[100] Grain Boundary in YAG

Fabricated by Direct Bonding � Structure and Stability

K. Hartmann, R. Wirth, W. Heinrich
German Research Centre for Geosciences GFZ, Section 3.3, 14473 Potsdam, Germany

3.1.1 Abstract

Several macroscopic physical and chemical properties, such as rheology, elasticity,

or transport properties are governed by grain boundary processes. An improved

understanding of the structure and evolution of grain boundaries has thus become a

key challenge in geosciences and material sciences. Here, we report the structure of

near Σ5 (210)/[100] grain boundaries in Y
3
Al

5
O

12
(YAG), which were synthesised

by the wafer direct bonding method. The produced grain boundaries were annealed

at di�erent temperatures, ranging from 673 to 1873 K. The grain boundaries an-

nealed at di�erent temperatures are not distinguishable based on their �atness and

apparent cohesiveness in high resolution TEM (HRTEM) micrographs, but show

a considerable step in their mechanical stability at around 1273 K, a temperature

that corresponds to roughly half the melting temperature of YAG. This study fur-

ther focuses on the e�ect of a slight misorientation of the two crystals on the grain

boundary structure and we discuss if the boundary can reach a state of minimum

energy con�guration during annealing. Along the grain boundaries, we observed a

long-range strain contrast with a periodicity of 40 nm, which has not been reported

for high-angle grain boundaries so far. We conclude that this contrast is caused

by faceting along the grain boundary plane, which is needed to achieve minimum

energy con�guration of the grain boundary plane.

3.1.2 Introduction

Our current understanding of grain boundaries mainly emerged from studies on met-

als and alloys (Gleiter & Chalmers, 1972; Carter & Föll, 1978; Föll & Ast, 1979;

Carter et al., 1981; Cunningham et al., 1982; Sutton & Ballu�, 1995; Christo-

phersen et al., 2001; Merkle et al., 2004; Randle, Rohrer & Hu, 2008). Beyond
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that, grain boundaries in complex ionic compounds, such as ceramics, have been

studied extensively starting in the early 80is till now (Ernst et al., 1999; S. B. Lee

et al., 2003). Despite their importance for our understanding of several physical

and chemical properties, for instance rheology, elasticity, or transport properties,

grain boundary studies are still rare in earth sciences (e.g. Bons et al., 1990; Keller

et al., 2008). During the last decades, element transport in natural materials has

been brought in the focus of mineral and geosciences (Jaoul et al., 1991; Joesten,

1991; Abart et al., 2004; Abart et al., 2009; Milke et al., 2009; Schmid et al., 2009).

Understanding and measuring element di�usion along single grain boundaries has

become a key challenge. This increasing interest motivates our aim to produce well

characteriseable grain boundaries over mm ranges.

It can be an expensive and time-consuming challenge to produce long-range in-

terfaces with constant characteristics, for example using ultra high vacuum (UHV)

bonding (Ganguly et al., 1998; M. J. Kim & Carpenter, 2002; Gemming et al.,

2003). However, wafer direct bonding, also termed `direct bonding' or `fusion bond-

ing', is a method to join two well polished material slices without glue, force, or

ultra high vacuum at ambient conditions (Harendt et al., 1992; Pössl & Kräuter,

1999). The method is relatively simple and does not require sophisticated or expen-

sive machines. It can be applied to most materials (Haisma et al., 1994; Tong et

al., 1995) and allows for the production of any desired grain boundary orientation

with an accuracy of about 0.5◦. The bonding that is achieved at ambient conditions

is relatively weak in comparison to metallic, covalent or ionic interactions in the

volume of the crystals, but it strengthens during heating. Therefore, annealing at

elevated temperatures is favourable for many applications. The interface strength

depends on the surface energies and the bond strengths and it is generally quanti�ed

by crack-opening (Gösele et al., 1999).

In the past, the direct wafer bonding method was mainly applied to semiconduc-

tors or electronic devices (Maszara, 1991; Harendt et al., 1992), but has recently

been adopted to geomaterials (Haisma et al., 1994; Heinemann et al., 2001; Heine-

mann et al., 2003; Heinemann et al., 2005). Heinemann et al. (2005) observed that

synthetic grain boundaries in forsterite (Mg
2
SiO

4
) bicrystals formed after annealing
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for 7 days at 673 K. At the scale of HRTEM, the grain boundary region was fully

crystalline and no evidence for amorphous material at the grain boundary was re-

ported. Further annealing for 48 h at 1923 K did not signi�cantly change the grain

boundary structure. So far, it is not fully understood at which temperatures the

grain boundary achieves its maximum stability and if a random grain boundary is

able to reach a minimum energy con�guration during long annealing periods.

To address these questions, we synthesised a near Σ5 (210)/[100] grain boundary

in yttrium aluminium garnet (YAG) by using the direct wafer bonding method

at di�erent annealing temperatures. YAG bicrystals with a perfect Σ5 (210)/[100]

grain boundary have previously been synthesised using the UHV method (Campbell,

1996), which serves as a useful reference for this study.

Garnets crystallize in the highest symmetric space group Ia3d of the cubic crys-

tal system (bcc). In Y
3
Al

2
Al

3
O

12
(YAG), yttrium occupies the large dodecahedral

positions exclusively, whereas the aluminium is distributed between the octahedral

and tetrahedral sites. The unit cell consists of 160 atoms corresponding to eight

formula units (Kuklja & Pandey, 1999; Dobrzycki et al., 2004). It has an extremely

high melting point of 2213 K (Caslavsky & Viechnicki, 1980) and is perfectly suited

for this study because large stoichiometric crystals of high quality can be synthe-

sised and polishing techniques have been adapted to YAG as it is used for many

technological applications, such as solid state lasers. Furthermore, YAG is highly

stable under the electron beam, which is prerequisite for extended exposure times

to the electron beam during zone axis alignment to obtain high quality HRTEM

images.

In this study, we monitor the relation between �nal boundary strength and an-

nealing temperature in order to better constrain the required minimum annealing

temperature that leads to a stable interface. Furthermore, we address the e�ect of a

slight misorientation of the two crystals on the grain boundary structure and we test

if the boundary reaches a state of minimum energy con�guration during annealing.
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Figure 3.1: Sketch of the Coincidence Site Lattice (CSL). (a) The example shows the CSL (red)

of a Σ5 coincidence site lattice that is produced by superimposing two lattices (grey and black)

with a misorientation angle θ of 36.9◦. (b) Sketch of a geometrical Σ5(210)/[100] grain boundary,

which is a twin about the (210) plane. The tilt of θ = 36.9◦ about the common [100] direction is

structurally equal to a twist boundary of 180◦ parallel to the (210) plane. (c) Same grain boundary

plane as in (b), but faceted. No strain is generated as the step is between coincidence sites of the

CSL. Additionally, the displacement shift complex (DSC) is indicated (square lattice in grey colour,

see text for explanation). (d) Simulated di�raction pattern of the Σ5 (210)/[100] grain boundary.

The coinciding di�raction spots are circled.
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Grain boundary models

A minimum of �ve parameters, consisting of three Miller indices for the grain bound-

ary plane <hkl> in the reference crystal and two rotational angles to describe the

orientations of the respective grains, is required to fully describe a grain boundary.

Alternatively, one angle and two sets of Miller indices (one that represents the grain

boundary plane and one that gives the direction of the axis of the rotation) can

be used. Most commonly, grain boundaries and crystal to crystal orientations are

described by the coincidence site model (Gleiter & Chalmers, 1972; Chadwick &

Smith, 1976; Sutton & Ballu�, 1995). In this model, two three-dimensional lattices

are super-imposed and translated until they coincide at lattice sites (Fig. 3.1) and

thereby generate a super periodicity or `super lattice', which is referred to as the

coincidence site lattice (CSL). The Σ-nomenclature is commonly used to describe

the relation between the number of lattice points in the unit cell of a CSL and the

number of lattice points in the unit cells of the generating lattices and is de�ned as:

Σ = 1/n

where n is the fraction of the lattice points of the two super-imposed lattices that

coincide. We emphasize that the Σ relation does exclusively de�ne the crystal to

crystal orientation. But two grains displaying a Σ-relation may be joined by a grain

boundary plane with high energy. For each speci�c CSL, high interface coincidences

and thus energetic minima only exist for certain grain boundary plane orientations

which are likely to occur at the closest packed planes of the corresponding CSL

(Rohrer et al., 2004; Rohrer, 2007).

A grain boundary that is not exactly at the plane of highest coincidence site

density can reduce its energy by faceting. This can be achieved with or without in-

serting secondary grain boundary dislocations, but in both cases the total boundary

area increases (Fig. 3.1c, see also Brandon et al. 1964). Faceting requires move-

ments of atoms over short distances and thus su�ciently high temperatures. For the

total free energy of a polycrystal, the grain boundary plane is of minor importance

compared to the relative orientation of all the crystals towards each other.
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Based on theoretical arguments, it is expected that two crystals that are close to

a low energy crystal orientation relation will minimize their grain boundary energy

by turning into a Σ-relation, which generally has low energy. However, this would

require a movement of all the atoms inside one grain. Alternatively, the small mis-

orientation could be overcome by superimposing a network of secondary dislocations

to the present boundary, which is comparable to dislocations added to achieve the

minimum energy grain boundary plane.

3.1.3 Methods

Bicrystal synthesis by direct bonding

YAG single crystal plates were mistilted by 3◦ parallel to the (210), which results in

an angle of 93◦ degree between the [001] and our desired plane close to (210). Plates

were cut and chemo-mechanically polished (CMP) with silica slurry. A KUGLER

(KMS) interferometer was used for surface roughness measurements by determin-

ing the roughness average (Ra) values from the topography data of the computer-

supported interference microscope. The �nal roughness of the crystal plates was

about 0.34 nm.

The crystals were wet-chemically cleaned using a �ve step cleaning procedure

in a clean room environment. In step one, a hydrogen per-oxide cleaning solution

(pH∼6.5) at 353 K was applied, the second step was a per-iodic acid cleaning to

decompose organic adsorbants. In steps three and four, the crystal surfaces were

cleaned with acetone and isopropanol, respectively. Finally, the surface is saturated

with pure adsorbed water. In order to synthesize a bicrystal, an initial contact be-

tween two clean crystals was established by applying a slight pressure with tweezers.

The initial bonding was further strengthened by heating in a vacuum furnace at 673

K and 10 Pa for 1 week. However, the achieved bond is mechanically easily separa-

ble. To increase the bonding strength additional annealing runs at 873 K, 1073 K,

1273 K, 1473 K, 1723 K and 1923 K for 48 hours each were performed. A detailed

description of the bonding method is given by Heinemann et al. (2001).

The Σ5 (210)/[100] grain boundary in cubic materials, is a tilt boundary of

36.9◦ about the bicrystals' common [100] direction, which is structurally equal to
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a twist boundary of 180◦ parallel to the (210) plane. The exact Σ5 (210)/[100]

grain boundary has previously been synthesised in YAG using the UHV-technique

(Campbell, 1996). In contrast, we produced a near Σ5 (210)/[100] grain boundary

with direct bonding. We rotated the crystal wafers by 185◦ with a mis�t of 3◦ to

the (210) plane, thereby inducing an additional tilt of 6◦ between the [100] and the

[1̄00] direction. The results are shown in the lattice fringe images of �gure 3.2. The

optical isotropy of garnet prohibits a quanti�cation of the orientation relation of the

two crystals with optical microscopy. The misorientation of the two crystals with

respect to the Σ5 (210)/[100] grain boundary is measured with an accuracy of about

0.1 degree with the TEM by using the alpha and beta tilts of the stage. First, the

[100] direction of one crystal is aligned with the incident beam, followed by the [1̄00]

direction of the second crystal. The measured angle set is α = -2.86◦, β = 1.43◦ and

α = -2.52◦, β = 8.08◦. The total misalignement between [100] and [1̄00] direction is

calculated by a rotational matrix conversion to be 6.5◦ (±0.1◦). Already short low

temperature anneals bring the grain boundary plane parallel to the (210) plane.

Finally, we can fully describe the grain boundary as a near Σ5 (210)/[100] grain

boundary, where the boundary plane lies in the (210) plane of both crystals. The

rotation about the [100] direction is 36.9◦, additionally, a rotation of 6.5◦ about the

[210] direction is present.

Sample preparation

Lamellae for TEM (15×8×0.1µm3) were prepared using the Focused Ion Beam (FIB)

technique (Overwijk et al., 1993; Phaneuf, 1999; M. R. Lee et al., 2003; Wirth,

2004). To obtain high quality HRTEM images, one sample was prepared at the

application laboratory FEI Company, Eindhoven, Netherlands by using an in-situ

lift out method in the Helios Nanolab 600. A chunk of the material was removed

from the bulk sample by using the FIB to remove material around it. The chunk was

then transferred to the grid by attaching an Omniprobe to the lamella using FIB

induced Pt deposition. Once attached to the grid, �nal thinning was performed on

the lamella, initially at an acceleration voltage of 30 kV, and �nally at 2 kV. Another

lamella was prepared using a two-beam focused ion beam (ZEISS NVision40 Argon)
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instrument with an implemented low energy Ar-ion gun (Penning Ion Gauge, PIG).

This method overcomes the problem of the amorphous layer forming during FIB

sample preparation by Ga-ion implantation into the sample. Low voltage Ar-ion

polishing with an acceleration voltage of 500 eV is suitable to remove the amorphous

layer together with the implanted Ga from the FIB-lamellae surfaces.

TEM

A Tecnai F20 X-Twin TEM was operated at 200 kV acceleration voltage with a �eld

emission gun (FEG) as electron source. The TEM is equipped with a post-column

Gatan imaging �lter (GIF Tridiem). All of the TEM images presented here are

energy-�ltered images applying a 10 eV window to the zero loss peak. The Gatan

Digital Micrograph software was used for the analyses of the energy �ltered trans-

mission electron micrographs (EFTEM). The ring mask method was used for fast

Fourier transform (FFT) analysis to prevent lattice fringe extrapolations (Pradère

et al., 1988; Pradère & Thomas, 1990).

3.1.4 Results

Bicrystal synthesis

The grain boundary formed by direct bonding is homogenous over a length of at

least 10 µm. This minimum length is derived from TEM investigations of FIB-milled

lamellae with the dimensions 15×10 µm2. The grain boundaries that we annealed

at di�erent temperatures (673 � 1873 K, tab. 3.1) are not distinguishable based on

their �atness and apparent cohesiveness (Fig. 3.2). However, the grain boundaries

synthesized below 1273 K are mechanically separable (compare tab. 3.1, Fig. 3.1 to

Fig. 3.3). After annealing at 1273 K or at higher temperature, bonding is strong

enough that upon stress the bicrystals fracture at other locations than the interface.

We also observed that the forsterite bicrystals synthesized at 673 K by Heinemann

et al. (Heinemann et al., 2005), which show comparable lattice fringe images, are

mechanically separable as well.
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Figure 3.2: Lattice fringe images of grain boundaries synthesized at 673, 873, 1073 and 1273 K

(a-d). The grain boundaries bonded at 673, 873 and 1073 K (a, b, c) can be easily separated me-

chanically, even though no apparent di�erences can be observed between their lattice fringe images

and the one corresponding to the grain boundary synthesized at 1273 K (d). At all stages, the

lattice fringes of the opposing crystals touch each other at the interface and no amorphous material

or material with di�erent structures was observed. Images (a) and (c), with a misorientation angle

θ relative to the exact Σ5 (210)/[100] of ∼8◦, as well as (b) and (d) (θ ∼6.5◦) have been taken

along di�erent zone axes because the bicrystals have slightly deviant orientations. The varying

image quality results from the strongly di�ering thicknesses of the respective TEM lamellae.
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annealing hours at K

673 K 873 K 1073 K 1273 K 1723 K 1873 K Separable

2 Garnet 168 Yes

3 Garnet 168 48 Yes

4 Garnet 168 48 Yes

5 Garnet 168 48 No

6 Garnet 168 48 No

7 Garnet 168 48 No

1 Olivine 168 Yes

Table 3.1: Samples and corresponding bonding conditions.The primary annealing time was one

week at 673 K. Additionally, some crystals were annealed for 48 hours at varying temperatures.

