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Chapter 1

Deutsche Zusammenfassung

Motivation

Durch Beimischung von Zinn und Arsen zu Kupfer lassen sich härtere und stabilere
Werkzeuge und Waffen produzieren als mit reinem Kupfer. Dies erkannte die Mensch-
heit schon vor über 5000 Jahren. Heute gilt Bronze unter Historikern als die erste, von
Menschenhand erzeugte Legierung. Auch Stahl, heutzutage das wohl wichtigste Struk-
turmaterial für die industrielle Anwendung, ist eine Legierung aus Eisen und geringen
Mengen an Kohlenstoff und anderen Additiven wie Chrom oder Titan. Allerdings stößt die
hohe mechanische Stabilität von Eisen-basiertem Stahl beiAnwendungen unter sehr hohen
Temperaturen und sehr reaktiven Umgebungen an ihre Grenzen. Zu diesen Anwendungen
zählen Gasturbinen in Flugzeugen, Kohlevergaser in Kraftwerken und spezielle Druckbe-
hälter für chemischen Reaktionen. Um auch in diesen Prozessen hohe mechanische Sta-
bilität und Oxidationsbeständigkeit gewährleisten zu können, greift man auf so genannte
Superlegierungen zurück. Diese basieren auf den geordneten Phasen von intermetallischen
Verbindungen wie Fe3Al und NiAl [ 1,2]. Die binären Legierungen Fe3Al und NiAl zeigen
sehr gute mechanische Stabilität bis hin zu ihrem Ordnungs-Unordnungsphasenübergang,
welcher bei sehr hohen Temperaturen liegt. Als Korrosionsschutz unter zum Teil sehr
aggressiven Anwendungsbedingungen dient eine dünne, homogene Oxidschicht auf der
Oberfläche der Legierungen. Dabei schützt eine reine Al2O3-Schicht die Legierung am
besten.

Während der Oxidation bei niedrigen Sauerstoffdrücken (ca.10−6 mbar) bilden
sich auf einkristallinen Legierungsoberflächen wie NiAl (1,1,0) oder CoGa (1,0,0) wis-
senschaftlich interessante Oberflächenoxide aus [3–6]. Als Oberflächenoxid werden lang-
reichweitig geordnete, ultradünne Filme mit einer wohldefinierten Dicke bezeichnet, deren
atomare Struktur sich vom Volumenoxid unterscheidet und von der Substratoberfläche sta-
bilisiert wird. Ein Beispiel ist der Al10O13-Film auf NiAl(1,1,0), welcher sehr häufig als
Templat zur Untersuchung der katalytischen Aktivität von Nanopartikeln verwendet wird.
Für die Anwendung als Nanotemplat ist ein Oxidfilm mit einer geringen Anzahl an De-
fekten wünschenswert.

Wie beschrieben ist es für die technischen und wissenschaftlichen Anwendungen
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6 Dt. Zusammenfassung

wichtig, möglichst homogene, geschlossene, eindomänige Oxidfilme herzustellen. Dafür
ist ein grundlegendes Verständnis des anfänglichen Oxidationsprozesses auf Legierungs-
oberflächen erforderlich. In den letzten Jahren wurde daherdie Oxidation von flachen
Einkristalloberflächen wie NiAl(1,1,0), FeAl(1,1,0) oderCoGa(1,0,0) ausführlich und auf
atomarer Ebene untersucht [3–8]. Die vorliegende Arbeit baut auf diesen Ergebnissen
auf, erhöht aber die Komplexität der untersuchten Systeme.So wird die Oxidation der
Fe3Al (1,1,0)-Oberfläche bei Sauerstoffdrücken bis10−6 mbar untersucht. Fe3Al besitzt
bis zu einer Temperatur von 820 K eine hoch geordnete D03-Struktur. An diesem System
kann somit erforscht werden, wie die Ausbildung der vor Korrosion schützenden Oxid-
schicht die intermetallische Ordnung beeinflusst, welche für die mechanische Stabilität
des Systems verantwortlich ist. Zudem soll die chemische Zusammensetzung der Oxid-
lage für verschiedene Oxidationsbedingungen analysiert werden, um möglichst homogene
α-Al 2O3-Schichten zu wachsen. Für das NiAl-System wird die Oxidation der (6,7,1)- und
der (4,3,0)-Oberfläche für niedrige Sauerstoffdrücke untersucht. Beide Oberflächennor-
malen sind vizinal zur[1, 1, 0]-Richtung, das heißt die Oberflächen bestehen aus einer
regelmäßigen Anordnung von Stufen und kleinen, (1,1,0) orientierten Terrassen. Zum
einen wird anhand dieser Oberflächen überprüft, ob die vizinalen Oberflächen thermody-
namisch stabil sind. Zum anderen wird der Einfluss von Stufenauf den anfänglichen
Oxidationsprozess untersucht. Ändert sich die Morphologie der Oberfläche durch die
Ausbildung einer Oxidschicht? Beeinflussen die Stufen die Struktur des aufwachsenden
Oxids? Ist es möglich, mit Hilfe gezielt ausgerichteter Stufen bestimmte Oxidstrukturen
zu wachsen? Diese Fragen werden auch für eine gestufte CoGa-Oberfläche beantwortet,
welche aus 200 Å großen (1,0,0) Terrassen besteht. Zudem wird für diese Oberfläche der
zeitliche Verlauf des Oxidwachstums im Druckbereich bis10−6 mbar analysiert. Zusam-
menfassend gibt diese Arbeit Einblicke in das Zusammenspiel zwischen intermetallischer
Ordnung und Oxidbildung auf Legierungsoberflächen und stellt den Einfluss von Stufen,
welche auf jeder Oberfläche vorhanden sind, auf den Oxidationsprozess dar.

Experimentelles

Die hauptsächlich verwendete Untersuchungsmethode dieser Arbeit ist Oberflächenrönt-
genbeugung (SXRD) [9, 10]. Zusammen mit einer transportablen Kammer für die Ex-
perimente mit Röntgenstrahlung, in der sich Temperaturen von 300 K bis 1750 K und
Gasdrücke von10−11 bis 10−5 mbar einstellen lassen, kann somit die Oxidation von
Legierungsoberfächenin situverfolgt werden. Mit Hilfe von so genannten "Crystall Trun-
cation Rod(CTR)"-Messungen können dabei die Struktur der Oberfläche und Strukturän-
derungen während der Oxidation auf atomarer Skala bestimmtwerden [11]. Die SXRD
Messungen werden an brillanten Synchrotronstrahlungsquellen wie der Angströmquelle
Karlsruhe (ANKA), der Europäischen Synchrotron Strahlungsquelle (ESRF) in Greno-
ble und der Swiss Light Source (SLS) in Villingen durchgeführt. Zur chemischen
Analyse der Oxidschichten und zur Bestimmung der Bindungszustände der Atome in
Legierung und Oxid wird hochauflösende Rumpfniveauphotoelektronenspektroskopie
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(HRCLS) angewendet. Die Experimente werden am Synchrotron des MAX-Lab in Lund
(Schweden) durchgeführt. Für erste Strukturbestimmungenund zur Überprüfung der
Reinheit der Proben werden die Proben im Labor mit niederenergetischer Elektronenbeu-
gung (LEED) und Auger Elektronen Spektroskopie (AES) charakterisiert.

Alle, in dieser Arbeit verwendeten Einkristalle wurden am Max-Planck Institut für
Metallforschung gewachsen, geschnitten und poliert. Die sauberen Oberflächen wurden
im Ultrahochvakuum (UHV) durch mehrere Sputter- und Heizzyklen präpariert. Kontrol-
lierte Oxidation erfolgte bei Probentemperaturen zwischen 300 K und 820 K und Sauer-
stoffdrücken zwischen10−9 und 10−5 mbar. Die CoGa-Probe wurde auch mit Wasser-
dampf oxidiert.

Ergebnisse

Die Oxidation der Fe3Al (1,1,0)-Oberfläche

Die Analyse der CTRs der sauberen Fe3Al (1,1,0)-Oberfläche zeigt, dass die oberste
Atomlage eine andere intermetallische Ordnung aufweist als der darunter liegende, D03-
geordnete Volumenkristall. Durch Al Segregation in die oberste Lage liegt dort eine FeAl-
Stoichiometrie vor, was zu einer B2-artigen Ordnung führt. Ein einfaches, schematisches
Modell der saubere Oberfläche ist in Abbildung1.1c gezeigt. Nach 30 minütiger Oxida-
tion bei einem Sauerstoffdruck von10−6 mbar und Temperaturen zwischen 400 K und 720
K verschwindet sowohl die D03- als auch die B2-Ordnung im oberflächennahen Bereich.
Im Experiment wird dies durch das Verschwinden des Signal entlang von CTRs sichtbar,
welche nur von Streuung an Untergittern der B2- bzw. D03-artigen Ordnung herrühren.
Abbildung 1.1b zeigt dieses Verschwinden exemplarisch für einen Punkt auf einem B2-
artigen Rod. Abbildung1.1a zeigt, dass die CTRs, welche vom fundamentalen, kubisch
raum-zentrierten Gitter herrühren, noch messbar sind. DieOberfläche rauht also während
der Oxidation nur geringfügig auf und ist noch kristallin. Gleichzeitig zeigen spekuläre
Röntgenreflektivitätsmessungen nach der Oxidation, dass sich ein 8.4 Å dicker Oxidfilm
mit einer Grenzflächenrauhigkeit von ca. 2 Å ausbildet. Wir folgern, dass zur Ausbil-
dung von Aluminiumoxid das Aluminium aus dem Oberflächenbereich des Fe3Al Kristall
gezogen wird, was die intermetallische Ordnung in diesem Bereich deutlich verringert.
Nach Oxidation ist an der Oxid-Fe3Al-Grenzschicht nur noch das fundamentale Gitter
vorhanden. Die D03- und B2-Ordnung baut sich zum Volumenkristall hin nur langsam
wieder auf. Dies ist schematisch in Abbildung1.1c dargestellt. Nimmt man an, dass
sich das Verschwinden der B2- bzw. D03-artigen Ordnung vom Volumen bis zur Ober-
fläche mit einem Gaussschen Profil oder einem Potenzgesetz für die Besetzung (ähnlich
demβ-Rauhigkeitsmodell) beschreiben lässt, kann man das beobachtete Verschwinden
des CTR-Signals erklären. Der Oberflächenbereich mit gestörter Ordnung kann auf 2 bis
3 nm abgeschätzt werden.