All anneals were done in air. The olivine has previously been synthesized (Heinemann et al., 2005).

Microstructure and orientation relation of the grain boundary

In the following, only the bicrystal synthesized at 1273 K with a misorientation of

6.5◦ with respect to the perfect Σ5 (210)/[100] will be discussed. The grain boundary

synthesized is thus a near Σ5 (210)/[100] grain boundary, as shown in the lattice

fringe image of Fig. 3.3. The di�raction pattern (inset in Fig. 3.3) con�rms the

rotation of ∼36.9◦ of the two crystals with respect to each other. The thinnest parts

of the studied lamella showed a relative thickness of less than 0.3 times the inelastic

mean free paths, which was extracted with electron energy loss spectroscopy (EELS)

using the Log-Ratio method.

Grain boundary topography

This section describes TEM observations on the 10-100 nm length scale. TEM

images and high resolution images show a long-range periodic di�raction contrast

where dark and white contrasts alternate along the grain boundary (Fig. 3.4, Fig.

3.5; we will henceforth speak of extended strain contrast to use the terms common

in literature (Vargas et al., 1997; Tsu et al., 1998)). The image of the boundary

plane is sharp and very narrow indicating that it is edge-on throughout the whole

lamella thickness (up to ∼80 nm, Fig. 3.4a). The long-range strain contrast has

a periodicity of 40 nm and extends approximately 40 nm into the opposing grains.
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Figure 3.3: HRTEM image of the near Σ5 (210)/[100] grain boundary. The [100] direction of

the upper crystal is parallel to the incident beam. [100] is the common axis of a perfect Σ5 twin

boundary. As the misorientation with respect to this orientation is small, both crystals show the

di�raction pattern of the [100] zone axis rotated by 36.9◦. Nevertheless, the lower crystal is not

perfectly aligned in [100]. The TEM-lamella is very thin (see text) and the di�raction spots, with

their relatively large deviation vector s (g = ∆k + s), are still visible in the di�raction pattern,

but with reduced intensities (compare to simulated di�raction pattern in Fig. 3.1). In the lattice

fringe image only the (240) planes of the lower crystal are visible.
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The periodicity is insensitive to tilting (Fig. 3.4a-d), whereas, tilting gives rise to an

additional moiré pattern, i.e. an interference pattern which is created, in the speci�c

case, by overlaying two grids at an angle. It changes its periodicity depending on

the inclination of the boundary plane towards the incident beam (Fig. 3.4b-d).

The moiré pattern interferes with thickness fringes arising from the wedge-shaped

projection of the inclined grain boundary plain.

Lattice fringe micrographs reveal steps at the interface. Steps along the grain

boundary plane ((042), equivalent to (210)) are observed (Fig. 3.5a). They extend

over at least two d-spacings of the (042) plane, corresponding to 0.536 nm. They

are of minor height and occur accumulated, thereby forming facets with shallow

slopes with a length of about 20 nm. No dislocations were identi�ed. Comparable

structures are observed at thicker parts of the sample (Fig. 3.5b), where most of

the grain boundary area lies in the (042) plane, except for some facets. These facets

are spatially related to the extended strain contrast (dark contrast in the image).

Furthermore, the lattice left and right of the facet structure is distorted, causing a

slightly blurred image. The step-high is approx. 1.1 nm (4×d
(042)

) on the left and

approx. 2.1 nm (8×d
(042)

) on the right site of the facet in Fig. 3.5. The jump from

one platform of the grain boundary plane to the next is inde�nite and blurred.

3.1.5 Discussion

Direct bonding � atomic bond formation

In our experiments, the grain boundary in YAG reaches maximum stability only at

temperatures T above about 1273 K, which corresponds to a homologous tempera-

ture T
H
= T/T

M
of 0.58 (the melting temperature T

M
of YAG is ∼2213 K). This also

holds true for crystalline silicon with a melting temperature of 1687 K, where com-

plete bonding via surface di�usion of Si atoms occurs above 973 K (Tong & Gösele,

1999), which also translates to T
H
= 0.58. Heinemann et al. (2005) observed using

HRTEM that the grain boundary structure in synthetic olivine bicrystals did not

di�er between annealing temperatures of 673 and 1923 K. The fact that the olivine

bicrystals synthesised at 673 K are mechanically easily separable (as reported in

this study) is in good agreement with our observations for YAG. Consequently, we
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Figure 3.4: TEM bright �eld images of the bicrystal grain boundary. The sample thickness

decreases towards the left margin of all the images. (a) The orientation is the same as in �gure 3.4

(α and β tilt close to 0◦). The periodicity of the dark contrast along the grain boundary is about

40 nm. The distance from a dark contrast maximum in one crystal to a dark contrast maximum

in the other crystal is about 20 nm. (b) The same sample, but tilted by α = 0◦ β = 10◦. The

periodicity observed in (a) is still visible, but now interferes with a moiré pattern that is formed

by the two superimposed crystal lattices of the bicrystal. To illustrate this e�ect, the sample is

further tilted as shown in (c) and (d). (c) The sample is tilted by α = 10◦ and β = 1.6◦. (d) The

sample is tilted by α = 21◦ and β = 1.6◦. Note that the pattern in (d) could be misinterpreted

as a network of secondary interface dislocations. (e) The sample is tilted by α = 1◦ and β = 13◦.

The periodic contrast completely disappears. (f) The sample is tilted by α = 1◦ and β = 21◦. The

periodic strain contrast is again visible in both crystals. (g) The sample is tilted by α = 5◦ and β

= 0◦. The periodic strain contrast is visible only in the upper crystal, but very pronounced. (h)

The sample is tilted by α = 0◦ and β = 5◦. The contrast of the extended strain �elds is again

absent.
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Figure 3.5: (a) The same sample as in �gure 3.3, but with a di�erent defocus. The actual location

is very close to the edge and has relative thickness of less than 0.3 inelastic mean free paths (details

above). A step/facet is present along the grain boundary. Lines parallel to the (042) planes, shifted

downwards and upwards to prevent coverage of the real structure, are shown for illustration. The

step extends over at least two d-spacings of the (042) plane, corresponding to 0.536 nm. (b) Lattice

fringe image of the bicystal at a thicker part of the sample, where the zone axis of the lower crystal

is oriented parallel to the incident beam. Most of the grain boundary plane area lies in the (042)

plane except for a facet which is spatially related to the extended strain contrast represented by

the dark contrast. Furthermore, the lattice on both sides of the facet is distorted, causing a slightly

blurred image.
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suggest that direct bonded samples should be annealed at temperatures of about

60% of T
M
in order to obtain a grain boundary with maximum stability.

Periodic strain �elds

A possible relation between the primary surface properties of the educt-materials

and the periodic strain �elds must be evaluated. Wafers are typically a�ected by

non periodic mm-scale surface morphology (Maszara et al., 1991). Additionally, our

wafers had a surface roughness of about 0.34 nm as determined by interferometry.

Both surface unevenness deviate from the observed strain �eld periodicity of 40 nm

by several orders of magnitude and do not have any periodicity. A relation between

the periodic strain �elds and the primary surface properties of the wafers used for

direct bonding is thus unlikely. This conclusion is supported by previous studies

that report comparable extended periodic strain �elds in di�erent materials; the

grain boundaries were synthesized by di�erent methods, including direct bonding

(Heinemann et al., 2005), directional solidi�cation (Tsu et al., 1998) or they were

grown from a �ux (Vargas et al., 1997). The wavelengths of the observed periodic

strain �elds range from 35 to 180 nm. They are not correlated to the misorientation

angles as shown for tilt angles ranging from 2 to 31◦ (Tsu et al., 1998). Tsu et al.

(1998) observed a spatial relation between the periodic strain �elds and the facets,

whereas Heinemann et al. (2005) did not. However, it appears that they are often

related to saw-tooth like facet structures (e.g. Tsu et al., 1998; Phaneuf, 1999).

Nano-scale waviness has also been observed in olivine (Johnson et al., 2004). All

those observations have been obtained from low angle tilt grain boundaries, and

have not been reported for perfect or near Σ-orientations (Campbell, 1996; S. B.

Lee et al., 2003).

Our tilt experiments prove that the measured 40 nm periodicity of the strain con-

trast (Fig. 3.4) is an intrinsic property of the grain boundary. The observed contrast

pattern in �gure 3.4d can be assigned to a rotational moiré pattern and is not caused

by a network of secondary grain boundary dislocations because the horizontal and

vertical distances between dark and bright contrast change with sample tilt due to

projection. Additionally, the pattern interferes with thickness fringes arising from
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the wedge-shaped projection of the inclined grain boundary plane. If the contrast

of the periodic strain �elds is visible depends on the sample orientation relative to

the incident electron beam (Fig. 3.4). During tilting, the imaging vector g and the

deviation parameters change, thus modifying the amplitude of the di�racted beam

and the direct beam. If dislocations were present, their dislocation line u would be

parallel to the imaging vector g in �gure 3.4e, h. However, the absence or presence

of dislocations is hard to prove because of limitations in the α and β (±30◦) tilts. In

addition, the orientation of our FIB lamella might be unfavourable. It is impossible

to follow a Burgers circuit in the HRTEM images, because one crystal is always

out of the ideal zone axis. The observed strain �elds are large compared to usual

dislocation strain �elds and it is unlikely that single dislocations account for such

large strain �elds. Nevertheless, dislocations with delocalized cores, smeared out in

the plane of the grain boundary, could cause extended strain �elds.

However, steps are directly observed (Fig. 3.5) in the grain boundary plane area,

which mainly lies in the (210) plane. Their heights range from ∼0.5 nm to ∼2.1

nm, which are multiples of d
(042)

= 0.268 nm. They correlate spatially with the

periodic contrast of the extended strain �elds (Fig. 3.5b). The association between

steps and strain contrast becomes only visible in thicker parts of the sample (Fig.

3.5b), whereas the strain contrast decreases drastically as the sample thickness drops

below a thickness of about one extinction length (Fig. 3.5a). The change in contrast

formation with decreasing sample thickness can be described applying the dynamical

theory in thicker parts of the lamella and the kinematic theory for contrast formation

in very thin parts. The central point is that as the sample thickness decreases the

jump from one platform of the grain boundary plane to the next is much sharper.

Hence, a component of the facet structure extends in the third dimension and could

be responsible for the extended strain �elds. The facet structure could also include

dislocations, discontinuities or disconnections to a small extend in the plane of the

boundary (Pond, 1989; Lartigue-Korinek et al., 2008). But as the additional mis�t

is tilt in character we would expect them to be mainly out of the plane of the grain

boundary. Using two beam imaging with the {240} coincidence di�raction spots,

we did not detect dislocations with a Burgers vector belonging to the CSL.
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The facets seem to generate a wavy interface (Fig. 3.4e, h; Fig. 3.5b), similar

to a low amplitude saw-tooth structure. The observed facets and the orientation of

the grain boundary plane strengthen the argument that small misorientations of the

grain boundary plane relative to a low Σ-plane orientation are adjusted by inserting

steps, which is energetically favoured over facet-free boundaries with random grain

boundary plane orientations. A superimposed dislocation network, during relax-

ation, could then accommodate the stress generated by the overall misorientation.

Based on theoretical considerations (e.g. Brandon, 1966), a bicrystal with an

orientation relation close to a Σ-orientation should decrease its total free energy

by introducing grain boundary dislocations with a Burgers vector of the DSC lat-

tice that belongs to the Σ-orientation. The dislocation-free parts would then be

in Σ-orientation and the mismatch would be compensated by the grain boundary

dislocations (sketch in Fig. 3.6). In our case, the [1̄00] zone axis should then be

tilted parallel to the [100] of the second crystal; necessarily the grain boundary

dislocations must than have a Burgers vector perpendicular to the boundary plane.

However, this was not observed. Similarly, Randle, Rohrer and Hu (2008) used Elec-

tron Backscattering Di�raction (EBSD) and observed subtle changes in the plane

distribution as a consequence of a long low temperature anneal in hexagonal tita-

nium alloy, but the pure CSL relation also stayed nearly unchanged. Further studies

are needed to �nd out if the pure CSL relation can change at all.

3.1.6 Conclusion

For the �rst time, periodic extended strain �elds in relation with a near Σ grain

boundary have been observed. They are an intrinsic property of the grain bound-

ary. We interpret them to arise from facets at the grain boundary plane, which

compensate a slight o�-plane component of the (210) grain boundary plane. An-

other interpretation is that the bicrystal started to adjust for its o�-Σ relation by

introducing secondary grain boundary dislocations in order to compensate the mis�t

rotation of θ∼6.5◦ about the [210] direction.

This well characterized grain boundary provides an excellent starting material

for further studies, for example di�usion experiments along single grain boundaries
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Figure 3.6: (a) The tilting which is needed to turn a near Σ-crystal orientation to a low Σ-

orientation can be achieved by introducing dislocations similar to those of a low angle boundary

to the present boundary. (b) The additional misorientation angle for small angles is given by θ

= d/b with dislocations spacing of the DSC lattice d, and the Burgers vector of the DSC lattice

dislocations b. The dislocations in (b) could be distributed between the lower and the upper

crystal, thereby generating a smoothly waved interface. The di�erent contrasts that we observe for

the two crystals in our experimental TEM images are caused by the fact that the atom columns of

the upper crystal are parallel to the incident beam, whereas the atom columns of the lower crystal

are not.

(Hartmann et al., 2008; K. Marquardt et al., submitted).
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3.2.1 Abstract

In this study, we address volume di�usion of ytterbium in yttrium aluminium gar-

net (YAG) using thin-�lm single crystal di�usion couples. We employ analytical

transmission electron microscopy (ATEM) as a tool for combined microstructural

and microchemical analysis and compare the results to Rutherford backscattering

(RBS) analysis. Given the high spatial resolution of the method, we focus on mi-

crostructural changes of the thin-�lm di�usant source during the di�usion anneal.

We evaluate the potential in�uence of the associated changes in its transport prop-

erties on the evolution of concentration pro�les in the single crystal substrate. This

approach allows us to test the reliability of determination of volume di�usion coe�-

cients from thin-�lm di�usion experiments. We �nd that for the chosen experimental

setting the in�uence of thin-�lm re-crystallization is small compared to the experi-

mental uncertainty and good estimates for the volume di�usion coe�cients of Yb in

YAG can be obtained using standard assumptions. Both Yb-concentration pro�les

analyzed with ATEM and with RBS give similar results. At 1450◦C and 1 bar, we in-

fer logD
Yb

(m2/s) values of -19.37 ± 0.07 (TEM) and -19.84 ± 0.02 (RBS). Although

the change in thin-�lm transport properties associated with successive crystalliza-

tion during the di�usion anneal does not play a major role for our experimental

setup, this e�ect cannot generally be ignored.
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3.2.2 Introduction

A large part of the Earth's Interior is comprised of solid materials with a wide range

of chemical compositions. Element partitioning between coexisting phases is pres-

sure and temperature dependent. If rocks are exposed to changing physical and

chemical conditions, they tend to adapt their compositions to achieve new equilib-

rium states. Chemical equilibrium can be achieved by element di�usion between or

within the solid phases. A quantitative understanding of di�usion processes can thus

improve our apprehension of the petrogenetic memory of natural rocks, including

disequilibrium phenomena such as chemical zoning or reaction textures (Ganguly

et al., 1998; Béjina et al., 2003; Abart et al., 2004; Gardés et al., 2006; Gardés et

al., 2007; Abart et al., 2009; Gardés & Montel, 2009; Milke et al., 2009; Schmid

et al., 2009). Furthermore, di�usion rates in minerals are related to a number of

physical properties, such as electrical conductivity (e.g. Constable & Duba, 2002;

Dobson et al., 2008), and may have an important in�uence on geological processes,

including mantle rheology (e.g. Jaoul et al., 1991; Jaoul & Béjina, 2005). Di�usion

in solids is rather slow and the accurate determination of di�usion coe�cients has

posed an experimental and analytical challenge over years. Several experimental

studies used bulk exchange between a �uid or a melt as di�usant source and solid

grains and analyzed shifts in bulk composition of the �uid/melt and of the solid

particles to study di�usion. In this case, no information on the time evolution of

concentration pro�les is attained and the extraction of di�usion coe�cients from

bulk measurements necessarily relies on a number of idealizing assumptions.

Another approach has been to analyze concentration pro�les of a di�usant, for

example the radio-tracer method. The major problem with this method has been

the need for su�ciently long di�usion pro�les that allow for accurate concentration

determinations with the required spatial resolution. Long di�usion pro�les, in turn,

require long annealing times, which is often not practical on laboratory time scales.

For refractory materials such as YAG, where the di�usion coe�cients are very

small (on the order of 10-19 � 10-23 m2/s at temperatures around 1500◦C), this

approach can only be applied, if the di�usant concentrations can be analyzed at

very high spatial resolution (Jiménez-Melendo et al., 2001). To produce di�usion
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couples in miniaturized geometry, thin-�lms are usually used as di�usant source

and the short (< 5 µm) di�usion pro�les produced in thin-�lm experiments are

commonly measured by Rutherford backscattering (RBS) or secondary ion mass

spectrometry (SIMS) (Feldman & Mayer, 1986; Jaoul et al., 1991; Young Chul et

al., 2006). However, in many of these di�usion studies the thin-�lm has a di�erent

composition and is comprised of a di�erent phase than the substrate. Due to the

small spatial extent, potential reaction between the thin-�lm and the substrate are

di�cult to identify with RBS or SIMS.

A recently established approach is to analyze di�usion from thin-�lm di�usant

sources, which were deposited by pulsed laser deposition (PLD) onto a single crys-

tal substrate. Analytical transmission electron microscopy (ATEM) was applied for

elemental analyses (Dohmen et al., 2002). This method allows for analyzing con-

centration pro�les and simultaneously provides information on sample structure and

texture at a high spatial resolution. The production of thin-�lm/substrate di�usion

couples with simple, time invariant geometry and microstructure is a prerequisite for

'clean' di�usion experiments. To maintain the initial geometry and microstructure,

the thin-�lm must be thermodynamically stable together with the substrate at the

conditions of the di�usion anneal. By the use of TEM, this can be tested e�ciently

and any disturbing e�ects such as reaction between source and substrate can readily

be detected.

If net transfer reactions or microstructural changes at the substrate/thin-�lm in-

terface can be excluded, di�usion coe�cients can be extracted by �tting a di�usion

model to the measured concentration-depth pro�les. The choice of the appropriate

di�usion model depends, among others, on the di�usion characteristics of the thin-

�lm. Due to the minute spatial extension of the thin-�lm, it is di�cult to obtain

di�usion pro�les from within the thin-�lm. Many studies therefore rely on simpli-

fying assumptions regarding its transport properties. Some authors used a constant

di�usion coe�cient for the thin-�lm D
�lm

, which was chosen to be 1-2 orders of

magnitude higher than the di�usivity of the substrate D
sub
, this was in accordance

with the polycrystalline nature of the �lm (Dohmen et al., 2002; Dohmen et al.,

2007). Others assumed that D
�lm

and D
sub

are equal and constant throughout the
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experiment (Gardés et al., 2006; Gardés et al., 2007). None of these studies ad-

dressed, however, the potential in�uence of structural changes within the thin-�lm

on its transport properties. Temperature-induced structural changes in the thin-�lm

may occur during the di�usion anneals and may continuously change its transport

properties. Such transient behavior of the di�usant source may potentially in�uence

the resulting concentration pro�les and needs to be accounted for when extracting

di�usion coe�cients from measured di�usion pro�les.

In this study, we determined di�usion pro�les by both ATEM and by RBS and

�nd good agreement between the two methods. In addition to the concentration-

depth pro�les, TEM simultaneously provided information on sample structure and

texture as well as an excellent 'depth' resolution (2-D resolution on an electron

transparent lamella cut perpendicular to the sample surface) using focused ion beam

(FIB). We used this additional capability to monitor the change in thin-�lm inter-

nal microstructure at the nanometer-scale in temperature-time-space. The derived

information is included in numerical models and the results are compared to sim-

ple analytical solutions. This allows us to evaluate the in�uence of the changing

thin-�lm properties on the calculated di�usion coe�cients.

3.2.3 Materials and Methods

Sample material

Experiments were carried out using well-studied Y
3
Al

5
O

12
(YAG) single crystals

(Yin et al., 1998; Lupei et al., 2001; Weber & Abadie, 2001; Dobrzycki et al., 2004;

Hartmann et al., 2010), where Yb-Y interdi�usion data have already been acquired

by di�erent methods such as RBS and SIMS (Cherniak, 1998; Jiménez-Melendo et

al., 2001; Peters & Reimanis, 2003).

Since the pioneering work of Geusic et al. (1964), neodymium-doped yttrium

aluminum garnet (Nd:YAG) has become a well-known high-performance laser ma-

terial. Since then, many other rare earth elements (REE) have been used as dopants

to achieve the desired lasing characteristics, including Yb (Ikesue et al., 1996; Yin

et al., 1998; Lu et al., 2000; Lupei et al., 2001; Lu et al., 2002; Ikesue & Aung, 2006;

Pavel et al., 2006). YAG single crystals are generally grown using the Czochralski
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method (Czochralski, 1918). In YAG, Y occupies the large dodecahedral positions

exclusively, whereas the Al is distributed between the octahedral and tetrahedral

sites. Thus the formula is Y
3
Al

2
Al

3
O

12
, which is commonly written as Y

3
Al

5
O

12
.

The unit cell contains 160 atoms corresponding to eight formula units (Kuklja &

Pandey, 1999). Yb in the garnet structure has the same valence (3+) as Al and

Y and its ionic radius is close to that of Y (∼3% di�erence) (Shannon, 1976). A

complete solid solution exists between YAG and Yb
3
Al

5
O

12
(YbAG). However, the

incorporation mechanism is not fully understood (Lupei et al., 2001). Besides its

importance in materials sciences, the structural similarities between aluminate and

aluminosilicate garnets may provide a key for a better understanding of di�usion in

natural garnets where a major investigation problem is the di�culty in controlling

their purity and stoichiometry.

Di�usion Experiments

Di�usion experiments were performed in thin-�lm geometry (Fig. 3.7). PLD was

used to deposit Yb doped YAG thin-�lms on a pure YAG-crystal. The principle

of the method and the detailed experimental setup for the deposition have been

published elsewhere (Dohmen et al., 2002; Chrisey & Hubler, 2003). We used a

Czochralski grown Yb:YAG single crystal (Yb
1.149

Y
1.736

Al
5.115

O
12
) as source material

(target) for the deposition, see H. Marquardt et al. (2009) for details on the synthesis

and characteristics. The samples were heated in vacuum (up to 620◦C) prior to

deposition to degas volatile adsorbents from the polished surface. The employed

laser operated at a wavelength of 193 nm and it was pulsed at a frequency of 10

Hz, the laser �ux was about 1 J/cm2. The thin-�lm thicknesses varied between 30

and 100 nm for RBS measurements and 150 and 400 nm for TEM experiments. To

prevent chemical exchange between the thin-�lm di�usant source and the substrate

during thin-�lm preparation, the thin-�lm was deposited on a 'cold' substrate, i.e.

the substrate was kept at room temperature. As a consequence an amorphous thin-

�lm was produced.

Di�usion anneals were carried out in a high temperature furnace at tempera-

tures in the range of 1720 to 1730 K and ambient atmosphere (table 3.2). The
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Figure 3.7: Left: system geometry. Right: initial mole fraction of Yb atoms versus coordinate

(upper �gure) and the Yb di�usion coe�cient in the thin-�lm versus time (lower �gure), where

crystallization occurs at t = tc.

temperature was measured with three thermocouples in di�erent positions, where

one thermocouple was next to the sample to monitor thermal gradients within the

furnace.

Transmission Electron Microscopy (TEM)

TEM lamellae (15×8×0.1 µm3) were prepared using the FIB technique (Overwijk

et al., 1993; Phaneuf, 1999; M. R. Lee et al., 2003; Wirth, 2004). This method is

capable of preparing samples with constant thickness, which is required to calculate

element ratios directly from energy dispersive x-ray spectroscopy (EDS) data. We

used analytical and energy-�ltered high resolution TEM (ATEM, HRTEM) on a

Tecnai F20 X-Twin TEM operated at 200 kV with a �eld emission gun (FEG) as

electron source. The TEM is equipped with a post-column Gatan imaging �lter (GIF

Tridiem). All of the TEM images presented are energy-�ltered images, where a 10 eV

window was applied to the zero loss peak. The Gatan Digital Micrograph software

was used for the analyses of the energy �ltered transmission electron micrographs

(EFTEM).

ATEM was performed with an EDAX X-ray analyzer equipped with an ultra thin

window. The intensities were measured during a counting time of 100 s in scanning

transmission mode (STEM). The incident electron beam was focused to a diame-

ter of 3.8 nm. To reduce the e�ective current density and minimize mass loss and
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Exp. No Thin-�lm annealing temperature investigation log D

thickness [nm] time [min] [K] method (m2/s)

1 185 1445 1723 TEM -19.37 ± 0.07

2 45 132 1723 RBS -19.84 ± 0.02

3 185 5 1723 TEM *a

4 185 10 1723 TEM *a

5 200 20 1729 TEM *a

6 225 40 1723 TEM *a

7 350 120 1720 TEM *a

Table 3.2: Experimental details and extracted di�usivities. Di�usion pro�les produced in exper-

iments number 1 and 2 are shown and compared in �gure 3.10. *a: Pro�les were too short to

extract di�usivities. All experiments were useful to determine the changes in thin-�lm texture and

crystallinity. The crystallisation progress is depicted in �gure 3.8, where experiments 1, 5, 6 and

7 are shown.

irradiation damage during data acquisition, the electron beam was scanned over a

pre-selected window of 20×40 nm2. The sample was inclined towards the detector

by an angle of 15-20◦. The thin-�lm/substrate interface of the sample was oriented

approximately parallel (within 2-5◦) to the detector axis and the incident beam di-

rection to avoid artefacts that might arise from analytical mixing information along

planar defects (Williams & Carter, 1996). The di�usion distance perpendicular to

the interface was measured with respect to the surface or purposely 'burned' holes

fabricated prior to pro�le measurements, because contamination which could else-

wise be used (Meissner et al., 1998) was minor. We avoided crystal orientations

where strong di�raction occurs such as two-beam (Bragg) or in-zone-axis orienta-

tions to circumvent potential bias of EDS analysis due to electron channelling.

The background was subtracted from each TEM-EDS spectrum using a 2nd order

polynomial, where the parameters were adjusted to obtain the best least-square �t

to the background before and after each relevant peak. Furthermore, we measured

zero-Yb spectra to obtain an average value for the background noise in our EDS

measurements. The noise was then subtracted from each spectrum. Integrated X-

ray intensities of Yb (Lα,β) and Y (Lα,β) were used to calculate the intensity ratio

IY b/IY .
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To integrate the intensities of the Y-Lα,β line, the background windows ranged

from 1700 to 1800 and from 2150 to 2460 eV, our peak window was de�ned from 1800

to 2100 eV. For the Yb-Lα,β lines, the background was calculated from 3 background

windows ranging from 3000 to 4200, 5800 to 6200 and from 11500 to 13000 eV. The

peak windows had the following settings: The Yb-Lα1,2 peak was integrated from

7220 to 7580 eV, the Yb-Lβ1,3,4 from 8240 to 8640 eV; the Yb-Lβ2 was excluded due

to potential bias by the presence of signal corresponding to Cu-Kβ1. The intensity

ratios were translated to concentration ratios using the Cli�-Lorimer equation (Cli�

& Lorimer, 1975):

ca

cb

= kab ·
Ia

Ib

,

where Ia/Ib and ca/cb are intensity- and concentration ratios, respectively, and

the Cli�-Lorimer factor kab is determined from the intensity ratios obtained from

TEM-EDX on a thin �lm prior to thermal annealing as a standard, where Yb-

and Y-concentrations were determined by electron microprobe analysis (EMPA).

The cY b/cY element concentration ratios of the samples with unknown composition

were obtained by applying the respective kY b,Y factor to the IY b/IY intensity ratios

measured with TEM EDX. The Yb mole fraction was �nally calculated as

XY b =
cY b

cY b + cY

=
kY,Y bIY b

kY,Y bIY b + IY

Both the thin-�lm used for the EMPA sample and for the TEM sample were pro-

duced in the same PLD-run using the same target material (Yb
1.149

Y
1.736

Al
5.115

O
12
).

The EMPA measurements were carried out on a thin-�lm coated silicon wafer, where

the contribution to the EDX spectrum from the Si substrate can be subtracted and

the composition of the thin-�lm can be determined. Averaging at least 20 measure-

ments yielded a thin-�lm composition of Yb
1.065

Y
1.578

Al
5.357

O
12
.

The Cli�-Lorimer factor was determined with a relative error of about 1% due



CHAPTER 3. COMPLETE MANUSCRIPTS 80

to plural measurements (nine each) with high EDS counting rates (18000 to 28000

counts for the Y peak, 15000 counts for the Yb peaks) of both the initial thin-�lm

composition and the background noise. The stated uncertainty in the mole fraction

δXY b is obtained by propagating the estimated 2σ standard deviations both in the

integrated intensities IY b, IY and in the Cli�-Lorimer factor kY,Y b

δXY b = XY b (1−XY b)

√(
δIY b

IY b

)2

+

(
δIY

IY

)2

+

(
δkY,Y b

kY,Y b

)2

This yielded total relative errors of 5% at high Yb concentration (X
Yb

= 0.96)

and up to 30% when the Yb concentration is low (X
Yb

= 0.014, see Fig. 3.10).