Bei Oxidationstemperaturen von 300 K, 420 K und 650 K und Sauerstoffdrücken von
10−8 und10−6 mbar wurde die chemische Zusammensetzung des gewachsenen Oxidfilms
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Abbildung 1.1: a) A2-artiger CTR vor (blau) und nach (rot) derOxidation: Das Signal
nach der Oxidation ist noch vorhanden. b) Signal an einer Stelle entlang eines B2-artigen
CTRs vor (blau) und nach (rot) der Oxidation. Das Signal der B2-Ordnung verschwindet
nach der Oxidation. c) Schematisches Modell der sauberen (links) und oxidierten (rechts)
Oberfläche. Die eingefügten Einheitszellen zeigen die A2-,B2- und D03-Struktur.

mit HRCLS-Messungen analysiert. Abbildung1.2 zeigt, bei welchen Oxidationsbedin-
gungen oxidiertes Al oder eine Mischung aus oxidiertem Al und oxidiertem Fe an der
Legierungsoberfläche gefunden werden. In Kombination mit Röntgenreflektivitätsmes-
sungen zeigt sich, dass sowohl die chemische Zusammensetzung, als auch die Dicke des
Oxidfilm stark von der Oxidationsrate und der Al Segregationaus dem Volumen abhän-
gen. Für hohe Oxidationsraten bei einem Sauerstoffdruck von 10−6 mbar bilden sich für
alle untersuchten Temperaturen Fe- und Al-Oxid aus. Für niedrigere Oxidationsraten bei
einem Sauerstoffdruck von10−8 mbar und einer ausreichenden Al Segregation bei er-
höhten Temperaturen findet man hingegen eine reine Al-Oxidschicht, die bei 650 K schon
gut geordnet ist. Ein nachträgliches Aufheizen der oxidierten Probe auf 770 K führt
in allen untersuchten Fällen zu einer reinen Al2O3 -Lage, das oxidierte Fe wird wieder
metallisch. Für die technische und wissenschaftliche Anwendung ist eine reine, homo-
gene Aluminiumoxidschicht sehr wichtig, um gute Oxidationbeständigkeit zu gewähren.
Die Ergebnisse dieser Arbeit zeigen, dass dafür während deranfänglichen Oxidation eine
niedrige Oxidationsrate und eine hohe Al Segregation gewährleistet werden müssen. Die
Sauerstoff induzierte Unordnung im Oberflächenbereich könnte jedoch die mechanischen
Eigenschaften der Oberfläche verändern, so dass das Fe3Al an der Oberfläche spröder
wird.
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Abbildung 1.2: Das Diagramm zeigt die durch HRCLS bestimmte Komposition des Oxids
auf Fe3Al(1,1,0) in Abhängigkeit von Sauerstoffdruck und Oxidationstemperatur. Grün
und grau gefüllte Kreise bedeuten, dass sich Fe- bzw. Al-oxid gebildet hat.

Die Oxidation regelmäßig gestufter NiAl Oberflächen

Die untersuchten vizinalen NiAl-Oberflächen haben die Orientierung (6,7,1) und (4,3,0).
Das volumen-terminierte Modell beider Oberflächen bestehtaus einer regelmäßigen
Anordnung von (1,1,0) Terrassen, welche eine Breite von circa 14 Å haben. Die
monoatomaren Stufen laufen auf NiAl(6,7,1) entlang der[1, 1, 1]-Richtung und auf
NiAl(4,3,0) entlang[0, 0, 1]. Mit Hilfe von SXRD und LEED wurde für beide Oberflächen
die saubere Oberfläche charakterisiert und die Oxidation bei 550 K und10−6 mbar O2 un-
tersucht.

Die Oxidation von NiAl(6,7,1)

Die CTR-Messungen zeigen, dass die präparierte, saubere, vizinale (6,7,1) Oberfläche in
UHV für Temperaturen zwischen 300 K und mindestens 1190 K thermodynamisch stabil
ist. Die Oberfläche besteht aus einer regelmäßigen Anordnung von Terrassen und Stufen
und ist nicht facettiert. Eine genauer Analyse der CTRs zeigt,dass die größeren Al-Atome
der obersten Terrassen nach außen und die kleineren Ni-Atome nach innen relaxieren. Der
vertikale Abstand der beiden Atomsorten beträgt dabei 0.2 Å, wobei dieser Wert sehr gut
mit dem für die flache NiAl(1,1,0)-Oberfläche gemessenen Wert übereinstimmt [12]. Für
die Atome direkt an der Stufenposition findet sich immer eineRelaxation zum Kristall
hin, während die Atome an den Ecken unterhalb der Stufenatome immer nach außen re-
laxieren. Dieses Relaxationsverhalten führt zu einem Abrunden der Elektronendichte an
den Stufen, was von der Theorie für Oberflächenstufen vorhergesagt wird [13]. Zudem
induziert dieses Relaxationsprofil an jeder Stufe einen Spannungsdipol. Diese elastischen
Dipole der einzelnen Stufen wechselwirken miteinander undführen zu einer gegenseitigen
Abstoßung der Stufen, welche die Stabilität der Vizinaloberflächen erklären kann [14].

Nach 15-minütiger Oxidation der Oberfläche bildet sich -analog zur NiAl (1,1,0)-
Oberfläche- ein 5 Å dünner, amorpher Al-Oxidfilm aus. Dabei wird die regelmäßige
Anordnung von (1,1,0) Terrassen nicht zerstört. Die Analyse der CTRs der oxidierten
Oberfläche zeigt jedoch, dass sich das Relaxationsprofil in den ersten Lagen stark ändert.
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Abbildung 1.3: a) Temperaturabhängige K-Scans quer zur Stufenrichtung, die nach der
Oxidation durchgeführt wurden, zeigen das Anwachsen des Signals an der Position für
(1,1,0) Facetten (gestrichelte graue Linie) und die Abnahme der Signals des CTRs der
(6,7,1)-Oberfläche (schwarze gestrichelte Linie). Dies zeigt die Facettierung der Oxid-
Legierungsgrenzfläche. b) Integrierte Intensität eines Oxidreflexes in Abhängigkeit der
Glühtemperature der oxdierten Probe: Ab 840 K bildet sich langreichweitig geordnetes
Oxid aus. c) Schematische Darstellung des Oxidations- und nachfolgenden Glühprozesses
der NiAl(6,7,1)-Probe. Dargestellt ist eine Seitenansicht der sauberen Probenoberfläche
mit regelmäßigen Stufen, welche nach Oxidation und Heizvorgang facettiert, während
sich das Oxid ordnet.

Al und Ni Atome relaxieren nach innen. Zudem bilden sich in einem 13 Å tiefen Bereich
Al- und Ni-Fehlstellen aus. Einige Ni-Atome besetzen Al-Plätze. Dies kann dadurch erk-
lärt werden, dass durch bevorzugte Al-Oxidation Al-Atome in den Oxidfilm und an die
Oxid-NiAl-Grenzfläche gezogen werden. Die beschriebenen Defekte im Oberflächenbe-
reich der Legierung bilden sich aus.

Von der NiAl (1,1,0)-Oberfläche ist bekannt, dass sich durchHeizen der Probe auf
1100 K ein langreichweitig geordnetes Oberflächenoxid ausbildet, welches zwei Zwill-
ingsdomänen besitzt [3]. Abbildung1.3a zeigt Scans durch das CTR-Signal der oxidierten
(6,7,1) Oberfläche quer zur Stufenrichtung für verschiedenen Probentemperaturen. Ab
840 K nimmt das CTR-Signal ab und ein neues Signal wird detektiert, welches der Aus-
bildung von größeren (1,1,0) Facetten zugeordnet werden kann. Somit können ab 840
K kinetische Barrieren für den Materialtransport überwunden werden. Die für die Oxid-
NiAl-Grenzfläche stabilen (1,1,0) Facetten bilden sich aus. Die Facetten sind bis zu 50
Mal größer als die Terrassen der sauberen Oberfläche. Ab 1150K beginnt die Desorp-
tion des Oxids, die saubere (6,7,1)-Oberfläche bildet sich aus. Der gesamte Prozess ist
schematisch in Abbildung1.3c dargestellt. Wie Abbildung1.3b zeigt, bildet sich während
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Abbildung 1.4: a)+c) LEED-Bilder der oxidierten und geheizten (6,7,1)- und (4,3,0)-
Oberfläche. Auf der (6,7,1)-Oberfläche wächst das von der (1,1,0)-Oberfläche bekannte
Oxid auf. Die Reflexe der ”roten” Domäne sind deutlich stärker, da diese bevorzugt
aufwächst. b) Schematische Darstellung beider möglichen Domänen auf NiAl(6,7,1):
Für die ”rote” Domäne laufen die gelb markierten Al-Reihen inden grauen Pentagon-
Heptagon-Paaren der Grenzschicht in Richtung der Stufen, was einen bevorzugten Span-
nungsabbau und somit eine bevorzugtes Wachstum ermöglicht. c) Das LEED-Bild zeigt
eine komplett andere Oxidstruktur als auf der (6,7,1)-Oberfläche. In Bezug auf die[1, 1, 0]-
und die[0, 0, 1]-Richtung hat das neue Oxid eine(1× 7)-Überstruktur, weshalb man ent-
lang [1, 1, 0] neue Reflexe beobachtet. d) Streifenartiges Wachstum von 5 Einheitszellen
breitemθ-Al 2O3 auf mindestens 27 Å breiten (1,1,0)-Facetten.

des schrittweisen Aufheizens auch ein langreichweitig geordnetes Oxid auf den Facetten
aus. LEED (siehe Abbildung1.4a) und SXRD zeigen, dass das gewachsene Oxid dieselbe
Struktur wie das von NiAl(1,1,0) bekannte Oberflächenoxid hat. Dabei bildet sich eine
der zwei möglichen Zwillingsdomänen bevorzugt aus. Vom Oberflächenoxid ist bekannt,
dass das Al an der Oxid-NiAl-Grenzschicht Pentagon-Heptagon-Paare mit charakteristis-
chen Al-Reihen bildet (siehe Abbildung1.4b) [5]. Entlang diesen Al-Reihen bauen sich
Verspannungen auf. Für die beobachtete Oxiddomäne auf der (6,7,1) Oberfläche laufen
diese Reihen genau entlang den Stufenkanten, an welchen bevorzugt Spannungen abge-
baut werden können. Dieser Spannungsabbau löst wahrscheinlich das eindomänige Wach-
stum aus.
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Abbildung 1.5: a) Temperaturabhängige K-Scans quer zur Stufenrichtung, die nach der
Oxidation durchgeführt wurden, zeigen das Anwachsen des Signals an der Position für
(1,1,0) Facetten (durchgezogene Linie) und die Abnahme desCTR-Signals (gestrichelte
Linie). Die Scans zeigen die Facettierung der Oxid-Legierungsgrenzfläche. b) Schematis-
che Darstellung des Oxidations- und nachfolgenden Glühprozesses der NiAl(4,3,0)-Probe.
Dargestellt ist eine Seitenansicht der sauberen Probenoberfläche mit regelmäßigen Stufen,
welche nach Oxidation facettiert. Bei Erhöhen der Temperatur werden die Facetten größer
und das Oxid ordnet sich.

Die Oxidation von NiAl(4,3,0)

Auch von der sauberen (4,3,0)-Oberfläche wurde die Strukturder Oberfläche mit Hilfe
von CTR-Messungen bestimmt. Die Ergebnisse der (4,3,0) und (6,7,1)-Oberfläche sind
dabei qualitativ und quantitativ sehr ähnlich. Die (4,3,0)-Oberfläche ist bis mindestens
1350 K stabil und facettiert nicht. Al- und Ni-Atome in den obersten Terrassen relaxieren
nach außen bzw. innen. An den Stufen zeigt sich wieder eine Abrundung der Elektronen-
dichte, die Stufenatome relaxieren nach innen und die Kantenatome nach außen.

Oxidiert man die (4,3,0) Oberfläche bei gleichen Bedingungenbildet sich auch hier
ein 5 Å dicker, amorpher Al-oxidfilm aus. Die durchgeführtenCTR-Messungen zeigen,
dass auch das durch bevorzugte Al-Oxidation hervorgerufene Segregationsprofil und die
Änderungen der Relaxationen sehr ähnlich zur oxidierten NiAl (6,7,1)-Oberfläche sind.
So treten bis zu einer Legierungstiefe von 12 Å Al-Fehlstellen auf, während sich die
Ni-Fehlstellen auf die ersten 6 Å Tiefe beschränken. Etwas Ni besetzt vor allem in einer
Tiefe zwischen 6-8 Å die leeren Al-Plätze. Die vertikalen Segregationsprofile der viz-
inalen wie auch der flachen (1,1,0)-Oberfläche sind sehr ähnlich, was auf eine geringere
Bedeutung der Stufen als Kanäle für die Diffusion zwischen den Lagen schließen lässt.

Analog zur (6,7,1)-Oberfläche zeigen die K-Scans durch einen CTR (Abbil-
dung 1.5a) Morphologieänderungen auf. Abbildung1.5b stellt den beobachteten
Facettierungsprozess schematisch dar. Schon bei der Oxidationstemperatur von 550 K
verwindet das CTR-Signal der (4,3,0)-Oberfläche und ein sehr breites Signal an der
Position von (1,1,0)-Facetten wird beobachtet. Daraus folgt, dass auch für die oxidierte
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(4,3,0)-Probe (1,1,0) Facetten thermodynamisch stabil sind. Die durchschnittliche
Facettenbreite bei 550 K beträgt 27 Å, was einer Bündelung vonzwei ursprünglichen
Terrassen entspricht. Aufgrund kinetischer Barrieren für den weiteren Materialtransport
wächst die Facettenbreite erst ab 830 K weiter an und erreicht ein Maximum, welches 5
mal größer als die ursprüngliche Terrasse ist. Die Temperaturabhängigkeit und die max-
imale Größe der Facetten der beiden untersuchten vizinalenOberflächen unterscheidet
sich deutlich, was auf verschiedene Oberflächenstabilitäten zurückzuführen ist.

Der größte Unterschied der beiden oxidierten vizinalen Oberflächen liegt jedoch
in der Struktur des sich ausbildenden Oxids. Obwohl auch die(4,3,0)-Oberfläche
(1,1,0)-Terrassen hat und beim Heizen der oxidierten Probefacettiert, bildet sich nicht
das von NiAl(1,1,0) bekannte Oberflächenoxid aus. Aus der Analyse des LEED-Bildes
in Abbildung1.4c folgt, dass das Oxid eine zuθ-Al 2O3 ähnlich Struktur hat. Eine Achse
von θ-Al 2O3 und die[0, 0, 1]-Richtung entlang den Stufen haben nur eine 1-prozentige
Diskrepanz der Gitterparameter. Wächst nunθ-Al 2O3 auf der (4,3,0)-Oberfläche auf, gibt
es in diese Richtung kaum Spannungen, was wahrscheinlich dasAufwachsen dieser Ox-
idstruktur auslöst. In Richtung senkrecht zu den Stufen sindim LEED-Bild auch Reflexe
des neuen Oxids zu erkennen. Im Bezug auf die sich bildenden (1,1,0) Facetten hat das
Oxid eine(1 × 7)-Überstruktur. Die im LEED-Bild ebenfalls vorhandene, streifenartige
Intensitätsverteilung quer zu den Stufen ist ein Indiz für eine kleine Domänengröße des
Oxids in diese Richtung. Ein streifen-artiges Wachstum, wiees schematisch in Abbildung
1.4d dargestellt ist, kann das LEED-Bild vollständig erklären.Es zeigt lang-ausgedehnte
Oxiddomänen auf den (1,1,0)-Facetten, welche für das beschriebenen Oxidwachstum
mindestens aus zwei ursprünglichen Terrassen bestehen müssen.

Der Vergleich der Oxidation beider vizinaler NiAl-Oberflächen zeigt, dass es
die gezielte Ausrichtung von Stufen auf der Oberfläche erlaubt, die aufwachsende
Oxidstruktur und sogar das Domänenwachstum zu steuern. Dabei spielt Spannungsabbau
an der Oxid-Legierungsgrenzfläche entlang den Stufen die ausschlaggebende Rolle.

Die Oxidation einer regelmäßig gestuften CoGa Oberfläche

Ergänzend wurde in dieser Arbeit die Oxidation einer einkristallinen, gestuften CoGa
Oberfläche mit 200 Å breiten (1,0,0)-Terrassen untersucht.Der Kristall ist so geschnit-
ten, dass alle Stufen entlang der[0, 0, 1]-Richtung ausgerichtet sind. Von der Oxida-
tion der einkristallinen, flachen CoGa (1,0,0)-Oberfläche ist bekannt, dass bei Sauerstoff-
drücken bis10−6 mbar und Temperaturen ab 550 K ein Oberflächenoxid aufwächst[8,15].
Dieses hat eine(2× 1)-Überstruktur in Bezug zum Substrat und wächst entlang den Sub-
stratachsen in zwei, um90◦ gedrehten Domänen auf. STM-Bilder zeigen deutlich, dass
das Oxidwachstum an den wenigen Stufenkanten der (1,0,0)-Oberfläche beginnt. Ziel
dieser Arbeit ist es, durch die gezielte Vorgabe von Stufen senkrecht zu einer der Ox-
idachsen nur das Wachstum einer Domäne zu fördern und eine monodomänige Oxid-
schicht herzustellen. An der gestuften Oberfläche wird das Oxidwachstum bei Temper-
aturen zwischen 700 K und 820 K, sowie Sauerstoff- und Wasserdampfdrücken zwischen
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10−9 und 10−5 mbar untersucht. In den LEED- und SXRD-Experimenten kann jedoch
kein bevorzugtes Domänenwachstum beobachtet werden. Wie auf der flachen (1,0,0)-
Oberfläche wachsen immer beide Oxiddomänen auf. Eine mögliche Erklärung hierfür
liefert das LEED-Bild, welches von der sauberen Probe bei 820K aufgenommen wurde.
Es zeigt keine Reflexe einer kristallinen geordneten Oberfläche. Aufgrund der Temperatur
und der hohen Beweglichkeit der Co- und Ga-Atome ist die Oberfläche ungeordnet. Auch
Stufen an der Oberfläche sind dadurch nicht exakt definiert und können kein Oxidwachs-
tum entlang einer bestimmten Richtung auslösen.