The excitation volume of the speci�c sample needs to be considered when the

pro�le is �tted (Fiddicke & Oelgart, 1985; Ganguly et al., 1998). In order to simulate

the excitation volume we used the Monte Carlo simulation software `Win X-Ray'

version 1.3.2.3. The simulation parameters were as follows: Beam diameter was

3.8 nm, acceleration voltage was 200 keV, 150 nm thick YAG sample, density of

4.55 g/cm3 and 200 keV acceleration voltage. The extracted excitation volume is

conically shaped due to beam broadening arising from interaction with the sample

material. The simulated beam size reaches a diameter between 5 and max. 8 nm

at the bottom of the TEM-lamella (Fig. 3.7 in z direction). Sample tilt during

measurements increases the e�ective beam size by ∼6% (at 20◦ sample tilt), which

can be neglected for the purpose of our estimation of the spatial resolution. To

obtain statistically relevant results from �tting a di�usion model to a composition

pro�le, the pro�le has to be at least 3 times longer than the spatial resolution of

the composition analysis (Ganguly et al., 1998). Our spatial resolution, considering

the excitation volume and that the electron beam was scanned over a window of

20×40 nm2, is about 28 nm in x direction and 48 nm in y direction. The pro�le

considered had a length of about 8 times our spatial resolution. Note that these are

conservative estimates, typically our samples are thinner (< 100 nm), which would

lead to a �nal x direction resolution of 22 nm, if 99 % of the incident electrons are

considered.
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EDS-measurements were used to calibrate Z-contrast-intensity-pro�les extracted

from STEM-images of the di�usion zone (Fig. 3.8f). To obtain an integrated inten-

sity pro�le of a STEM-image acquired using Tecnai imaging and analyses software

(TIA - FEI), the image was imported into Digital Micrograph (GATAN) where a

460 nm long pro�le integrated over 350 pixels was extracted. To prevent artefacts

from the edge of the sample, where gallium may have been implanted during Pt-

deposition prior to the FIB-milling procedure (M. R. Lee et al., 2007; M. R. Lee et

al., 2009), the pro�le starts 20 nm from the sample surface.

The arbitrary intensity units of the Z-contrast-intensity-pro�le were background

corrected by subtracting the minimum intensity from the pro�le, setting the lowest

intensities to zero. The intensity at a certain distance from the original interface was

than calibrated using an EDS-measurement at the same distance from the original

interface (at -118.7 nm). Both pro�les overlap nicely (Fig. 3.10). The error in the

EDS-measurement used for the calibration of the Z-contrast-pro�le can be applied

to the Z-contrast-pro�le.

Rutherford Backscattering (RBS)

The RBS analyses were carried out at the Dynamitron Tandem Accelerator Labo-

ratory of the Ruhr-Universität Bochum. The He+ beam of 2 MeV was collimated

by an aperture of 0.5 mm diameter about 20 cm in front of the sample allowing to

analyze samples with a surface as small as 1 mm2. A beam current between 20 and

50 nA was typically used for the measurements. An Ag-solution was painted onto

the sides of the samples to ensure electrical contact to the sample holder to minimize

electrical charging of the sample surface. The backscattered particles are detected

at an angle of 160◦ using a silicon particle detector with an energy resolution of

about 16�20 keV. The sample surface was tilted by 5◦ relative to the beam direction

to avoid channeling.

The RBS spectra were simulated with the software RBX version 5.18 (Kótai,

1994) using a procedure similar to that of Tirone et al. (2005); Dohmen et al.

(2007). Once a best �t is found to calculate the appropriate stopping power, a

concentration-depth pro�le for the rare earth element is extracted. More details
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Figure 3.8: (a-d) Bright �eld (BF) images of the thin-�lm after di�erent annealing periods at

1450◦C. The platinum layer deposited on the surface of the sample prevents gallium ion damage

during FIB lamella preparation. Broken lines depict the continuing crystal structure over the initial

thin-�lm/substrate interface. (a) Prior to annealing. The thin-�lm is amorphous and the interface

with the substrate is extremely �at. (b) After 20 minutes. The thin-�lm became polycrystalline,

with crystal diameters ranging from tens to hundreds of nm in diameter. Epitaxy can be observed at

the former interface with the substrate, further away no preferential orientation is visible. (c) After

40 minutes. The thin-�lm starts to copy the orientation of the substrate, but is still polycrystalline

at its surface. (d) After 2 hours. The thin-�lm displays epitaxial growth. The varying di�raction

contrast results from small distortions in the crystal lattices. (e) Schematic of the evolution of the

thin-�lm and the di�usion pro�le with time. (f) STEM Z-contrast image. The brightness, which

positively correlates with atomic mass, decreases from the thin-�lm towards the crystal volume at

constant sample thickness, indicating Yb-Y di�usive exchange. At the right side of the image the

brightness is compromised by the underlying holy carbon grid which serves as lamellae holder.
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on the �tting procedure and the sensitivity of the method in our setup are given

elsewhere (Tirone et al., 2005; Dohmen et al., 2007). During the �tting procedure,

the thin-�lm thickness is a parameter adjusted. Therefore the thin-�lm thickness is

obtained with an uncertainty of at least ±5 nm, which results in an uncertainty of

the logD value of about ±0.1 orders of magnitude.

Charging and �uorescence reduced the energy resolution to 28 (±1) keV compared

to the nominal detector resolution of about 18 keV, which was con�rmed using con-

ducting samples like Si-wafers. For the calculated stopping power of YAG, this

implies a depth resolution of about 0.418 nm (±10%). The RBX program considers

the energy resolution and the density of the sample to deconvolute the concentra-

tion pro�le. However, this numerical procedure might introduce some uncertainties,

which are di�cult to quantify (see also Hofmann (1998) about the general problem

of deconvoluting di�usion pro�les).

3.2.4 Results

Thin-�lm crystallisation

The thin-�lms were initially amorphous (Fig. 3.8a), but crystallized throughout

the di�usion anneal. Thin-�lm crystallization was monitored at annealing times

ranging from several minutes to 25 hours using TEM. Already after 20 min, the

�lms have become polycrystalline with polyhedral crystals approx. 100-200 nm

in size (Fig. 3.8b). During further annealing, epitaxial-growth takes place at the

interface between the initial crystal and the thin-�lm, but single grains of Yb:YAG

with random orientations form at the surface of the thin-�lm (�g. 3.8c). With time

(already after 40 min), the region occupied by epitaxially grown Yb:YAG expands

further into the thin-�lm and �nally (after 2 h), the entire thin-�lm is fully epitactic

with the substrate (Fig. 3.8d). The crystallization process is summarized in �gure

3.8e. Di�raction patterns indicate pure garnet phases and lattice fringe images show

that lattice planes are defect free. Epitaxy is reached faster in experiments with

thinner thin-�lms. A stronger contribution of the still amorphous starting material

is observed in the di�raction pattern of the thin-�lm for crystals that were treated

at lower annealing temperatures and shorter annealing times (less than 30 min). By
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the time that full epitaxy is reached, the di�usion front is parallel to the sample

surface and the initial thin-�lm/crystal interface (Fig. 3.8f). This is evidence for

the de�ned geometry and insigni�cance of any contributions from dislocations.

It is important to note that the physical and chemical characteristics of the thin-

�lm likely change during its crystallization. In particular, its transport properties

may change signi�cantly during the di�usion anneal; this potential e�ect needs to

be addressed when extracting volume di�usion data from analyzed concentration

pro�les.

Concentration pro�les

Experimental conditions and the corresponding analytical method as well as the

�tting result are given in Table 3.2. Figure 3.10 shows both a di�usion pro�le

measured with TEM and with RBS; both pro�les were derived from samples that

were annealed at 1450◦C. The annealing time and thin-�lm thicknesses were chosen

di�erently to optimize the length of the resulting di�usion pro�les for either TEM (h

= 185 nm, annealing time = 1445 min) or RBS (h = 45 nm, annealing time = 132

min) analysis. As we will discuss in the next section, the discrepancy in di�usion

coe�cients derived from two data sets is nearly 0.5 orders of magnitude.

Data Reduction

In general, one-dimensional di�usion in a crystal/thin-�lm assembly can be described

by the di�usion equation (Crank, 1975) for the Yb mole fraction c(x,t) = XY b, with

the di�usion coe�cient D(x,t) being a function of position x and time t :

∂tc(x, t) = ∂x [D (x, t) ∂xc (x, t)] . (3.1)

The coordinate axis OX is orthogonal to the thin-�lm (�g. 3.7). In the given

planar setting, the dependence of c on transversal coordinates can be ignored. In our

model, the thin-�lm corresponds to the region -h < x < 0 and the crystal corresponds

to the region x > 0 (�g. 3.7). The di�usion �ux is assumed to be continuous across
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the thin-�lm/crystal interface at x = 0. A no-�ux boundary condition is assumed

at x = -h and c(x,t) goes to zero at x → +∞. The initial distribution of Yb atoms

is represented by the step function

c(x, 0) =

 c0 for x < 0,

0 for x > 0.

The successive crystallization of the thin-�lm in�uences the e�ective Yb di�usion

coe�cient in the thin-�lm Dfilm. As long as the thin-�lm is amorphous the di�usion

coe�cient is very large, formally Dfilm = ∞. During the polycrystalline stage, Dfilm

depends on the microstructure in a complex fashion but it is likely that di�usion in

the thin-�lm remains much faster than in the substrate (Kaur et al. 1995). Based on

the TEM observations of the time series (�g. 3.8), we infer a rapid crystallization

at t = t
c
. Once the crystallization of the thin-�lm is complete, Dfilm equals the

di�usion coe�cient in the substrate Dsub. The latter is a constant for any time. In

summary we assume that

D(x, t) =


∞ for x < 0, t < tc,

Dsub for x < 0, t > tc,

Dsub for x > 0, t > 0,

where both D
sub

and t
c
are unknown. The problem is illustrated in �g. 3.7. We

infer the range of feasible t
c
values from direct TEM observations of the crystalliza-

tion process (Fig. 3.8c). D
sub

can then be quanti�ed from comparison of numerical

solutions to experimental data. To this end, eq. (3.1) was solved numerically using

the COMSOL Multiphysics software package for the implementation of the �nite

elements approach for several reasonable choices of t
c
. In each case, the value of

D
sub

was adjusted to obtain the best �t to the experimental measurements. If the

in�uence of crystallization on the thin-�lm transport properties is ignored (t
c
=

0), an analytical solution is available for eq. (3.1). The corresponding solution is

(Crank, 1975):
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Figure 3.9: Several illustrative numerical solutions to the di�usion equation (3.1) (blue lines) are

shown together with the predictions of the approximate analytical solution (3.2) (red lines). Note,

that these solutions are considerably di�erent for t ∼ tc, the di�erence decreases for t >> tc.

Parameter values are h = 200 nm, Dsub = 10−19 m2/s, tc = 2 h, and c0 = 1. Successive snapshots

of the concentration pro�les are shown.

c(x, t) =
c0

2

[
erf

(
x + 2h

2
√

Dsubt

)
− erf

(
x

2
√

Dsubt

)]
(3.2)

and can be used to quantify D
sub
.

The e�ect of a �nite thin-�lm crystallization time is illustrated in Fig. 3.9. Here,

we have used h = 200 nm, D
sub

= 10-19 m2/s, t
c
= 2 h, c

0
= 1 and compared

predictions obtained from applying the simpli�ed analytical solution (Eq. 2) with

the full numerical solution for a range of annealing times. The obtained di�usion

pro�les are signi�cantly di�erent when the total annealing time is comparable to

t
c
. In that case, adjusting the analytical solution to the numerical curve (Fig. 3.9)

would lead to an overestimation of D
sub
. For t >> t

c
, the di�erences between the

analytical and numerical solutions are less pronounced and eq. (3.2) may serve as an

acceptable model for data reduction. In addition, the e�ect of a �nite crystallization

time becomes more important with an increase of h. It is di�cult to decide before-

hand, whether for a given experimental setting, the e�ect of crystallization needs

to be accounted for or not. To resolve the potential in�uence of changing thin-
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�lm transport properties, both analytical and numerical solutions must be used to

cover the feasible range of t
c
, which, in turn, must be determined from independent

information.

For both the TEM and the RBS data (table 3.2, experiments number 1 and 2),

the extracted di�usion coe�cient is rather insensitive to the crystallization time;

di�erent choices of t
c
(from 20 min to 4 h) result in at most 10% di�erences in

the extracted D
sub
. Taking into account the uncertainties in the measured values

of c(x,t), the crystallization e�ect on the D
sub
value cannot be traced in the current

experiment and therefore the analytical solution (Eq. 2) can be used for data reduc-

tion. For the samples that were annealed at 1450◦C, the model (Eq. 2) yields logD

values of -19.37 ± 0.07 m2/s (TEM) and -19.84 ± 0.02 m2/s (RBS). The di�erent

values come from individual experiments and the variation is within the statisti-

cal error estimated from experimental uncertainties on the temperature and pro�le

measurement. Moreover, the di�erence is within the reproducibility of di�usion co-

e�cient measurements using the same analytical methods (see e.g. Cherniak (1998);

Dohmen et al. (2007) for RBS and Gardés et al. (2007) for TEM). The obtained

�tting curves are shown in Fig. 3.10 by solid lines.

3.2.5 Discussion

The reorientation of the crystals within the thin-�lm can be described as a grain

growth process where the substrate is the largest grain and thus dominates the pro-

cess (Kaur et al., 1995; Humphreys & Hatherly, 1996). Epitaxy is reached faster with

decreasing thin-�lm thickness as it proceeds from the original thin-�lm/substrate in-

terface into the thin-�lm.

The potential complications that may arise from the progressive crystallization of

the thin-�lm during the di�usion anneal and the associated change in its transport

properties can be evaluated by accounting for transient di�usivities in the data

reduction routine. However, for our di�usion experiments the e�ect of di�erent

model assumptions on the derived di�usivities is smaller than the estimated accuracy

of the currently available experimental data. We have shown that the e�ect of

successive crystallization of the thin-�lm is small if the time needed for complete
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crystallization is small compared to the total annealing time (Fig. 3.9). In the

case of experiment number 1, crystallization was completed after about 1/10 of the

total annealing time and the e�ect of crystallization can be ignored. In the case

of experiment 2 (the one analyzed by RBS), the time needed for crystallization is

comparable to the total annealing time. However, the model which ignores the

crystallization e�ect still yields a good �t to the analyzed concentration pro�le,

probably because the di�usant source is extremely thin and thus reached epitaxy

faster and the crystallization time t
c
might be overestimated.

The di�erence between the di�usion coe�cients logD (m2/s) = -19.37 ± 0.07

and -19.84 ± 0.02 extracted from experiment 1 and experiment 2, respectively, is

not surprising given that the estimates are based on two independent experiments

and on two di�erent analytical techniques. A potential reason for the observed

discrepancy may be due to a systematic error in the determination of pro�le depth,

which is calculated for RBS and is determined more directly with analytical TEM.

Otherwise, it could be suspected that it arises from di�erences in t
c
, as the thin-�lm

thicknesses were di�erent.

In comparison to previous studies (Cherniak, 1998; Jiménez-Melendo et al., 2001),

the logD values obtained in our study are about 1.5 orders of magnitude lower. There

are di�erent potential explanations for this signi�cant di�erence. First, the interdif-

fusion coe�cient (for instance between Y and Yb) might depend on composition and

then is a function of the individual tracer di�usion coe�cients of Y and Yb (Lasaga,

1979). The di�usion pro�les that are presented here do not indicate a compositional

dependence, however, in the previous studies the relative initial concentration of Yb

in the source was higher than in our study (pure Yb
3
Al

5
O

12
(Cherniak, 1998) and

pure Yb
2
O

3
(Jiménez-Melendo et al., 2001)). Therefore, an accelerated di�usivity

for the endmember/phase can not be excluded. Second, di�usion in single crystals

requires point defects such as vacancies or interstitials. A higher concentration of

point defects could lead to higher di�usion coe�cients. Cation vacancies can for

example be produced by Si incorporation (Kuklja & Pandey, 1999; Kuklja, 2000).