Mit Hilfe von SXRD-Messungen kann der genaue zeitliche Verlauf der Oxidbildung
auf der gestuften CoGa-Oberfläche bestimmt werden. Abbildung 1.6a zeigt das Oxidsig-
nal, welches proportional zur Bedeckung der Oberfläche ist, als Funktion der Zeit für
die Oxidation mit O2. In Abbildung1.6a erkennt man deutlich, dass das Wachstum für
alle untersuchten Sauerstoffdrücke bei einer Bedeckung vonetwa 2/5 (ca. 1.4 × 105

cts/s) ein erstes Plateau erreicht. In einem weiteren Schritt wächst das Oxid verlangsamt
weiter, bis Vollbedeckung der Oberfläche erreicht ist. Wie die durchgezogenen Linie in
der Abbildung zeigen, kann das Wachstum durch ein zweifach exponentiell verzögertes
Wachstumsmodell beschrieben werden, welches ein epitaktisches Wachstum bei einer
2-dimensionalen Nukleation von Oxidinseln beschreibt. Von STM-Bildern der flachen
(1,0,0)-Oberfläche ist bekannt, dass die(2 × 1) Oxiddomänen streifenartig aufwachsen,
da es eine schnelle und eine langsame Wachstumsrichtung derDomänen gibt [16]. Ausge-
hend von diesen Ergebnissen kann dies für die gestufte Oberfläche folgendes Szenario be-
deuten: Im ersten, schnellen Wachstumsschritt entlang derschnellen Wachstumsrichtung
bilden beide Oxiddomänen auf jeder Terrasse ein Gitter von Inseln aus, welches nicht ox-
idbedeckte Lücken enthält. Die Domänen blockieren sich gegenseitig vom schnellen Weit-
erwachsen. Die Lücken werden im zweiten Wachstumsschritt durch das langsame Wach-
stum geschlossen. Ein Wachstum der Oxidinseln über die Stufen scheint nicht möglich,
was auch die im Vergleich zur flachen Oberfläche kleinen Oxiddomänen von etwa30×30
Å2 erklärt [15].

Die Oxidation mit Wasserdampf, welche in Abbildung1.6b gezeigt ist, verläuft
im Vergleich zur O2-Oxidation stark verzögert und mit kleineren Wachstumsraten ab.
Möglicherweise ist die H2O-Dissoziation und die Diffusion von O-Atomen an der Ober-
fläche gehemmt und H2O-Moleküle blockieren die Stufenplätze, welche wichtige Nuk-
leationskeime für Oxidwachstum sind.

Die Untersuchung der CoGa-Oberfläche im Vergleich mit den gestuften NiAl-
Oberflächen zeigt deutlich, wie wichtig die Existenz stabiler, geordneter Stufen ist, um
Oxidwachstum und Oxidstruktur mittels gezielt gewählter Stufen steuern zu können. Im
Vergleich zur flachen CoGa (1,0,0)-Oberfläche, bei welcher das Oxidwachstum mit einem
einfachen, exponentiell verzögertem Modell beschrieben werden kann, verändern Stufen
das zeitliche Wachstum. Dies sind grundlegende Informationen für zukünftige Anwen-
dungen der Oxidfilme als Nanotemplate oder als isolierende Schicht in elektronischen
Bauteilen.
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Abbildung 1.6: a)+b) Intergrierte Intensität eines Oxidreflexes (proportional zur Oxidbe-
deckung bei 2D Wachstum) in Abhängigkeit der Oxidationszeit (oberer Teil) und Oxid-
domänenbreite in Richtung des langsamen Wachstums (untererTeil). Die offenen und
gefüllten Datenpunkte wurden für eine(1× 2) bzw. eine(2× 1)-Domäne aufgenommen.
Die durchgezogenen Linien sind Ergebnisse eines Fit, für welchen eine zweifach expo-
nentiell abgebremstes Wachstum verwendet wurde. Die Experimente wurden mit O2 (a)
und H2O (b) bei 700 K und den angegebenen Drücken durchgeführt.
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Chapter 2

Introduction

One main goal of material science is to optimise material properties for any needed appli-
cation. A method to improve properties of metals like mechanical strength, ductility and
corrosion resistance is alloying. The first intentionally produced alloy was Bronze. Al-
ready 3300 BC small amounts of tin and often arsenic were addedto copper to render the
alloy harder than the pure metal. The Bronze age ended around 1000 BC when it became
technically possible to melt iron. Steel which consists of Fe with small amounts of C and
other metallic additives had become -and probably still is-the favourite structural mate-
rial. It has a high mechanical stability due to its complex defect structures. However, the
properties of steel hit their limits in applications like gas turbine engines, nuclear reactors,
chemical processing vessels, coal gasification plants and heat exchangers tubing. In theses
processes a high strength, an excellent creep resistance aswell as a good corrosion and
oxidation resistance are required up to very high temperatures. Thus, so-called (single-
crystal) superalloys are used which are based on ordered intermetallic phases of (binary)
alloys like Fe3Al or NiAl [ 1, 2]. The ordered phases show a very good creep resistance
up to their order-disorder phase transition which is found at very high temperatures. The
superalloy devices of the mentioned applications are also operated under highly reactive
conditions in oxidizing and sulfidizing atmospheres. To prevent the alloy from further
oxidation or sulfidation its surface needs to be covered by a thin homogeneous, closed,
temperature resistant oxide layer. The oxide layer protects the underlying alloy from cor-
rosion by blocking further charge transfer of ions and electrons necessary for further oxide
formation. Improving the quality of the protective oxide layers would contribute to the re-
duction of the enormous costs which are caused by metal corrosion every year.

On some binary alloy surfaces like NiAl(1,1,0) or CoGa (1,0,0) long-range ordered,
ultra-thin oxide films with only little amounts of defects are formed [3–6]. In scientific re-
search these systems are popular nanotemplates to study thecatalytic reactivity of nanopar-
ticles. Especially Al2O3 is often used as support material for metallic particles in technical
catalysis but also for organic molecules to study their electronic and vibrational properties.
This makes alumina films on NiAl an ideal model system [17,18]. Thin semi-conductive
oxide films can also be used in gas sensors. Gallium oxide, forexample, changes its con-
ductivity depending on the adsorbed gases which makes the thin oxide films on CoGa an
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interesting system for research. Furthermore thin oxide films could be used as insulating
layers in electrical devices. Thus, low defect concentrations of the oxide films on the al-
loy surfaces are needed to provide an ideal isolation of the layers. In a magnetic random
access memories (MRAM), for example, two magnetized layers have to be separated by a
very thin insulating layer.

For all mentioned applications it would be desirable to further improve the homogene-
ity of the protective oxide films and to tailor the propertiesof the ultra-thin oxide layers
on alloy surfaces. For this a fundamental understanding of the initial oxidation process
on an atomic scale is necessary. Thus, the initial oxidationof alloys has been investigated
for flat, low-index single crystal surface like FeAl(1,1,0), NiAl(1,1,0) and CoGa(1,0,0) in
numerous former studies [3–8]. The studies show the formation of complex, ultra thin
surface oxides. The surface oxides consist of one metallic layer surrounded by two oxy-
gen layers. The studies are a first step to understand the initial oxidation process of an
alloy and the structural properties of the oxides. However,defects like steps and kinks are
present on every surface of polycrystals, nanoparticles but also of single crystals. As the
step atoms are the least coordinated of all surface atoms they are preferential adsorption
sites and strongly influence surface reactions like the oxidation [19]. This work contin-
ues the research on the oxidation of NiAl, FeAl and CoGa by increasing the complexity
of the investigated single crystal surfaces. To further understand the influence of surface
steps on the oxidation process regularly stepped alloy surfaces are investigated. In case
of the Fe3Al system the low-index (1,1,0) surface is investigated. Here the complexity is
increased by the existence of a highly ordered phase of the system at the applied oxida-
tion conditions, as the interplay between ordering and oxide formation is the another main
aspect of the thesis. In the following the main questions of this thesis are summarized.

Motivation

The iron aluminide Fe3Al is a binary alloy which is used as a basis for Fe-Al superalloys
which have less weight but a higher mechanical stability then normal steel [1]. Despite
its importance for application most of the former studies focus the initial oxidation of
FeAl surfaces. In this thesis the oxidation of the Fe3Al (1,1,0) surface is investigated on
an atomic scale. Fe3Al exhibits the highly ordered D03 phase up to a temperature of 820
K. This phase is responsible for its high creep resistance. In addition, the Fe3Al surface
is highly oxidation-resistant as an initially formed oxidelayer prevents further oxidation.
This arises the following questions that are investigated within this work:

• How does the formation of an oxide layer influence the ordering within in surface
region of the alloy? How does the protective layer influence the mechanical stabil-
ity?

• What is the chemical composition of the oxide layer formed atdifferent oxidation
conditions? Which kind of oxide (Fe-oxide, Al-oxide,...) isformed on the surface?
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• Which conditions are needed to grow very homogeneous, smooth, closed, protective
layers?

As described above, the influence of surface steps on the oxidation of alloy surfaces is
another main aspect of this work. The NiAl (6,7,1) and (4,3,0) surfaces which are vici-
nal to the (1,1,0) surface have been chosen for the experiments. NiAl is also a basis for
superalloys which makes a detailed knowledge on the initialoxidation valuable [2]. Fur-
thermore comparisons to the low-index (1,1,0) surface can be made as this surface has
been investigated intensively in the past. We also studied astepped CoGa surface with
(1,0,0) terraces to detect the influence of steps in comparison with the flat (1,0,0) surface.
Following questions are tackled for the regularly stepped surfaces:

• Are the vicinal surfaces stable in UHV?

• How is the surface morphology changed during oxidation? How is the ordering
within the surface region affected by the oxidation?

• How do the surface steps influence the oxide structure, compared to the correspond-
ing low-index surfaces?

• Is it possible to tailor the growth of certain oxide structures or of certain oxide do-
mains via the surface steps and a distinctive step orientation?

In addition differences between water and oxygen oxidationare highlighted for the CoGa
system.

Within this thesisin situ surface x-ray diffraction (SXRD) is applied to determine the
surface structure and composition as well as the morphologyof the surface region before
and after oxidation on an atomic scale. In combination with low energy electron diffraction
(LEED) the formed oxide structures are identified. In addition, the ordering of the phases
is investigated with glancing angle x-ray diffraction. Foran auxiliary chemical analysis of
the surface composition high resolution core level spectroscopy is applied.

Outline of the Thesis

In chapter3 existing theories of oxide film growth on metals and alloys are presented. The
results of the most relevant studies, concerning the oxidation of FeAl, NiAl and CoGa
surfaces, are summarized. The theoretical background of the experimental techniques, ap-
plied in this thesis, is explained in chapter4. The experimental set-ups of the beamlines
and the oxidation chambers are described in chapter5. Chapter6 introduces the investi-
gated material systems and corresponding oxides. Chapter7 deals with the oxidation of
the Fe3Al (1,1,0) surface. Oxygen-induced changes of the orderingin the surface region
are highlighted. The oxidation of the vicinal NiAl (6,7,1) and (4,3,0) surfaces is described
in chapter7. Similarities in the relaxation and occupation pattern before and after oxida-
tion are pointed out, differences in the formed oxide structures are explained. In chapter
9 the time-dependency of the surface oxide growth on the stepped CoGa surface is com-
pared for water and oxygen oxidation. Differences with respect to the flat CoGa(1,0,0)
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surface are pointed out. Chapter10 gives a summary of all results. Conclusion, regarding
the question formulated above, are drawn and an outlook is given.



Chapter 3

Oxidation of Metal and Alloy Surfaces

Within this chapter the basic principles behind the oxidation of metals and alloys are dis-
cussed. In the first section a short introduction into the theory of oxidation is given. It starts
from the clean surface exposed to oxygen and then introducesdifferent growth models for
oxides scales. The second section presents the most relevant results of former studies on
the oxidation of binary alloys like FeAl, NiAl and CoGa. It demonstrates the complexity
of the initial oxidation process and of the formation of oxides on single crystal surfaces.
By introducing regular patterns of surface steps this complexity is increased further. Thus,
relevant studies on the oxidation of stepped metallic surfaces are presented in the third
section.

3.1 Theory of Oxidation

The oxide growth on a metal can be divided into two steps. First, oxygen has to adsorb on
the metal surface. Then an oxide formations starts, if an oxide covered surface is energet-
ically favoured over the metallic surface and no kinetic barriers exist. Once a first oxide
layer has formed it grows further in thickness. Within this second step a charge trans-
fer through the oxide scale is crucial to preserve charge neutrality and therefore further
growth.

3.1.1 Initial stages of oxidation

Depending on the partial pressure and on the temperature, oxygen molecules impinge on
the metal surface with a certain rate. To finally adsorb to thesurface the molecules have
to interact with the metal by physisorption or chemisorption [20]. Physisorptionis based
on the weak Van-der-Waals interactions1 between the oxygen molecules and the metal-
lic substrate. With a maximum of 0.5 eV per molecule in case ofO2 the binding energy
is very small why physisorption occurs at high gas pressuresand low temperatures only.
Chemisorptionis a chemical interaction where the orbitals of atoms or molecules in the

1Van-der-Waals interaction is a polarization induced multipol interaction.
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Figure 3.1: 3 different growth modes whereθ is the coverage. Black, red and blue lines
mark the metal, the interface and the oxide surface areas, relevant for the corresponding
surface energiesσm, σi andσo, respectively.

gas and the metal overlap and form a new orbital. Bonding energies of more than 1 eV
are achieved. The bonding can either be molecular or atomic.A simplified model to
determine if a molecule is chemi- or physisorbed is based on the relative position of the
anti-binding energy levels of the gas molecule with respectto the energetic position of the
metal’s Fermi level. If the anti-bonding orbital of the molecule lies above the Fermi level
no electrons will be transferred. The molecule is physisorbed. For the opposite case the
anti-bonding orbitals are filled with electrons from the metal. An incomplete filling leads
to molecular, a complete filling to a dissociative chemisorption.

Depending on the temperature, the partial pressure and the surface energy of the metal
an oxide can form when the adsorbates mix with the substrate atoms. Oxide nucleation
mainly starts at surface defects like vacancies, kinks and step edges. Afterwards there are
three possibilities for further growth like depicted in fig.3.1 [6]. Layer-by-layer growth
occurs if the sum of the surface energies from the oxide film and the interfaceσo + σi is
smaller than the surface energy of the substrateσm or if high kinetic barriers at step edges
(Ehrlich-Schwoebel barriers) are present. Ifσo + σi is larger thanσm it comes to pure
island growth. As the surface energy of the oxide film increases with increasing thick-
ness, the growth mode can change during oxide formation leading to a layer-and-island
growth [21].

Important factors during the initial oxide formation whichare not included in the
growth models are kinetic barriers which prohibit that the system reaches thermal equi-
librium. As an example the temperature can be too low for a sufficient mobility of the
atoms to form an oxide or to segregate to the surface.
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Figure 3.2: For oxide growth either metal cations (Jcat) or oxygen anions (Jan) or both have
to penetrate to the opposite interface of the oxide scale. For charge neutrality electron holes
(Jh) or electrons (Je) have to travel in the opposite direction.

3.1.2 Oxide film growth

Once a closed oxide layer has formed on the metal surface two factors are crucial for a
further layer growth. On the one hand oxygen has to be chemisorbed on the oxide surface.
On the other hand either metal or oxygen ions have to diffuse through the oxide layer to
get to the metal-oxide or oxide-metal interface for furtheroxide formation. Driving force
behind this charge transfer is an oxide thickness dependentsurface charge field. During
the charge transfer charge neutrality is a necessary condition, like shown in fig. 3.2. It
results in the following equation [22–25]:

qiJi + qeJe = 0 (3.1)

While the ionic current Ji is caused by an electro-chemical potential gradient between the
interfaces, the electron current originates from electrontunnelling or thermal emission.
Both currents depend on the temperature, the oxygen pressure, the oxide thickness and
the dielectrical properties of the oxide layer. Thereby, the time dependence of the oxide
thickness growth is always determined by the slowest of the charge currents Jc. The growth
rate is consequently expressed by

d L(t)
d t

= RcJc (3.2)

Rc is the oxide volume formed per particle transported throughthe oxide scale, L the
thickness of the oxide scale. Depending on the conditions the oxide growth can be either
limited by the electron-tunnelling-, the thermal-electron-emission- or the ion-diffusion-
current.
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Figure 3.3: Schematic representation of different oxidation modes of the alloy AB with
variable compositions where A is the less noble metal: a) A-oxide formed in the matrix
of element B. b) Single A-oxide layer formed on the alloy matrix. c) Metal B is dispersed
in A-oxide layer. d) B-oxide is dispersed in A-oxide. e) Single solid solution of A- and
B-oxide or double oxide (A,B)-oxide are formed on top of the alloy. f) Double-oxide like
AB2O4 is present in a A-oxide layer g) An oxide layer containing A-oxide, B-oxide and
(A,B)-oxide is formed. h) Same as g) but A-oxide, B-oxide and (A,B)-oxide grow layer
by layer [26].

3.1.3 Oxidation of Alloys

So far, the models describe the oxide formation for single metals but their validity is re-
stricted to certain conditions. As an example, they neglectthe properties of the oxide
scale: Is it a smooth homogeneous film or does it exhibit pores, cracks and various domain
walls to enhance ion diffusion? Furthermore they do not takeinto account the increased
complexity of alloy oxidation. To describe distinctive features of alloy oxidation a sim-
ple binary alloy AB is investigated where A is the less noble metal. Here the formation
and composition of the oxide scale depends on factors like the alloy composition or the
difference in oxygen affinity of the two constituents. Preferential segregation to the alloy
surface will also influence the oxidation behaviour. In addition, oxidation itself can induce
compositional changes in the alloy, leading to a depletion of the reactive component and
thus to a change of the growth behaviour. Thereby the oxidizing temperature as well as
the oxidation rate are important magnitudes as we will also see later in this thesis (chapter
7). A summary of possible scenarios of the binary alloy oxidation is given in fig.3.3.