It can further be speculated that other parameters, such as fO2 and especially fH2O

might play a role. Also, in the study of Jiménez-Melendo et al. (2001) polycrystals
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Figure 3.10: Yb di�usion pro�le in YAG measured by ATEM (a) and RBS (b). The annealing

temperature is constant (1450◦C), but the time and the thin-�lm thickness were chosen di�erently.

Note that the abscissas are scaled di�erently. The interface between thin-�lm and substrate is at

zero. The Yb mole fraction is normalized over c0 (the initial value in the thin-�lm) since c0 slightly

varies for the two experiments (0.40 for TEM and 0.42 for RBS). The logD values obtained from

the two pro�les di�er by about 0.5 log units. The uncertainty in x of the TEM data is max ±5

nm, this corresponds to the size of the markers. The lines are least square �ts to the experimental

data using Eq. (3.2), where the only free parameter was the di�usion coe�cient. Additionally, the

EDS-scaled Z-contrast data are displayed as yellow dots in (a). Only the EDS data point at -118

nm was used for scaling, this indicates that the intensity of the Z-contrast varies linearly with the

composition. The error mentioned is the least square error from �tting.

were used instead of single crystals.

3.2.6 Conclusion

Thin-�lm/single crystal assemblies are well suited to produce di�usion couples in

simple (one-dimensional) miniaturized geometry. Analytical TEM provides a tool

for micro-chemical analysis at high spatial resolution to resolve the details of short

concentration pro�les on the scale of a few µm. Its advantage lies in the capability to

obtain structural information on nm3-sized volumes simultaneously. In this respect

it is complementary to RBS, which averages over millimetres. Furthermore, EDS can

be used to calibrate Z-contrast images and extract continuous concentration pro�les

or to calibrate images to obtain concentration maps at constant sample thickness.

Although the observed progressive crystallization of the thin-�lm does not have

a signi�cant in�uence on the volume di�usion coe�cients obtained in this study,
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the potential e�ect of transient transport properties cannot generally be ignored. It

might become important if future improvements in analyzing capabilities allow for

better resolving element distributions at highest spatial resolution in two and three

dimensions. Therefore, model parameters should be chosen as closely as possible to

the real scenario in order to give the most reliable di�usion data.
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3.3.1 Abstract

Yb-Y interdi�usion along a single near Σ grain boundary of a synthetic yttrium

aluminium garnet (YAG) bicrystal has been studied using analytical transmission

electron microscopy (ATEM). To investigate the di�usion, a thin-�lm containing Yb

as di�usant was deposited perpendicular to the bicrystal grain boundary by pulsed

laser deposition (PLD). Structural properties and their change with temperature of

both the di�usant source and the grain boundary are reported. The di�usion pro-

�les are incorporated in a numerical di�usion model, which is applied to determine

the grain boundary di�usion coe�cient Dgb at 1723 K to equal 3×10-15 m2/s. We

�nd that grain boundary di�usion is 4.85 orders of magnitude faster than volume

di�usion, which was determined from the same di�usion experiment. This di�erence

can be considered as lower bound, because Σ grain boundaries as used here likely

exhibit lower di�usion rates than grain boundaries of arbitrary orientation. Finally,

we successfully tested the capability of synchrotron-based nano x-ray �uorescence

analysis to map micro-chemical patterns in two dimensions with sub-µm resolution.

3.3.2 Introduction

Grain boundary di�usion governs numerous phenomena in solid materials, such as

Coble creep, sintering properties, di�usion-induced grain boundary migration, dif-

ferent discontinuous reactions, recrystallization, grain growth and di�usive crack

healing (Gupta, 1975; Evans & Charles, 1977; Wanamaker & Evans, 1985; Hailong
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& Jun, 2002). Grain boundary di�usion is the dominating atomic transport mech-

anism at low temperatures while volume di�usion is sluggish. Even if the rates

of grain boundary and volume di�usion approach with increasing temperature, it is

commonly assumed that grain boundary di�usion is prevailing over volume di�usion

during most small-scale transport processes of elements in large portions of the solid

Earth. Most solutions to the grain boundary di�usion problem relate to the product

of Dgb and the e�ective (or chemical) grain boundary width δ (e.g. Fisher, 1951).

To obtain Dgb, δ is assumed. The e�ective grain boundary width is de�ned as the

zone of enhanced di�usion around a grain boundary (S. White, 1973) and results

from strain induced by mis�t of the adjacent crystal lattices. In ionic crystals, it

is accompanied by a space-charge layer (Lehovec, 1953; Kliewer & Koehler, 1965;

Kingery, 1974). The structural (or physical) grain boundary width, in contrast, is

de�ned as the distance between two adjacent crystal lattices and is probably smaller

than the e�ective grain boundary width.

In a geomaterials' context, previous experimental attempts to exactly quantify

grain boundary di�usion are hampered by a number of di�culties such as: (i) Grain

boundary di�usion studies are mostly performed on polycrystals with randomly

shaped grain boundaries where orientation is not well constrained. Thus, the dif-

fusion geometry is very complex and often impossible to characterize adequately.

(ii) The methods commonly used, for example secondary ion mass spectrometry

(SIMS), give little or no information about the local defect structure. They also

have rather poor lateral resolution. Therefore, grain boundary and volume di�usion

are often measured simultaneously and the extraction of the respective di�usion co-

e�cients is based on numerous assumptions. Moreover, it is known from studies on

metals and alloys that the di�usivity can vary by orders of magnitude with varying

grain boundary orientation (Herbeuval et al., 1973; Klugkist et al., 2001; Guan,

2003), which is a consequence of changing grain boundary energies. This cannot be

unequivocally determined, and often an averaged di�usivity is obtained as several

grain boundaries with potentially di�erent transport properties are analysed at the

same time. (iii) Analytical or numerical solutions to the grain boundary di�usion

problem are often oversimpli�ed or they are not well adapted to the experimental
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set up, sometimes simply because the samples cannot be characterized well enough.

It may be surprising that di�usion along a single grain boundary has not yet been

studied on the nm-scale, even though it has been proposed as early as 1986 (Clarke

& Wolf, 1986) and nm-resolved analyses of low-temperature volume di�usion were

already performed in 1983 (Nicholls & Jones, 1983). However, site speci�c sample

preparation such as TEM-lamellae using the focused ion beam (FIB) technique

became available only in the last decade (Phaneuf, 1999; M. R. Lee et al., 2003;

Wirth, 2004). Furthermore, the fabrication of grain boundaries with exactly de�ned

orientations by using wafer direct bonding was developed in geosciences only recently

(Heinemann et al., 2001; Heinemann et al., 2005).

Here, we report an innovative alternative approach to quantify grain boundary

di�usion by taking advantage of the above methods recently developed in di�erent

scienti�c disciplines. The main improvements of the present study over previous

experimental and analytical procedures are the following:

1. Simple geometry: We use bicrystal synthesis by direct wafer bonding to produce

a perfectly straight and exactly oriented grain boundary. As di�usant source, a

thin-�lm is deposited perpendicular to the grain boundary using PLD. The re-

sulting experimental geometry is simple and extremely well de�ned (Fig. 3.11).

2. High resolution analytics: We combine site speci�c sample preparation by FIB

with measurements by TEM. The latter has two main advantages. First, it

has a very high spatial resolution and second, it provides information on the

local defect structure, without being destructive. The simple di�usion geom-

etry allows for appropriate TEM analyses, because it is possible to orient the

grain boundary parallel to the axis of the incident electron beam and the en-

ergy dispersive x-ray (EDX) detector, whereby artefacts from planar defect

are excluded (e.g. Williams & Carter, 1996). Furthermore, volume and grain

boundary di�usion are discriminated and measured on the same sample from

one experiment using exactly the same experimental and analytical settings.

3. Numerical modelling: We perform numerical simulations to account for all our

experimental observations. We will show that a quantitative evaluation of the

di�usion coe�cients in our system cannot be performed by applying conven-
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Figure 3.11: Schematic sketch of the sample geometry. The grain boundary of the bicystal is

perpendicular to the thin-�lm (dark grey). The thickness of the thin-�lm is about 200 nm. The

blow-up shows a sketch of the TEM lamella prepared with the FIB technique. The dimensions of

the foils are usually 15×10 µm2 with a thickness of about 100 nm, whereas the bicrystal's size is

in the mm-range.

tional analytical solutions, because none would meet the present experimental

con�guration and our observations on the nm-scale.

We use synthetic yttrium aluminium garnet (YAG) bicrystals as model samples.

YAG has several advantages over naturally occurring garnet, particularly the avail-

ability of large stoichiometric and highly pure single crystal wafers and its resistance

against electron beam damage. Moreover, grain boundary di�usion of rare earth el-

ements in YAG has previously been studied using SIMS (Jiménez-Melendo et al.,

2001), which allows to compare the di�erent approaches.

3.3.3 Materials and Methods

Bicrystal synthesis by direct bonding

Starting material for our experiments were high-purity Y
3
Al

5
O

12
single crystals (Yin

et al., 1998; Lupei et al., 2001; Weber & Abadie, 2001; Dobrzycki et al., 2004) for

the bicrystal synthesis (Hartmann et al., 2010) and Yb-doped YAG as precursor for

the thin-�lm, i.e. the di�usant source. YAG bicrystal samples were synthesized by

the wafer direct bonding method (Tong et al., 1995; Heinemann et al., 2005; Reiche,
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2006; Gösele et al., 1999; Pössl & Kräuter, 1999). The highly polished and ultra

clean crystal surfaces are saturated with pure adsorbed water and are brought into

contact without force. When contact is established, hydrogen bonds of the opposing

crystal surfaces are expected to form. The adsorbed water evaporates at elevated

annealing temperatures leaving a grain boundary behind.

A detailed description of the bonding procedure, as well as the speci�c orientation

relationship for the samples used, is given in Hartmann et al. (2010). The contact

geometry is close to a tilt boundary of 36.9◦ about the bicrystals' common [100]

direction, this equals a twist boundary of 180◦ parallel to the (210) plane. Thus,

the bicrystals' grain boundary can be considered as a near Σ5 (210)/[100] grain

boundary.

Di�usion experiments

Di�usion experiments are designed in thin-�lm geometry, where the grain bound-

ary is covered with the thin-�lm perpendicular to the surface (Fig. 3.11). PLD

(PLD, Dohmen et al., 2002; K. Marquardt et al., in Press) was used to deposit

Yb-doped YAG thin-�lms on the bicrystal. A general review of the method is given

by Chrisey and Hubler (2003). As source material (target) for the deposition, we

used a Czochralski grown Yb:YAG homogeneous single crystal (Yb
1.17

Y
1.83

Al
5
O

12
,

see H. Marquardt et al. (2009)). Prior to thin-�lm deposition, the polished bicrystal

samples were heated to 893 K in order to desorbe potential organic contamination.

The di�usion anneals of di�erent time ranges were done in a gas mixing furnaces at

1723 K and ambient atmosphere. The annealing durations were 5 min, 20 min, 40

min, 2 h, 24.1 h, 48 h and 68 h. Temperature and oxygen fugacity were monitored

in situ by a type-B thermocouple and a fO2-sensor. For the determination of the

grain boundary di�usion, the 24.1 h anneal was used, because the length of both the

volume di�usion pro�le and the grain boundary di�usion pro�le were long enough

for the analyses, but did not extend over the FIB-foil dimensions.
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Transmission Electron Microscopy (TEM)

TEM lamellae (15×8×0.1 µm3) were prepared using the FIB technique (Overwijk et

al., 1993; Phaneuf, 1999; M. R. Lee et al., 2003; Wirth, 2004). Using this method,

samples of constant thickness can be prepared, which is a prerequisite to calculate

element ratios directly from Energy Dispersive X-ray Spectroscopy (EDS) data.

We used analytical and energy-�ltered high resolution TEM (ATEM, HRTEM)

on a Tecnai F20 X-Twin TEM operated at 200 kV with a �eld emission gun (FEG)

as electron source. The TEM is equipped with a post-column Gatan imaging �lter

(GIF Tridiem). All of the TEM images presented are energy-�ltered images, where

a 10 eV window was applied to the zero loss peak. The Gatan Digital Micrograph

software was used to analyse the transmission electron micrographs.

ATEM was performed with an EDAX X-ray analyzer equipped with an ultra thin

window. The intensities were measured during a counting time of 100 s in scanning

transmission mode (STEM). The incident electron beam was focused to a diameter

of 3.8 nm. We measured in pre-selected windows of 20×40 nm2. The sample was in-

clined towards the detector by an angle of 15-20◦. The thin-�lm/substrate interface

of the sample was oriented approximately parallel (within 2-5◦) to the detector axis

and the incident beam. We avoided crystal orientations where strong di�raction oc-

curs, such as two-beam (Bragg) or in-zone-axis orientations, to circumvent potential

bias of EDS analysis due to electron channelling. The background was subtracted

from each TEM-EDS spectrum using a second-order polynomial, where the param-

eters were adjusted to obtain the best least-square �t to the background before and

after each relevant peak. Furthermore, we measured zero-Yb spectra to obtain an

average value for the background noise in our EDS measurements. The noise was

then subtracted from each spectrum. Integrated x-ray intensities of Yb (Lα,β) and

Y (Lα,β) were used to calculate the intensity ratio IY b/IY . The intensity ratios were

converted to concentration ratios using the Cli�-Lorimer equation (Cli� & Lorimer,

1975) to �nally calculate the mole fraction of Yb. A more detailed description of

the data processing is given in K. Marquardt et al. (in Press). They also provide

more details on the error propagation using the Cli�-Lorimer equation and on the

estimated excitation volume as well as the resolution due to window measurements.
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Nano X-ray �uorescence (XRF) analysis at the ESRF

Qualitative elemental maps of the di�usion zone in the bicrystal have been obtained

at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. Ex-

periments were performed at the nanoprobe beamline ID13, where a hard x-ray

nanobeam generated with nanofocusing x-ray lenses (NFLs, Boye (2009)) are used

to run �uorescence analyses with a spatial resolution ranging from 200 to 50 nm

(Kuwano et al., 1992; Schroer et al., 2005; Hanke et al., 2008). A FIB-cut lamella

(10×8×0.25 µm3) was mounted on a perforated carbon-�lm on a 3 mm copper grid,

which is a standard procedure to mount TEM-FIB-lamellae. The energy of the x-

rays was 24.3 keV. The spatial resolution is basically de�ned by the spot size, which

was determined by gold knife-edge scans to be 165×171 nm2 in our experiment. The

sample is oriented 45◦ with respect to both the energy-dispersive detector and the

incident beam to record maximum �uorescence signals.

3.3.4 Experimental Results

Thin-�lm crystallisation

The grain boundary produced by direct wafer bonding is thoroughly described in

Hartmann et al. (2010) and is used for our grain boundary di�usion experiment.

The thin-�lm, which serves as di�usant source, is oriented perpendicular to the grain

boundary (Fig. 3.11). It was initially amorphous (Fig. 3.12a), but crystallized

during the di�usion anneal (Fig. 3.12b) and adapted the structure and orientation

of the bicrystal. As a result, the grain boundary extends into the homoepitaxially

grown thin-�lm (Fig. 3.12c).