3.2 Relevant Studies on the Initial Alloy Oxidation

In the last decades numerous theoretical and experimental studies on the oxidation of
binary alloy surfaces have been performed. The studies showthat the initial oxidation
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process, which is not included in the growth model describedabove, can be very complex.
Thus the most relevant results, which focus on FeAl-, the NiAl- and CoGa-surfaces, are
presented in the following sections.

3.2.1 Studies on Fe-Al-surfaces

Phenomena like segregation of one alloy constituent can influence the oxide formation
on alloy surfaces. As shown by Monte Carlo simulations the segregation on clean binary
alloy surfaces is often favourable. If one constituent segregates to the surface the surface
energy is lower compared to a bulk-terminated alloy surface[27]. Many experimental
studies, using LEED, AES, STM and XRD, on clean, low index Fe1−xAlx surfaces show
that Al segregates to the surface layers. The higher the Al concentrationx, the more Al is
found at the surface. Higher temperatures further promote Al segregation [28–32]. LEED
studies on the clean FeAl (1,1,0) surface show that the appearance of surface reconstruc-
tions depends on the Al content in the surface [30,31]. For the most thesis-relevant Fe3Al
(1,1,0) surface Al segregation to the surface is shown in a low-energy ion scattering study
(LEIS). At room temperature a slightly enhanced Al concentration of 41 at.% is reported
while for temperatures close to the D03-B2 phase transition (TC) at 700 K a Al concen-
tration of 94 at.% within the first layer is found [33]. A glancing angle x-ray scattering
study (GIXRD) on the same surface finds that close to TC the top three layers are strongly
affected by surface segregation phenomena and display a complicated structure [34]. The
critical fluctuations of the order parameter are fundamentally altered and a higher phase-
transition temperature is found in the surface region as compared to the bulk values [35].

Studies on the oxidation of Fe1−xAlx surfaces of polycrystalline and single crystal sam-
ples show that the chemical composition of the oxide strongly depends on the oxidation
rate and the amount of the constituents at the surface. A transmission electron microscopy
study on Fe0.85Al 0.15 and Fe0.6Al 0.4 polycrystals, oxidized at temperatures around 1000 K
in synthetic air, shows a thin Fe2O3-containing outer layer followed by a inner, nearly pure
Al 2O3-layer. The Fe2O3-content decreases with time, temperature and Al concentration of
the bulk alloy [36]. A XPS study of the oxidation of Fe3Al polycrystals shows that with
200 mbar of O2 at 300 K a mixed Fe and Al oxide layer is formed. Oxidation at 770 K
produces oxides scales with an outer layer rich in Fe oxides and an inner layer rich in Al
oxides [37]. This oxidation-rate dependent oxide formation is also observed for the FeAl
(1,1,0), (1,0,0) and (1,1,1) surfaces by LEED, XPS and STM. For a large amount of Al
within the surface region and low O2 pressures pure alumina films are formed [7,38].

The experiments summarized above clearly show that either mixed Fe-Al-oxides or
pure Al oxide can grow on iron-aluminide surfaces during oxidation. However, a detailed
understanding on the atomic scale which is essential for thegrowth of more homogeneous,
smooth coating layers is only found for the Fe0.5Al 0.5 composition. No in situ oxidation
study exists on the technologically more relevant Fe3Al where the oxidation behaviour
might change due to the higher iron content. Therefore, the chemical composition of the
oxide on Fe3Al as well as the structural changes within the alloy are investigated in this
thesis.
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Figure 3.4: a)+ b) Top and side view of the DFT-based model forthe ultrathin, aluminium
oxide film on NiAl(1,1,0). c) Close up of the complex structure. d) Atomistic models
for the twin domain boundaries (left) and the antiphase domain boundaries (right). The
oxide unit cells are indicated by white rectangles. The twindomains are labelled red(I)
and green(II) (from [4,5]).

3.2.2 Studies on the Ni-Al-system

The regularly stepped NiAl surfaces, investigated in this thesis, consist of (1,1,0) oriented
terraces. For comparison, former results of the clean and oxidized NiAl (1,1,0) single
crystal surface are briefly presented in the following.

According to LEED and SXRD studies no segregation occurs on the clean (1,1,0) sur-
face. Within the first two layers relaxations of the Ni and Al atoms are found while the
larger Al atoms relax outwards towards the vacuum and the smaller Ni atoms inwards.
The buckling between Ni and Al is 0.2 Å for the surface layer and 0.02 Å for the first
subsurface layer [4, 39]. During the thermally controlled oxidation of NiAl, structural
properties of the formed aluminium oxide film as well as its thickness and morphology
strongly depend on the oxidation conditions and the surfaceorientation. Oxidation of
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NiAl(1,1,0) at high temperatures of1140 K and high O2 pressures of1 bar leads to the
formation of well-ordered, epitaxialγ-Al 2O3. A stepwise increase of temperature after
the oxidation transforms theγ- into δ- and finally toα- alumina [40,41]. The oxidation of
the (1,1,0) surface at lower oxygen pressures produces an epitaxially grown, long-range
ordered, ultra-thin alumina film with a complex structure and a small roughness. An amor-
phous alumina layer is formed after oxidation at540 K and10−6 mbar O2. An annealing
step to 1070 K orders the5.4 Å thin surface oxide. LEED, STM, SXRD and DFT studies
resolved the complex structure which is depicted in fig.3.4 [3–5,42]. The oxide layer is
composed of a double layer of strongly distorted hexagonal oxygen ions that hosts alu-
minium on both octahedral and tetrahedral sites with equal probability. Al, sitting at the
oxide-alloy, prefers Ni neighbours which leads to pentagon-heptagon pairs of Al. The ox-
ide unit cell grows commensurate along the NiAl[110]bulk-direction but incommensurate
along[001]bulk. As shown in fig.3.4c, twin domains of the oxide are observed. The long,
inplane unit cell axis of the surface oxide is rotated by either plus or minus 24◦ with re-
spect to the NiAl[110]bulk-direction. The oxide’s inplane axis a = 18.01 Å and b = 10.59 Å
are not perpendicular towards each other but have an angle of91.15◦. In the SXRD study
Al depletion within the interfacial region is detected after the oxidation which is induced
by preferential Al oxidation. Ni and Al vacancies and Ni anti-sites are found with in the
first 5 layers [4]. An investigation of the thermodynamic stability shows that the surface
oxide is not in thermodynamic equilibrium [43]. However, the ultrathin oxide is stable up
to 1 × 10−2 mbar at an oxidation temperature of 620 K and then partially transforms to
γ-Al 2O3 [40].

The initial oxidation of a flat NiAl (1,1,0) surface is understood very well. In this thesis
the oxidation of stepped surfaces, vicinal to the[1, 1, 0] direction, is investigated as steps
and kinks play important roles in every initial oxidation process. The results will bring us
one step further to understand and tailor the initial oxidation process of polycrystals and
nanoparticles.

3.2.3 Studies on the Co-Ga-system

Most studies on the Co-Ga system in the regime of low oxidationpressures focus on the
CoGa (1,0,0) surface2. The clean surface surface shows ac(4×2) reconstruction, probably
terminated by Co atoms [44]. STM, SXRD, DFT, HRCLS, HREELS, AES and LEED
studies show the formation of a surface oxide at low partial pressures (10−8 − 10−6 mbar
O2) and temperatures above 550 K, like depicted in the STM-image of fig. 3.5a [6,15,45].
The oxide possesses a (2 × 1) reconstruction on the CoGa substrate and grows in two-
dimensional, anisotropic, stripe-like islands. Two90◦-rotated domains exist which grow
fast in the direction of their longer inplane axis. Island nucleations starts at the steps edges
of the surface which are oriented preferentially along the [0,0,1] and [0,1,0] direction.
The oxide structure, shown in fig.3.5b, is build up of an oxygen ion double layer which
contains the basic building block of bulkβ-Ga2O3. According to the SXRD measurements

2The surface normal of the sample investigated in this work isalso vicinal to the [1,0,0] direction.
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Figure 3.5: a) STM image after oxidation of CoGa(100) with 1 L O2 at 700 K (320× 320
Å2). Stripe-like, rotated oxide domains are observed (from [6]). b) View of the oxide
structure along the (0, 0, 1) axis [15]. c) Oxidation time and island width along the slow
growing direction as a function of oxide coverage(from [15]).

in fig. 3.5c, the oxide growth can be described as exponentially sloweddown which is
characteristic for a hetero-epitaxial growth [15,40]. The formation of thermodynamically
stableβ−Ga2O3, which was blocked by kinetic boundaries during the formation of the
surface oxide, is observed for higher pressures and higher temperatures [40].

3.3 Relevant Studies on Vicinal Surfaces

Steps and kinks play an essential role in the adsorption process of molecules on a surface
due to their low coordination number. Adsorption is necessary for every reaction on a
surface for example the oxidation process. However little detailed experimental and theo-
retical studies on vicinal alloy surfaces are found in literature. The most relevant studies
are briefly summarized in the following.

Clean, Vicinal Surfaces

Elasticity theory shows that clean vicinal surfaces are stable against faceting due to a step-
step repulsion arising from the interaction of strain fields, present around every step. Cap-
illary forces, acting at the upper and lower side of a step andpointing away from the step,
create an elastic force dipole at the step. The atom at the step position is pulled towards
the bulk, while the corner atom below the step relaxes outwards. This results in a charge
smoothing around the steps. The elastic dipoles, created inthis way, are compensated by
internal strain which is crucial for the stability of vicinal surfaces on which temperature
has only a little effect [14,46].

These general results for relaxations at surface steps can be transferred to the results
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of an embedded atom method study on the L12 alloy Cu3Au with a (5,1,1) surface, exem-
plarily discussed here. The surface is composed of 8 Å wide, (1,0,0) terraces separated
by monoatomic steps. The calculations demonstrate that theterraces occupied by Au- and
Cu atoms show a buckling of about the same size then the low-index (1,0,0) surface of the
system. Around the steps a complex relaxation pattern is observed where the step atoms
and the atoms at the corner show the most prominent relaxations. As expected, the step
atoms are relaxed inwards, the corner outwards [47]. In a combined SXRD and molec-
ular dynamics calculation study on a clean Pt (9,7,7) surface the found strain field also
reveals huge vertical and lateral relaxations of the atoms around the step, similar to the
one described by the mentioned theoretical studies [48].

The Oxidation of Vicinal Surfaces

Two former studies on stepped surface, combining STM, SXRD, HRCLS and LEED, show
oxygen induced faceting and step bunching which is often observed on metallic vicinal sur-
faces. A well-ordered Rh (5,5,3) surface, consisting of 5 atoms wide (1,1,1) terraces, facets
upon oxidation at10−6 mbar O2 and 750 K while (3,3,1) facets with one-dimensional ox-
ide chains along the steps and (1,1,1) facets are formed [49]. Further increase of pressure
and temperature solely results in (1,1,1) facets, covered by the known O-Rh-O surface ox-
ide. The similar Pd (5,5,3) surface facets upon oxidation with oxygen pressures between
10−6 and 1 mbar and sample temperatures between 570 and 670 K. (3,2,2) and (1,1,1)
facets coexist mainly covered by PdO-like surface oxide. Higher oxygen pressures pro-
mote the exclusive formation of (1,1,1) facets and of bulk oxide [50].

Very little studies on the oxidation of vicinal alloy surfaces exist. In a LEED investi-
gation of a Pt3Ti (5,1,0) surface, which consists of regularly arranged (1,0,0) terraces, the
formation of (1,0,0) and (2,1,0) facets is observed upon oxidation at10−7 mbar O2 and
800 K [51]. The faceting goes along with the formation of titanium oxide islands on the
surface. A recent STM-study on a regularly stepped NiAl (16,14,1) surface also shows
morphology changes upon oxidation [52]. The clean (16,14,1) surface is stable in UHV. It
is characterized by 2.5 nm wide (1,1,0) terraces while the step edges appear ragged-shaped
with short sections running along the [001]bulk and [111]bulk directions. As shown in fig.
3.6 a small O2 dose and a following annealing process lift the original terraces of identi-
cal width. Larger, triangular-shaped (1,1,0) facets are formed. The formed oxide islands
exclusively nucleate at the topside of step edges and cover small sections of the (1,1,0)
terraces. Preferential single domain formation of the complex surface oxide, described in
section3.2.2, is observed. This is assigned to strain release along the steps in the direction
of the short axis of the oxide’s unit cell.
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Figure 3.6: STM study on the oxidation of the NiAl (16,14,1) surface where the images
are recorded after 60 L oxygen at 550 K and annealing to 1000 K.A) 200 × 200 nm2

overview with parts of the clean stepped surface, larger metallic NiAl(1,1,0) terraces and
oxide covered (110) terraces. B)45×45 nm2 close up of the original well-ordered steps
covered with small oxide nuclei (brighter spots) C) Close up ofthe NiAl(1,1,0) terrace
with oxide formation on the rim and small oxide covered parts. Arrows mark protruding
stripes with [001]bulk orientation that often boarder (1,1,0) terraces (from [52]).



Chapter 4

Theoretical Background of
Experimental Methods

It was in 1895 when Wilhelm Conrad Röntgen (1845 - 1923) discovered a new kind of
radiation, the “X-rays”. His discovery of electromagneticwaves with wavelengths around
10−10 m had a huge impact on the scientific community. In the following decades various
new techniques and applications came up, using either the scattering of the x-rays by elec-
trons or the absorption process of the photons in a material.Nowadays these techniques
are well established, giving detailed information on material properties. Glancing angle
x-ray scattering (section4.1.2), surface x-ray diffraction (SXRD, Section4.1.1) and X-ray
photoelectron spectroscopy (XPS, section4.2) are just three of many examples and also
the underlying experimental methods of this work.

4.1 X-Ray Scattering

4.1.1 Diffraction

Until today X-ray diffraction (XRD) is one of the most powerful tools for non-destructive,
structure determination, e. g. for complex molecules or viruses [53,54]. The underlying
theory of the interference of x-rays in a crystal lattice waspredicted by Max von Laue
and proven experimentally by his colleagues P. Knipping andW. Friedrich in 1912 [55].
Laue applied the concepts of optical interference from gratings to x-rays scattered from
crystals, as the lattice parameters and the x-ray wavelength are of the same size. In the
following a brief introduction to x-ray diffraction is given. For a detailed introduction the
references [9,56,57] are recommended.

The fundamental process of XRD is the elastic scattering of x-rays by an electron
which ability to scatter is expressed in terms of the Thomsonscattering lengthr0. Thus,
to derive the total scattering length of an atom one has to sumover all atomic electrons
or, in other words, integrate over the atoms’ electron distribution. In both cases one has
to account for the correct phases the electrons have relative towards each other. This cor-
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responds to a Fourier transformation of the atomic electrondensity distribution from the
real to the space of momentum transfer (reciprocal space). As atomic electrons occupy
certain shells and are differently bound, one has to correctthe atomic scattering length for
dispersion (dispersion correctionsf

′

(~ω) andif
′′

(~ω)), depending on the energy~ω of
the x-rays1.

A phase sensitive superposition of all atoms within a crystals unit cell results in the
structure factor Fu.c.hkl , proportional to the scattered amplitude of one unit cell. Asuperpo-
sition of all unit cells in the crystal (the so called latticesum) leads to the scattering factor
of the whole crystal, again proportional to the scattered amplitude:

F crystal (q) =

Unit cell structure factor Fu.c.
hkl

︷ ︸︸ ︷
∑

rj

fj (q, ω) e
iq·rj

Lattice sum
︷ ︸︸ ︷
∑

Rn

eiq·Rn (4.1)

q = kf−ki is the wave vector transfer from the incoming (ki) and the scattered (kf ) wave,
rj is position of atomj within one unit cell andRn is the lattice vector that describes the
position of unit cell n in the crystal.q · rj is the phase difference between an atom j and
the origin of the unit cell, projected onto the the wave vector transfer, whileq ·Rn is the
equivalent phase difference for unit cell n. As mentioned before, fj (q, ω) is the atomic
form factor corrected for dispersion due to resonant behaviour at atomic absorption edges
and dissipation in the crystal. Again the two terms in equation 4.1 can be interpreted
as Fourier transformation from real to wave vector transferspace. The first sum is the
transformation of electron density distribution within one unit cell, the second one of the
periodic distribution over the whole crystal lattice.

In crystals, the number n of unit cells is very large (1012 or more). Therefore the
sum of all phase factors in the lattice sum is 0, except if all scattered x-rays interfere
constructively, that means all phases fulfil the conditionq ·Rn = 2π × integer. In terms
of the crystal lattice this condition can be expressed via the Laue condition

q = G. (4.2)

G = ha∗
1
+ ka∗

2
+ la∗

3
is the reciprocal lattice vector of the crystal, defined by the unit

cell basis vectorsai via the relationshipai · a∗
j
= 2πδi,j. h, k andl are the Miller indices.

The Laue conditions give the possible positions for sharp intensity peaks of the scattered
x-rays, the so-called Bragg-Peaks.

So far, the scattered amplitude of the x-rays A(q) was derived which is proportional to
r0 × F crystal. However the main goal of diffraction theory is to describe the measurable
scattered intensity I(q). Thereby I(q) is equal to|A(q)|2. Using the geometrical series2 in

1ω is the angular frequency of the x-rays.
2SN =

∑N−1
n=0 (eiqa)n = 1−(eiqa)N

1−eiqa



X-Ray Scattering 33

equation4.1one finally gets

I (q) ∝ |F u.c.(q)|2
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∣
∣
∣
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(4.3)

whereSNi
are N-slit-interference functions which result in the Laue-equations for a infinite

number of unit cells. As seen in equation4.3the absolute square of the amplitude leads to
a loss of the absolute phase information. It is not possible to determine the structural in-
formation directly from the measured intensity and a trial and error procedure is requisite
for structure determinations.

In summary, scattering from a crystal is confined in distinctreciprocal lattice points,
resulting from the lattice sum and containing information of the crystal lattice. The in-
tensity in each point is modulated by the absolute square of the unit cell structure factor,
containing information of the unit cell structure. Consequently, the intensity in a distinct
reciprocal lattice point is only unequal from zero if the unit cell structure factor does not
vanish at this point. This leads to distinctive exception rules for different types of crystal
structures which are especially interesting for chemically ordered systems, like shown for
binary alloys in chapter6.