The observed progress of the thin-�lm crystallization was as follows: After 20

min, the �lms are polycrystalline with polyhedral crystals ranging from about 100

to 200 nm in size, their diameter exceeds the thin-�lm thickness (Fig. 3.12b). Some

amorphous material still remained between the crystals, at the thin-�lm/bicrystal

interface local epitaxial growth is present. After 40 min, epitaxy and crystallisation

are highly advanced (Fig. 3.13). Thin-�lm and bicrystal substrate are completely

homoepitactic after 2 h (Fig. 3.12c). Di�raction patterns designate only the pres-
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Figure 3.12: Bright �eld (BF) images of the bicrystal with the thin-�lm prior to and after an-

nealing. For FIB sample preparation, a protection layer of platinum was deposited on the carbon

coating (upper part of the images). (a) The thin-�lm is initially amorphous and has an excel-

lent contact with the bicrystal. (b) The thin-�lm after 20 min annealing at 1723 K is partially

recrystallized. Some parts of the thin-�lm are epitactic with the bicrystal, indicated by broken

lines. Still, some large crystals are present. The right bicrystal grain is in a strongly di�racting

orientation and the lower region of the thin-�lm has the same orientation. The outermost ∼2% of

the thin-�lm are amorphous, illustrated by red dashed lines. The slightly curved contrast change

below the thin-�lm/bicrystal interface on the left part is caused by a hole in the sample-supporting

perforated carbon �lm. (c) Thin-�lm after 2 h annealing at 1723 K. The di�raction contrast causes

a di�erent shading of the opposing crystals. The thin-�lm grew epitaxially on the bicrystal, thus

the grain boundary continues into the thin-�lm. The thin-�lm of this speci�c sample is 380 nm

thick; at the surface of the left grain, some portions (up to 13%) are not crystalline (indicated

by red dashed lines). Note that the grain boundary produced in the former thin �lm is slightly

curved. Close to the surface, it is inclined with respect to the incident beam. A groove formed

during annealing at the surface of the thin-�lm.
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Figure 3.13: BF images of the grain boundary in the thin-�lm after annealing at 1723 K for a

period of 40 min. Images (a) and (b) are acquired using di�erent defocus settings on the same

sample, thus di�erent planes of depth were imaged. The sample was about 180 nm thick. (a) The

grain boundary of the bicrystal substrate starts to curve towards the thin-�lm and joins a grain

boundary between two grains of the polycrystalline thin-�lm. (b) At a di�erent image plane of

the same sample, the grain boundary of the bicrystal continues straight into the thin-�lm. The

thin-�lm is close to full epitaxy. The pitted appearance of the images arises from the relatively

thick sample.

ence of garnet phases and the grain boundaries are now fully crystalline. In contrast,

amorphous material at the surface of the thin-�lm was still present, even after an-

nealing for 24 h. The thickness of the remaining amorphous layer di�ers with space,

mostly it is in the range of 2% of the entire thin-�lm thickness, but at one position,

it reached 13% of the thin-�lm thickness (Figs. 3.12 and 3.13).

Grain boundary characteristics in the bicrystal and thin-�lm

We characterised the grain boundary of the original bicrystal after each anneal.

Structural changes, such as orientation relationships between the adjacent grains,

rigid body displacements, grain boundary migration, dislocation or step formation

were only rarely observed. For example, in one experiment we observed that the

orientation and placement of the grain boundary of the bicrystal changed as it

became curved towards the interface thin-�lm/bicrystal (Fig. 3.14). Samples where

such phenomena occurred were excluded from further investigation. Lattice fringe

images reveal no defects in the lattice planes imaged. Based on high resolution

transmission electron micrographs published elsewhere (Fig. 3.5 in Hartmann et al.

(2010), we estimate the structural grain boundary width to alternate between 0.5
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Figure 3.14: STEM image of an experiment where grain boundary migration was observed and

which was therefore discarded from further investigation. Grain boundary migration is rather the

exception than the rule in these experiments. The image is partially in�uenced by di�raction

contrast, visible due to the chosen camera length.

and 3 nm. It is surrounded by a substantially strained lattice in both of the adjacent

grains.

Furthermore, we investigated the grain boundary, which has formed within the

thin-�lm. During the initial stages of annealing (5-40 min), the grain boundary

within the thin-�lm meandered between the crystals of the polycrystalline thin-�lm

and was often inclined with respect to the bicrystal grain boundary (Fig. 3.13a,

b). Figure 3.13b, taken after a 40 min anneal, shows that at some parts the grain

boundary cuts already straight through the thin-�lm.

After longer annealings, the grain boundary of the thin-�lm has the same orien-

tation as in the bicrystal (Figs. 3.12c, 3.15). In some experiments, however, minor

changes in orientation occur. Such minor changes are, for example, absence of steps

that are normally present at the grain boundary in intervals of 40 nm (Hartmann

et al., 2010) or slight curvatures in the newly generated grain boundary. The grain

boundary in the thin-�lm of the sample annealed for 24.1 h displays the same ori-

entation as the grain boundary in the bicrystal (Fig. 3.15). Lattice fringe images

reveal no defects in the lattice planes imaged.

Di�usion pro�les

Interdi�usion pro�les of Yb-Y in the volume and in the grain boundary are plotted

as mole fractions of Yb versus distance from the thin-�lm/bicrystal interface (Fig.
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Figure 3.15: STEM image of the sample investigated with nano-XRF (1723 K and 24.1 h). The

camera length is chosen to probe a mixture of Z-contrast and di�raction contrast; the thin-�lm is

fully epitactic. The platinum layer corresponds to the brightest grey in the image, the thin-�lm

appears in light grey, and the two parts of the bicrystal are dark grey. The region mapped using

the Yb-Lα peak from synchrotron x-ray �uorescence at the ESRF is shown in the enlargement.

Figure 3.16: Comparison of volume di�usion (blue points, data from K. Marquardt et al. (in

Press)) and grain boundary di�usion (red points). Both pro�les were measured by EDX-based

ATEM on the same lamella cut by FIB. The interface between thin-�lm and substrate is at zero.

The calculated grain boundary di�usion coe�cient is 4.85 orders of magnitude higher than the one

for volume di�usion. The red stars are the mean values of the calculated mole fraction (averaged

over 20×40 nm2 boxes along the grain boundary of the numerical model).
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3.16). An overview map of the Yb distribution along and across the grain boundary

is shown in Fig. 3.15.

3.3.5 Numerical Modelling of Grain Boundary Di�usion

Fast di�usion along an isolated grain boundary, accompanied by relatively slow

di�usion into the volume of the adjacent crystals, has been considered theoretically

in a number of studies starting with the pioneering work of Fisher (1951). The

thin-�lm, which serves as the di�usant source, was, however, only treated very

approximately; either it was considered as a constant source (e.g. Fisher, 1951;

Whipple, 1954) or as an instantaneous source (Suzuoka, 1961; Suzuoka, 1964). In the

present case, the thin-�lm undergoes a structural change during the di�usion anneal

that must be taken into account (see K. Marquardt et al. (in Press)). Therefore the

di�usion pro�les were modelled with the following working assumptions:

1. The �nal di�usant distribution inside the thin-�lm is time-dependent and non-

uniform; the Yb mole fraction decreases towards the thin-�lm/substrate inter-

face. Therefore, a detailed analysis of di�usion inside the thin-�lm is necessary.

2. The di�usion coe�cient in the thin �lm decreases by several orders of magnitude

during annealing, since it is initially amorphous and subsequently crystallized.

3. After crystallization, di�usion is similarly slow in both the thin-�lm and the

bicrystal.

4. As the narrow outer thin-�lm layer remains amorphous, di�usion therein and

at the surface of the thin-�lm is still fast.

5. After crystallization, the grain boundary cuts through the thin-�lm; thus it is

connected to the outermost layer of the thin-�lm, where di�usion is fast at any

time.

A numerical model that accounts for these characteristics of the di�usion as-

sembly was developed using the COMSOL Multiphysics software package for the

implementation of the �nite elements approach. The system geometry is shown in

Figure 3.17. The OX -axis lies along the grain boundary, the thin-�lm region corre-

sponds to negative values of x. The OY -axis traces the initial interface between the
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thin-�lm and the bicrystal. In our modelling, we use a two-dimensional setting; the

dependence of the di�usant distribution on z is ignored.

The transport of Yb in the YAG bicrystal (blue region in Fig. 3.17) is governed

by a linear di�usion equation

∂c

∂t
= Dv

(
∂2c

∂x2
+

∂2c

∂y2

)
(3.3)

for the Yb mole fraction

c (x, y, t) =
cY b

cY b + cY

,

where cY b and cY are the Y and Yb concentrations, respectively. The parameter

Dv denotes the volume interdi�usion coe�cient between Yb and Y in the bicrystal.

Material transport along the grain boundary is described by a reduced di�usion

equation (Fisher, 1951)

∂u

∂t
= Dgb

∂2u

∂x2
+

2Dv

δ

(
∂c

∂y

)
y=0

(3.4)

for the Yb mole fraction u(x, t) along the boundary

u (x, t) = c (x, y, t) |y=0 (3.5)

The parameter Dgb in eq. (3.4) is the grain boundary di�usion coe�cient, δ is

the e�ective grain boundary width. The last term in eq. (3.4) describes particle loss

due to transversal di�usion into the volume of the bicrystal. Equation (3.5) ensures

continuity of the mole fraction.

Di�usive transport inside the thin-�lm is governed by a time-inhomogeneous dif-

fusion equation

∂c

∂t
= Df (t)

(
∂2c

∂x2
+

∂2c

∂y2

)
, (3.6)
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where the volume di�usion coe�cient in the thin-�lm Df (t) decreases from some

(large) initial value D∞ to Dv in the course of the structural change of the thin-

�lm from amorphous to crystalline. For simplicity, we assume that Df = D∞ for

0 < t < tcr (crystallization time) and Df = Dv afterwards. Initially, Yb is only

present in the thin-�lm, such that

c (x, y, t) |t=0 =

 c0

0

for

for

−h < x < 0,

0 < x < L,

where h and L denote the extension of the thin-�lm and of the bicrystal along

the x-axis, respectively. Both mole fraction and di�usive �ux are continuous at the

thin-�lm/bicrystal interface, such that

c |x=0−0 = c |x=0+0 and Df (t)
(

∂c
∂x

)
x=0−0

= Dv

(
∂c
∂x

)
x=0+0

.

The numerical solution was calculated in two steps. First, eqs. (3.3)-(3.6) were

solved for 0 < t < tcr for the system shown in �gure 3.17a. A no-�ux boundary

condition was applied at the outer border of the thin-�lm. During the �rst stage,

the large parameter D∞ creates a practically uniform mole fraction distribution in

the thin-�lm, which slowly decreases due to loss of Yb into the bicrystal.

Instantaneous crystallization is assumed to occur at t = tcr, the corresponding

value of the mole fraction for the thin-�lm is denoted by ccr. For t > tcr, the

grain boundary extends into the thin-�lm as shown in Fig. 3.17b, and we replace

Df = D∞ with Df = Dv in eq. (3.6). Fast di�usion still occurs at the outer border

of the thin-�lm, an assumption based on the observations described in section thin-

�lm crystallization. In contrast, inside the thin-�lm, the mole fraction distribution

is now almost 'frozen', changing only slowly, because Dv << D∞. Therefore, we

assume that for t > tcr, the outer border distribution of c is uniform and time-

independent, and we applied a Dirichlet boundary condition c = ccr for x = −h

accordingly. In a second stage, eqs. (3.3)-(3.6) were solved for tcr < t < T , where

T is the total annealing time.
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The parameter values were chosen to represent the experimental settings. Specif-

ically, T = 24.1 h, tc = 40 min, h = 185 nm, δ = 2 nm (which is a mean value of the

observed variations in the structural grain boundary width), c0 = 0.403. The Yb-Y

interdi�usion coe�cient in the YAG crystal is Dv = 4.3×10−20 m2/s as determined

by K. Marquardt et al. (in Press), D∞ = 105 ×Dv. For the numerical solution, the

bicrystal domain was restricted to |y | < 2000 nm and L = 8000 nm. Performing cal-

culations for 0 < t < tcr, we have found that ccr/c0 = 0.92. This value was applied

to the Dirichlet boundary condition at the outer border of thin-�lm for tcr < t < T .

Di�usion pro�les were simulated for di�erent values of Dgb. For each simulation,

the resulting mole fraction was evaluated along the grain boundary by averaging

c over 20×40 nm2 boxes, in order to be comparable with the ATEM measurement

procedure (see sectionmaterial and methods). The best �t between the experimental

and numerical results (Fig. 3.16) yields the grain boundary di�usion coe�cient

Dgb = 3 · 10−15m2/s. (3.7)

The space distribution of the mole fraction c (normalized over c0) is shown in Fig.

3.18 for t = 0, t = tcr , and t = T . As expected, the Yb distribution in the thin-�lm

is uniform at t = tcr, but di�ers from that at t = 0. For t = T , we see a scenario of

fast di�usion along the grain boundary accompanied by comparatively slow volume

di�usion into the bicrystal from both the grain boundary and the thin-�lm. Note

that within the thin-�lm, the Yb mole fraction is now decreasing towards the thin-

�lm/bicrystal interface, which is in agreement with the experimental observations.

Figure 3.16 shows the calculated compositions (integrated over 20×40 nm2 win-

dows) along the grain boundary versus experimental data. The close agreement

suggests, that the model (3.3)-(3.6) and the grain boundary di�usion coe�cient

(3.7) correctly describe the experimental observations.
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Figure 3.17: System geometry for the numerical model. (a) Initial stage of the system geometry

used for modelling. (b) System geometry after t = tcr.

Figure 3.18: Density plots for the mole fraction of Yb c(x, y, t) normalized over the initial value

in the thin-�lm c0 at di�erent times. Left: the initial distribution, t = 0; middle: the distribution

at the time of crystallization, t = tcr, right: the �nal distribution at t = T , corresponding to the

ATEM measurements.
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3.3.6 Discussion

Our study was performed on YAG at 1723 K and ambient atmosphere; the experi-

mental conditions of other studies used for comparisons are similar. For the sake of

readability we will not repeat the conditions continuously.

Thin-�lm and grain boundary properties

The observed change of the crystals' orientations within the thin-�lm is related to

a grain growth process, which is dominated by the largest grains, i.e. the bicrystal

substrate (Kaur et al., 1995; Humphreys & Hatherly, 1996). It has repeatedly been

observed that grain growth in thin-�lms stagnates when a grain diameter of a size

approximately equal to the thin-�lm thickness is reached (e.g. in gold thin-�lms,

Harris et al. (1998), or olivine and orthopyroxene, Milke et al. (2007)). This is

not observed in the present study, probably because epitaxial growth dominates the

�nal thin-�lm structure.

The nature of the amorphous surface layer is not irrevocably clari�ed. We sus-

pect that it formed during crystallisation of the thin-�lm and that it is a nonstoi-

chiometric residue that accumulated at the thin-�lm surface, because the thin-�lm

crystallisation started at the interface with the substrate. In our case, minor nonsto-

ichiometry can not be detected using TEM-EDS as the composition in the outermost

layer of the sample is in�uenced by gallium implantation during sample preparation

(M. R. Lee et al., 2003; M. R. Lee et al., 2007). Alteration of the thin-�lm`s surface

caused by sample preparation can not be excluded (M. R. Lee et al., 2007), but is

improbable because the thickness of the amorphous layer varies randomly on single

FIB-foil.

The change in grain boundary orientation and placement as shown in �gure 3.13

suggests that grain rotation, grain boundary migration, and/or chemical induced

grain boundary migration takes place at the chosen annealing temperatures. It

probably in�uences the kinetics of crystallisation of the thin-�lm, even though its

in�uence on the original bicrystal grain boundary is only secondary. We believe that

grain rotation and grain boundary migration inside the recrystallizing �lm do not

signi�cantly a�ect the di�usion process inside the grain boundary of the bicrystal,
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at least not so as long as the grain boundary di�usion lengths in the bicrystal are

signi�cantly higher than that in the thin �lm, i.e. at su�ciently long run durations.

We therefore excluded both mechanisms for the evaluation of the di�usion processes.

Di�usion

The Yb distribution map (Fig. 3.15) obtained with nano-XRF has a relatively poor

resolution compared to TEM and can not be interpreted quantitatively. Neverthe-

less, it is consistent with the numerical simulations (compare Figs. 3.15 and 3.18).

The resolution of about 150 nm is revolutionary for synchrotron XRF measurements

and is very promising for di�usion studies with pro�le lengths in the range of a few

µm where it could provide an outstanding spatial data coverage.

Our measured di�usion pro�le yields a grain boundary di�usion coe�cient of

3×10−15 m2/s at 1723 K, which signi�cantly di�ers from the value of about 1.6×10−13

m2/s as reported by Jiménez-Melendo et al. (2001) using SIMS. A similar discrep-

ancy is found for the determined volume di�usion coe�cients as determined by

Marquardt et al (in Press) and Jiménez-Melendo et al. (2001) and we discuss pos-

sible reasons, including di�erent experimental setups and analyses, elsewhere (K.

Marquardt et al., in Press). For the detailed comparison, it is disadvantageous that

the characteristics of the thin-�lm di�usant source are not known in the study of

Jiménez-Melendo et al. (2001). This lead to the use of a di�usion model, which is

not precisely adapted to the experimental conditions. In addition, di�usion pro�les

measured by SIMS on polycrystals yield average pro�les that contain information

on volume di�usion and on grain boundary di�usion in many di�erently oriented

grain boundaries. Both studies extracted the grain boundary di�usion coe�cient

from the product of Dgb and δ. For δ, both use a directly measured structural grain

boundary width, because there is no information about the e�ective grain boundary

width. Jiménez-Melendo et al. (2001) used a value of 1 nm, whereas we used a

value of 2 nm as determined on the speci�c grain boundary investigated. However,

structural and e�ective grain boundary width are not necessarily the same (Farver

& Yund, 1991).

We have shown that our well de�ned experimental geometry has several advan-
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tages for the study of grain boundary di�usion. First, it allows for measurements

of grain boundary di�usion on a single grain boundary and the investigation of its

orientation at the same time. Second, a thorough monitoring of the thin-�lm's evo-

lution and associated changes of the local defect structure is feasible using TEM.

These investigative improvements are the basis for the development of our 2D nu-

merical model, which is well adapted to the experimental observations.

In our study, we �nd the grain boundary di�usion coe�cient to be 4.85 orders

of magnitude higher than the determined volume di�usion coe�cient. Jiménez-

Melendo et al. (2001) report a respective di�erence of about 5.38 orders of magni-

tude. Assuming that the two studies are internally consistent, this indicates that the

near Σ5 grain boundary studied in this work would exhibit a lower grain boundary

di�usion coe�cient than average grain boundaries. This �nding is consistent with

the common assumption that small angle and Σ grain boundaries have the low-

est grain boundary di�usivities (Smoluchowski, 1952; Turnbull & Ho�man, 1954;

Joesten, 1991; Kaur et al., 1995; Mishin & Herzig, 1999; Schwarz et al., 2002).

Therefore, our �nding likely represents a lower bound estimate for the di�erence

between volume and grain boundary di�usion in the studied system.

3.3.7 Conclusion and Outlook

We performed di�usion experiments on a single well characterized grain boundary.

In addition, we carefully characterized the time-dependent properties of the di�u-

sant source in our experiments. Based on the observed structural changes of the

thin-�lm and the associated changes of its transport properties, we developed a nu-

merical model to extract the grain boundary di�usion coe�cient from the measured

di�usion pro�le. We �nd that grain boundary di�usion in our system is 4.85 orders

of magnitude faster than volume di�usion and conclude that this value is at the

lower end of di�erences between grain boundary and volume di�usion.

We showed that our innovative combination of miniaturized di�usion experi-

ments, high resolution analytical techniques, and numerical simulations is excep-

tionally well suited to study volume and grain boundary di�usion simultaneoulsy

Furthermore we note, that synchrotron-based nano-XRF to map di�usion in two
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dimensions, which we explored in this study, has high potential for systematic di�u-

sion studies, where grain boundary di�usion extends over few-µm-lengths. Finally,

we conclude that direct measurements of the e�ective grain boundary width are

necessary for a better understanding of its in�uence on Dgb.
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3.4.1 Abstract

Atomic di�usion along grain boundaries in solids is a key process in many geological

environments and in ceramics research. It is closely related to the e�ective grain

boundary width, which is an important parameter in numerous equations describ-

ing di�usional or rheological processes, including plastic deformation of polycrystals,

intergranular failure, and recrystallization. Here, we studied the e�ect of di�usion

on a single well-characterized near Σ5 grain boundary in yttrium aluminum garnet

(YAG) using di�erent transmission electron microscopy (TEM) methods at atomic

resolution. Focal series in combination with multislice calculations yielded the elec-

tron exit wave. This, combined with chemically-sensitive Z-contrast images, shows

a ∼20 nm wide zone of enhanced Yb di�usion parallel to the grain boundary, which

we assume to be the e�ective grain boundary width for di�usional processes. This

width strongly di�ers from the structural grain boundary width of maximal 1 nm

in the present study. The combination of miniaturized samples and TEM at atomic

resolution are excellent tools to study varying processes at the atomic scale.

3.4.2 Introduction

A large part of the Earth's interior is comprised of solid materials. Individual min-

eral grains are separated by phase or grain boundaries. Their structure and inter-

face chemistry impact the bulk properties of rocks and thus play a pivotal role in

numerous geological disciplines. Di�usional or rheological processes are described

using equations, which include the e�ective (or chemical) grain-boundary width δ

(Farver & Yund, 1991) as an imperative parameter (Kaur et al., 1995). The e�ective
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grain boundary width is de�ned as the zone of enhanced di�usion around a grain

boundary (S. White, 1973) and results from strain, induced by mis�t of the adjacent

crystal lattices. In ionic crystals, it is accompanied by a space-charge layer (Lehovec,

1953; Kliewer & Koehler, 1965; Kingery, 1974). The structural (or physical) grain

boundary width, in contrast, is de�ned as the distance between two adjacent crystal

lattices.

Despite its importance, the e�ective grain boundary width has never been mea-

sured directly. Instead, it is usually determined in combination with the grain

boundary di�usion coe�cient (either as product or as quotient). This complicates

not only the determination of δ, but also adds considerable uncertainty to the de-

rived di�usion coe�cient (Turnbull, 1951; Coble, 1961). Estimates for δ range from

0.04 nm in pure metals such as Ag and Ni, to 10-30 nm in oxides such as Al
2
O

3
and

BeO, to 1-2 µm in alkali halides and MgO (Mistler & Coble, 1974).

The importance of quantifying the e�ective grain boundary width is further doc-

umented in numerous studies encompassing various topics, including grain growth

(Joesten & Fisher, 1988; Fan et al., 1997; Moelans et al., 2008), deformation in shear

zones, grain boundary sliding (Padmanabhan & Basariya, 2009), grain boundary

electrical conductivity (Avila-Paredes et al., 2009), melting (Dillon & Harmer, 2007;

Mellenthin et al., 2008; Fensin et al., 2010), segregational processes during sintering

(Kuwano et al., 1992; Kaneko et al., 2000; Sato et al., 2007; Sato et al., 2009), inter-

granular failure (Valiev et al., 2007) and di�usion (Mistler & Coble, 1974; Farver &

Yund, 1991). For all its importance, thee�ective grain boundary width is far from

being understood.

Element di�usion along grain boundaries is usually orders of magnitude faster

compared to volume di�usion (Elliott, 1973; Lasaga, 1979; J. C. White & White,

1981). In general, solid state di�usion is a relatively slow process and consequently

miniaturizing samples are favourable, as they allow to obtain concentration pro�les

on time-scales reasonable for laboratory experiments. Nevertheless, most di�usion

studies are macroscopic in the sense that di�usant concentrations and component

�uxes are determined on bulk materials without resolving processes on the scale of

individual grains/grain boundaries not to mention atoms.
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The present contribution has two major intentions. The �rst aim is to quantify

the e�ective grain boundary width δ from direct measurements. The second goal

is to demonstrate how essential information on geological processes can be readily

obtained from miniaturized samples analysed with TEM at atomic resolution.

To pursuit these goals, we perform a study on a synthetic YAG bicrystal (Hart-

mann et al., 2010), which was previously used for a grain boundary di�usion study

in thin-�lm geometry (K. Marquardt et al., submitted). The experimental con�g-

urations are illustrated in Figure 3.19a. Electron energy loss spectroscopy (EELS)

elemental maps were combined with high resolution TEM (HRTEM) phase recon-

struction using negative C
s
imaging and image simulation. This was complemented

with scanning TEM (STEM) for atomic resolved Z-contrast imaging.

3.4.3 Material

The synthesis of the bicrystal and a detailed investigation of the grain boundary

structure is given elsewhere (Hartmann et al., 2010; K. Marquardt et al., submitted).

The produced near Σ5 grain boundary orientation is relevant for the understanding

of processes that occur along random grain boundaries as they frequently occur in

polycrystalline materials (Vonlanthen & Grobety, 2008).

3.4.4 Experimental Methods

EELS

The elemental map of Yb (Fig. 3.19b) was acquired using a Tecnai F20 X-Twin

TEM operated at 200 kV with a �eld emission gun (FEG) Schottky electron source.

The TEM is equipped with a post-column Gatan imaging �lter (GIF Tridiem).

EELS data acquisition focused on the high loss edges of Yb (M
5
1528 eV; M

4
1576

eV edges), because the Yb N
4,5

edge at 185 eV overlaps unfavourably with the M
4,5

edge of Y, producing very small peak to background ratios. Collection times of 20

s were needed to obtain su�cient counts; therefore only jump ratio elemental maps

of Yb were acquired.

Note that elemental mapping requires extremely thin samples (in the range of

20-60 nm), a demand that cannot generally be satis�ed over several hundreds of nm,
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Figure 3.19: Grain boundary di�usion experiment. (a) Scheme of the experimental setup. Per-

pendicular to the grain boundary, a thin-�lm with di�erent composition is deposited; red denotes

high concentration of the di�usant. Fast di�usion along the grain boundary could result in a

concentration distribution as illustrated. (b) Jump ratio map obtained with EELS by using the

Yb M5 1528 eV and M4 1576 eV edges. A relatively constant zone of increased Yb concentration

around the grain boundary compared to the crystal volumes is observed. This becomes evident

in the pro�les across the grain boundary, which monitor the Yb concentration perpendicular to

the grain boundary with increasing distance from the di�usant source (which is located ∼100 nm

above the top of the �gure). The pro�les are shifted in intensity with respect to each other for

clarity. The white boxes denote the position of the HRTEM (at ∼780 nm) and STEM (at ∼1050

nm) measurements shown in Figure 3.21.
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which corresponds to length-scale of the di�usion process that we intend to study.

Thickness correction using a thickness map is relatively unreliable and, therefore,

the elemental maps presented here give only qualitative information on the decreas-

ing Yb concentration along the grain boundary. The spatial resolution of EELS

elemental maps is in�uenced by several factors, which are di�cult to quantify. It

is, for instance, in�uenced by sample drift during long exposure times, the energies

of the characteristic electron energy losses of the element of interest, the peak to

background ratio, and �nally the quality of the image cross-correlation when the

pre-peak and the peak map are subtracted.

HRTEM and Negative Cs imaging (NCSI)

In TEM, information on the atomic structure of a specimen is encoded in the elec-

tron wave �eld after it has passed through the volume of the sample. The varying

potentials across the region being probed result in an exit wave �eld with locally

varying phase shifts. Unfortunately, only the amplitude of this complex electron

wave can be recorded by detectors and the phase information needs to be recovered

through complex processing schemes described below. In order to optimise the phase

recovery process an 'arti�cial phase shift' can be introduced in aberration-corrected

instruments by choosing adequate values of spherical aberration and defocus. Neg-

ative C
s
imaging is widely used to acquire focus series for phase reconstruction (e.g.

Jia et al., 2003; Spence, 2003; Urban, 2007) as this method allows for enhanced

imaging of low nuclear-charge atoms, such as oxygen. Furthermore, one should note

that additional aberration-correction minimizes the point spread function of the mi-

croscope (Urban, 2007), so the local crystal site occupancy can be estimated more

directly than on non-corrected instruments.

Samples for the HRTEM investigations were prepared using a dual beam FIB

(FEI Strata 235), where a focused Ga+ ion beam (FIB) and a �eld emission scan-

ning electron column facilitate cutting and imaging from di�erent directions. In

situ sample manipulation with an Omniprobe microneedle along with Pt deposition

facilitate the transfer and �xation of a chunk of sample material onto an Omniprobe

TEM grid. This, in turn, allows for preparing very thin samples (∼30 nm). To
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remove the amorphous surface layer produced during FIB milling (M. R. Lee et

al., 2003; Song, 2009), the TEM-foils were subsequently thinned using a low an-

gle low energy ion mill (LINDA) operated at 500 V. Additionally, the sample was

plasma-cleaned prior to the TEM sessions using a Fishione plasma-cleaner.

The HRTEM investigations were performed on the TEAM0.5 microscope at the

National Center for Electron Microscopy (Kisielowski et al., 2008), an improved FEI

Titan3, which can achieve a resolution of 0.5 Å at an acceleration voltage of 300 kV

thanks to its two CEOS hexapole-type spherical aberration correctors. Aberration-

correction reduces the point spread to very small values and the measured local

intensities are determined by the respective atomic site occupation in the specimen

(Urban, 2008), therefore interpretation of the local intensity increase in phase images

of the electron exit wave is possible (Fig. 3.21a). The microscope is equipped with

a high brightness Schottky �eld emission electron source (XFEG), a gun monochro-

mator, and a high resolution Gatan Tridiem imaging �lter. In addition to the gains

in resolution, these hardware improvements provide a signi�cantly increased opera-

tional �exibility and allow for high resolution imaging at low acceleration voltages.

The HRTEM images presented here were thus acquired at 80 kV acceleration volt-

age to limit any beam damage caused by the high brightness of the electron source.

Di�raction patterns and the HRTEM images of the proposed crystal structure were

simulated using the MacTempas software package (see www.totalresolution.com for

more information).

For the HRTEM image simulations, the following microscope parameters were

chosen: accelerating voltage 80 kV, spherical aberration coe�cient -0.01 mm, beam

convergence 0.15 mrad, spread of defocus 10 Å. The HRTEM simulation was per-

formed on a YAG bicrystal super-cell with the dimensions of 70×140×50 nm3 (cor-

responding to about 283600 unit cells of YAG).

Exit wave reconstruction (EWR) and iterative image simulation procedure

High resolution phase-contrast focal series and exit wave reconstruction, combined

with image simulation, were used to gain information on the orientation of the

two crystals with respect to each other (Fig. 3.20). A rotation of 36.9◦ around
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the common <100> direction (Fig. 3.20d) of the bicrystal is read directly from

the di�raction pattern. In order to minimize beam irradiation damage, convergent

beam di�raction analysis was avoided. The di�raction pattern, which is relatively

insensitive to slight misorientations (if Kikuchi lines are absent), served instead as

a starting point for the iterative image simulations using the following procedure:

First, the exit wave was reconstructed from a focal series of sub-Ångstrom phase-

contrast high resolution transmission electron micrographs (Fig. 3.20a). Then the

orientation of the two crystals forming the grain boundary was built, and a super-

unit-cell of the grain boundary structure was generated using the software KristalKit

(Fig. 3.20 inset). The super-unit-cell was used to simulate the image using the

parameters obtained from the exit wave reconstruction. Iteratively, we approached

the real crystal to crystal orientation by comparing the simulated images (Fig. 3.20b)

with the phase images (Fig. 3.20c) of the exit wave and adjusting the super-unit-

cell of the grain boundary structure. Both exit wave reconstruction and image

simulations were carried out using the software 'MacTempas'. We found that one

crystal is rotated by about 12◦ (counterclockwise) around the <210> direction and

about 6.5◦ perpendicular to this direction with respect to the second crystal. A

change of up to 3◦ in the orientation of the lower crystal in our simulated bicrystal

structure is negligible for the result.

In ideal imaging conditions and assuming single-scattering only at atomic sites,

it is possibly to show that the intensity in phase images of the reconstructed exit

wave depends on the atomic number Z as approximately Z2/3 (Jinschek et al., 2004;

Kisielowski et al., 2009). Note that this contrast also strongly depends on focus,

which must be very accurately controlled and estimated to interpret the images cor-

rectly. The Z dependence can be used to obtain (qualitative) chemical information

from a carefully reconstructed phase image of the exit wave and this has been done

in the present study.

STEM using Z-contrast imaging

In contrast to the parallel beam used in HRTEM, in scanning transmission mode

(STEM), a very �ne electron probe is rastered serially across the region of interest
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Figure 3.20: (a) HRTEM image at Scherzer defocus. The structural grain boundary width is less

than 1 nm. (b) Simulated image, the bicrystal structure used for simulation is also shown. Y atoms

are colored red, Al atoms are yellow and oxygen atoms are green. The oxygen atoms are drawn to a

smaller scale for clarity. A near Σ5 (210)/[100] grain boundary was simulated; from the di�raction

pattern in (d), the rotation of 36.9◦ around the <100> direction was obtained. Two additional

misorientations were needed to simulate the image correctly. First, a rotation of about 12◦ around

the y-axis of the image (corresponding to the <210> direction of both crystals), and second a 6.5◦

rotation around the x-axis of the image. (c) Imaginary part of the reconstructed electron exit wave.

(d) Di�raction pattern of the experimental image (a). The red arrows indicate the di�raction spots

that correspond to the upper crystal, whereas the black arrows point at di�raction spots from the

lower crystal.
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to produce an image. An annular-shaped detector is employed to collect electrons

that have been scattered to high angles by quasi-elastic interactions with inner shell

electrons (K+L) or atomic nuclei in the specimen (Pennycook, 1989). It has been

shown that, at su�ciently high angles, the scattering process is mostly Rutherford-

like, so that the intensity integrated across a high angle annular dark �eld detector

(HAADF) is directly related to the n-th power (n = 1.5-2) of the average atomic

number Z of the column, on which the electron probe was positioned (Crewe &

Wall, 1970; Pennycook, 1989). STEM-HAADF images are thus often referred to as

Z-contrast images and can be directly used as a guide for chemical identi�cation.

Full direct quantitative comparison with simulations can also be achieved when all

experimental parameters are carefully characterized (LeBeau et al., 2008).

STEM-HAADF images were acquired here on the TEAM0.5 microscope at 300 kV

with a 30 mrad beam limiting aperture, resulting in an aberration-corrected probe

size of about 0.7 Å. With the camera length settings used, the HAADF detector inner

and outer angles were calibrated at 85 mrad and 350 mrad, respectively, ensuring

that the recorded contrast was as devoid as possible of di�raction e�ects arising

from medium to low angle di�raction (Hartel et al., 1996).

When evaluating single pro�les extracted from either the phase image of the exit

wave or the Z-contrast STEM image, it is notable that often sudden changes of in-

tensity are observed. At such high resolution, just one additional Y-atom exchanged

by an Yb-atom can result in higher intensities. This is expected, because the studied

sample was only about 20 nm thick, corresponding to about 60 atoms in the atom

column of interest. In pure YAG, Y would alternate with Al. Thus 30 Y (Z = 39)

atom sites are available for Yb (Z = 70) exchange. As the atomic mass of Yb is

∼1.8 times the mass of Y, just one additional Yb atom changes the average atomic

number of the atomic column by 2%. The contrast in a STEM image, assuming a

dependence of Z1.5, increases by about 4%. Assuming a dependence of Z2, the in-

tensity would increase already by 6.7%. Averaging over 10 pro�les leads to smooth

pro�les (Fig. 3.21). To exclude potential bias by contamination or beam damage,

we monitored the sample while measuring. In cases where this was not functional,

we imaged the sample prior to and after measuring.
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Figure 3.21: Intensity pro�les in (a) the imaginary part of the reconstructed electron exit wave

and (b) STEM Z-contrast image of the same grain boundary about 400 nm further away from

the initial thin-�lm. The strong Z-contrast makes heavier atoms appear brighter. The aligned red

circles refer to example pro�les taken at the atom columns of interest with an integration width of

about 0.1 nm. The pro�les run along the [010] direction. The pro�les above the images are single

pro�les, whereas the pro�les below the images are averages over ten pro�les. The intensity increases

towards the grain boundary. In both images, the sample is oriented with its [100] direction parallel

to the incident beam, as in Fig. 3.20. The approximate locations of the images are indicated in

Fig. 3.19.
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Pro�le extraction

The Gatan Digital Micrograph software was used for the analyses of the STEM

and the energy �ltered transmission electron micrographs (EFTEM). The pro�les

were aligned thoroughly to prevent any falsi�cation by angular (with respect to

a speci�c crystallographic direction) analyses. The pro�les are aligned along the

crystallographic direction [010] to obtain the intensity change in the atom columns

normally occupied by Y and Al. Therefore, the pro�les are not perpendicular to the

grain boundary. The atomic resolved pro�les extend from the interface in only one

crystal, because in an asymmetric bicrystal only one crystal can be aligned parallel to

the incident electron beam. Therefore the pro�les were mirrored at the interface to

extract the FWHM, which facilitates comparison to the EELS pro�les. Subsequent

curve �tting using the software PEAKFIT yields the full widths at half maximum

(FWHM) of a �tted Gaussian shaped peak, the stated uncertainty represents the

2σ least square error as obtained from the �t.

3.4.5 Results

The elemental jump ratio map using the high loss edges of Yb (M
5
1528 eV; M

4

1576 eV) (Fig. 3.19b) shows the high concentration of Yb at the grain boundary.

Even though the elemental map gives only qualitative information on the Yb-Y

interdi�usion, the pro�les perpendicular to the grain boundary (Fig. 3.19b) show

that the signal from the di�usant (Yb) is relatively constant with increasing distance

from the di�usant source (compare the pro�les in Fig. 3.19b). The three pro�les are

taken at distances of 973 nm, 1173 nm, and 1654 nm from the thin-�lm/bicrystal

interface. The �tted pro�les have a mean FWHM of 17.9(±3) nm. This width

is con�rmed by the two atomic imaging methods (HRTEM-EWR and STEM). In

both images the intensity increases towards the grain boundary (Fig. 3.21). The

intensity scatters signi�cantly (the intensity results from only 60 atoms, seemethods)

in individual pro�les (Fig. 3.21 upper pro�les), but gets smoother when 10 pro�les

are averaged (Fig. 3.21 lower pro�les).

The FWHM obtained from the HRTEM-EWR (at 780 nm, see Fig. 3.19) and

the STEM pro�le (at 1050 nm, see Fig. 3.19) are both about 20 nm, even though
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Figure 3.22: Lattice fringe image of the grain boundary at a relatively thick part of the sample.

The upper crystal is aligned with the [100] direction parallel to the incident beam. Above the

grain boundary, two distorted lattice parts (left and right from the image centre) are visible. They

coincide with steps at the grain boundary plane. They extend about 10 to 15 nm into the perfect

crystal lattice.

they where acquired approximately 400 nm apart. The averaged pro�le extracted

from the phase image of the exit wave has a FWHM of 24.5(±2.9) nm (3.21). The

similar obtained pro�le of the Z-contrast intensity shows a FWHM of 22.7(±3.6)

nm (Fig. 3.21). If one corrects for the inclination of the pro�les with respect to

the EELS pro�les, the FWHM are 21.2 nm and 19.7 nm for the EWR and STEM

pro�les, respectively.

The image of the crystal lattice adjacent to the grain boundary is blurred over a

range of 10-15 nm (Fig. 3.22).

3.4.6 Discussion

The EELS Yb elemental maps show higher intensities along the grain boundary

compared to the crystal volume. To verify that this corrpesonds to a real increase

of Yb concentration in the grain boundary region, we must exclude a preferentially

thinned grain boundary and bias during data processing. Both can be excluded as

HRTEM-EWR and STEM also show an intensity increase of comparable dimensions

in the boundary region. These are independent methods and complementary with

respect to constrast formation, excluding a thinner grain boundary region. Further-

more, the STEM data are unprocessed, thus artefacts arising from data processing

are impossible.
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All three chemically sensitive imaging methods show that the width (FWHM) of

the chemically altered region is homogenous over several µm. However, the concen-

tration of Yb along this slab of constant thickness decreases as shown in an EDS

pro�le published elsewhere (K. Marquardt et al., submitted).

Figure 3.22 shows blurred parts in the upper crystal lattice parallel to the grain

boundary, which extend over 8 to 12 nm. We surmise that these parts are distorted

due to lattice mis�t at the grain boundary in accordance with Hartmann et al.

(2010), who studied the same bicrystal. We interpret this strained area as the

reason for locally enhanced di�usion, because it incidences well with the chemically

altered region (∼20 nm, i.e. ∼10 nm in each crystal). Therefore, we infer that

these ∼20(±3) nm correspond to the e�ective grain boundary width δ. This is

in agreement with the recent observation of strain �elds at dislocation cores (and

therefore defects) that lead to chemical alteration and local di�usion (Arredondo

et al., 2010). The e�ective grain boundary width is a highly permeable slab of

∼20 nm surrounding the structural grain boundary (about 1 nm). Our observations

imply that the e�ective grain boundary width is about 40 times larger than common

assumptions of 0.5 nm (Chadwick & Smith, 1976).

We agree with the speculation of Mistler and Coble (1974), that the e�ective

grain boundary width probably depends on temperature. Furthermore, we think

that the e�ective grain boundary width depends on the extension of the strain �eld

of the grain boundary. This lead us surmise that the e�ective grain boundary width

is a function of misorientation. Consequently, this could imply that grain boundary

di�usivities Dgb are less variable than previously proposed, because the change in

the product of Dgb and δ could be partially accounted for by the proposed large

variations in δ. This implication remains to be experimentally tested.

In that respect, new developments in aberration corrected transmission microscopy,

which focus on lower acceleration voltage and gentle imaging modes (Sader et al.,

2010), are particularly promising as they will allow a more systematic study of the

variations in e�ective grain boundary width with enhanced precision on the chemical

variations thanks to atomically resolved EELS at low e�ective electron dose.
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3.4.7 Conclusion

Our study results in three major �ndings. First, we show that the e�ective grain

boundary width can experimentally be determined. Second, the e�ective grain

boundary width in YAG at the present conditions is 20(±3) nm, which is ∼40

times larger than the standard assumption of 0.5 nm used to calculate grain bound-

ary di�usion coe�cients (Kaur et al., 1995). Third, we illustrate directly that the

chemically altered grain boundary region corresponds to the strained/distorted re-

gion around the structural grain boundary, which is expected based on theoretical

considerations (S. White, 1973; Kingery, 1974; Pond & Vlachavas, 1983). Our ex-

perimental assemblage of bicrystal and thin-�lm is gathered in a cuboid of focused

ion beam (FIB) foil dimensions (10×12×0.02-0.06 µm3). This minuscule volume

contains the total of our far-reaching results and shows the enormous capabilities of

miniaturized samples for geological studies.
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Chapter 4

Outlook
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During the wafer direct bonding experiments, I observed that the features that

occur during the progress of bonding strongly resemble those that are attributed to

crack healing. This observation led to the idea that wafer direct bonding might be

a promising technique to study crack healing with well de�ned geometries. Crack

healing properties of materials are important for industrial applications (Takahashi

et al., 2006) and are crucial for the understanding of shear zone dynamics and deep

crust earthquakes, to name just a few geological relevant scenarios. The healing

processes have been in the focus of research for many decades, but are far from

being fully understood and further research with new approaches seems very fruit-

ful. Well characterized surfaces, in addition to de�ned geometries, could facilitate

the comparison to computer simulations. This combination could be the key to

understand the physico-chemical properties that govern crack healing processes. In

rocks, healing-structures (Olgaard & Fitz Gerald, 1993) are often observed in con-

nection with microcracks (Richter & Simmons, 1977; Sprunt & Nur, 1979; Shirey

et al., 1980) and it is interesting to note that also the morphology of intergranular

�lms often shows features comparable to those accompanying crack healing (Lange

& Clarke, 1982). This might indicate that similar processes are involved in rear-

ranging thin �lms and crack healing. Laboratory studies on crack healing processes

are complicated by the large amount of uncontrolled variables that in�uence the

healing process, including well de�ned surfaces.

I conclude that better experimental constraints are needed to understand and

model crack healing processes. As part of this thesis, I conducted a suite of ex-

periments on geometrically simple crack geometries (Fig. 4.1). Two atomically �at

wafers of YAG single crystals were brought into contact at room conditions. Sub-

sequent annealing at 400◦C under vacuum led to the initial geometry (only area

1 present). This geometry needs to be characterized and then is the basis for the

following healing process (Fig. 4.1). Such experiments are a promising approach to

study crack healing using simple geometries as a fundament to prove and extend

the theory of crack healing, in combination with computer simulations, to the more

complicated geometries and chemical environments found in the Earth. I suggest

that studies using well characterized starting materials and precisely de�ned healing
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geometries should be performed. This could be realized using the principle of the

wafer bonding method, which would also facilitate that the experimental setup is

reproducible. Elevated temperature annealing could be performed in di�erent at-

mospheres with controlled oxygen or hydrogen fugacity. To investigate the healing

process, a combination of conventional light microscopy, interference microscopy,

atomic force microscopy, computer simulations, and TEM seems most gainful.
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Figure 4.1: Scheme of the healing process and the evolution of healing structures. Left is a top view

of the two wafers and the regions of healing that form during annealing at elevated temperatures.

Below is a side view. Area 1 is the region where wafer bonding is initiated. This area is free

of any inclusions, bubbles, etc. Area 2 often contains bubbles, sometimes with inverse crystal

morphology. It formes during high temperature annealing (T > 0.6× Tm). Area 3 develops either

during long annealings and/or at high temperatures. It shows vermicular structures. On the right

hand side, subsequent enlargements of the healing structures are shown. Observations were done

with TEM and interference light microscopy. The TEM micrograph shows a side view of the healed

crack, two bubbles formed at the interface. The image on the right is is a top view, obtained by

interference light microscopy. The dark grey area is bonded and the di�erent colored circles are

rings of Newton, which formed due to interference in the wedge of air between the two crystal

plates. This simple geometry facilitates crack healing studies, where the starting material is well

characterized and geometry can be controlled.
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