In the whole theory described above the Compton and Photo effect are neglected. Fur-
thermore it is based on thekinematical approximation: due to the fact that the interaction
between the x-rays and the crystal is weak (small cross-section) and most crystals are im-
perfect3, the effect of multi-scattering from the beam before leaving the crystal can be
neglected. For x-ray diffraction from perfect crystals where the photons are re-scattered
the references [9, 56, 57] are recommended. The technique of XRD is not restricted for
structural investigations of the bulk. Crystal truncation rod (CTR) measurements and x-
ray diffraction under gracing incidence are two methods howstructural information of
surfaces can be exploited. These techniques are described in the following sections.

Crystal Truncation Rods

For an infinite three-dimensional crystal scattering events are restricted by the Laue con-
ditions (see equation4.2) to certain wave vector transfers, resulting in a delta-function
distribution of the scattered intensity (Bragg peaks). Truncating an infinite crystal along
a crystalline direction produces a sharp surface. This relaxes the Laue conditions in the
direction of the surface normal while they are still fulfilled parallel to the surface plane.
Additional to the Bragg peaks scattered intensity can be measured along wave vector trans-
fer perpendicular to the surface. The intensity distribution is called crystal truncation rod
(CTR) [11] and is shown in fig.4.1. To describe the truncated crystal mathematically,
one has to consider that the lattice sumSN3

along the surface normal4 (see equation4.3) is
3Most crystals are formed from microscopic mosaic blocks which are so small that the magnitude of the

wave field does not change over the depths of one block.
4By definition the a3-direction was set to be parallel to the surface normal.
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Figure 4.1: Comparison of an infinite (left) and a truncated (right) binary alloy crystal.
For the infinite crystal all scattered intensity between theBragg peaks vanishes. For the
truncated crystal it is distributed along rods perpendicular to the surface. The blue and
yellow circles (upper part) are the two constituents of alloy. The different colours in the
reciprocal space map (lower part) symbolize scattering from different sub lattices in the
crystal (see section4.1.1).

only semi-infinite while the sumsSN1
andSN2

within the surface remain infinite and give
delta-functions . The structure factor results in:

FCTR (q) =

Unit cell structure factor
︷ ︸︸ ︷
u.c.∑

rj

fj (q, ω) e
iq·rj

Lattice sum of Truncated crystal
︷ ︸︸ ︷

δ(qx − ha∗1)× δ(qy − ka∗2)×
∞∑

j=0

eiqza3j (4.4)

When the in-plane Laue conditionsq‖ = G‖ are fulfilled equation4.4can be rewritten to

FCTR (q) =
u.c.∑

rj

fj (q, ω) e
iq·rj × 1

1− eiqza3
(4.5)

whereqz = 2πl/a3. a3 is the lattice constant normal to the surface, a1 and a2 lie in the
surface plane. The absolute structure factor|FCTR| of an ideal bulk terminated crystal is
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Figure 4.2: a) Schematic view of roughness on a microscopic scale. The height of the
sample deviates from the average surface at z = 0 by deviations ∆Z depending on the
lateral position r‖. Here a Gaussian distribution of the height deviation is shown. b)
Schematic view of a wavy surface with a “dead”, amorphous layer of thickness p·a⊥ on
top which is not contributing to the diffraction signal. Waviness leads to small deviations
∆Φ of the Bragg planes with respect to the surface normal.

proportional to1/qz as shown by the black line in fig.4.3. The semi-kinematic sum for
Bragg scattering, which is proportional to measurable intensity, is the absolute square of
this structure factor.

The intensity distribution of a CTR is very sensitive to the structural composition of
the surface region and therefore to surface phenomena like relaxation, segregation or or-
dering. Surface phenomena are described by a surface unit cell where for example the
inplane (reconstruction) or the out-of-plane (relaxation) periodicity or the site occupan-
cies (segregation) are different from the bulk. The structure factor of this surface unit cell
is then coherently added to the bulk contribution:

F total = FCTR + F Surface Unit Cell (4.6)

The example of theFe3Al(110) surface, given later in section4.1.1, demonstrates this
surface sensitivity of the CTRs.

Crystal Truncation Rods from ”Real“ Surfaces

To get from an ideal crystal surface towards a more realisticsystem, effects like photon
absorption or surface phenomena like microscopic roughness, amorphous oxide layers and
macroscopic waviness have to be included to the kinematic sum of Bragg scattering.

Firstly, when the incoming and scattered x-rays travel through the material they get ab-
sorbed. The absorption depends on the linear photoabsorption coefficientµ and the angle
of the beam direction with respect to the surface. An absorption parameterβ =a3µ/sinθ
5 can be introduced leading to an exponential decay of the diffracted amplitude perpen-
dicular to the surface. Therefore the structure factor for the ideal surfaces in equation4.5

5θ is the Bragg angle.
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changes to:

FCTR (q) =
∑

rj

fj (q, ω) e
iq·rj × 1

1− eiqza3e−β
(4.7)

The corresponding semi-infinite kinematic sum for Bragg scattering for fulfilled in-plane
Laue conditions is the evaluated to

SB (q) =
∣
∣FCTR (q)

∣
∣
2
= |F u.c.

hkl (q)|2 ×
1

|1− eiqza3e−β|2
(4.8)

Secondly, microscopic roughness of the surface as depictedin fig. 4.2a decreases the
signal along the CTR. To account for roughness the lateral average of the lattice sum in
equation4.8 has to be taken. By assuming a Gaussian distribution for the height devia-
tion ∆Z(r‖) this can be solved analytically, leading to a reduction of the Bragg scattered
intensity:

Sσ
B(qz) = e−2MσSB(qz) (4.9)

with

2Mσ =

(

κ
′2
z − 1

Λ2

)

σ2 (4.10)

whereσ is the roughness parameter andκ
′

z = Re{qz}. The "missing" Bragg scattered in-
tensity is scattered diffusely along the wave vector transfer parallel to the surface. Another
mathematical concept to treat roughness is the so calledβ-model. The occupancy at the
first not fully occupied layer is defined by the parameterβ and decreases to vacuum layer
by layer with the power lawβj [11].

Phenomena, like amorphous oxide layers or surface melting are described by "dead
layers" of the thicknessp · a3 (fig. 4.2b), which lead to a reduction of the lattice sum from
∞ to p instead of0, as the "dead layers" do not contribute to the Bragg scattering. The
kinematic sum is re-written to:

Sp
B(qz) ∝

∞∑ ∞∑

m,n=p

e−iqza3ne−iq∗za3m = e−2MpSB(qz) (4.11)

with
2Mp = 2pa3/Λ (4.12)

Additional to a microscopic roughness, a surface or an interface can be wavy as shown
in fig. 4.2b. When the height deviations of the interface are within the length scales of
the longitudinal and transversal coherent length, x-rays scattered from different height
interfere coherently. These deviations are considered as roughness. Deviation on larger
length scale are called waviness and are expressed by littlevariations of the surface normal
making an averaging of the scattered intensity over the incident and exit angles necessary.
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Example 1: CTRs of Fe3Al(1,1,0)

This example demonstrates the high surface sensitivity of CTR measurements on the sur-
face structure. The orthogonal surface unit cell of Fe3Al (1,1,0) is shown in fig. 6.1b.
asur = 5.79 Å andbsur = 4.09 Å are the lattice constants within the surface plane running
along the[1, 1, 0] and [0, 0, 1] direction. csur = 4.09 Å is parallel to the surface normal
[1, 1, 0]. The coordinates of the lattice sites are as follows:α-sites: (0,0,0), (0.5,0,0),
(0,0.5,0.5) and (0.5,0.5,0.5);β-sites6 (0.75,0.5,0) and (0.25,0,0.5);γ-sites: (0.25,0.5,0)
and (0.75,0,0.5). The unit cell structure factor, defined inequation4.1, is therefore calcu-
lated to:

Fh+2k=4n = (2fα + fβ + fγ)(e
iπk + eiπl) fundamental

Fh+2k=4n+2 = (2fα − fβ − fγ)(e
iπk + eiπl) B2-type

Fh=2n+1 = (fβ − fγ)e
iπ
2
h(eiπk − eiπl) D03-type, (4.13)

whereh, k, l are the Miller indices of the surface unit cell. The scattering contribution of
each site is given by:

fj = θFe
j fFe + θAl

j fAl , for j = α, β, γ (4.14)

wherefFe andfAl are the atomic scattering factors of Fe and Al atoms, respectively. The
occupancy of sitej is given byθpj , with p = Fe or Al. The three different types of
structure factors in equation4.13can be assigned to scattering from three different lattices
which are explained in detail in section6.1. The first term depends on the sum of all
lattice site structure factors and therefore on the averageelectron density of the crystal.
It is assigned to the fundamental bcc lattice (A2-type). Thesecond term results from a
B2-type superlattice which builds up when siteβ andγ are differently occupied thanα.
If additionally theγ-site is occupied with another probability than theβ site, theD03-
type superlattice is formed. For the (1,1,0) surface the fundamental lattice and the ordered
sub-lattices are easy to distinguish in CTR measurements, asevery CTR originates from
scattering of one certain type of lattice only like shown in fig.6.1b.

The samples, used in the present work, are slightly rich in aluminium compared to
perfectlyD03- orderedFe3Al. This assures that upon heating one stays away from the
phase separation region, explained later in section6.1. It also induces a slight disorder
compared to the ideal case. From the bulk it is known that higher amount of aluminium
leads to Al-anti sites on theγ-positions as it cost almost no energy for the Aluminium
to move there . From an energetical point of view, Al-anti sites onα-positions are very
unlikely [58,59]. This leads to the following assumptions describing the off-stoichiometry:
fα = fFe, fβ = fAl ,andfγ = (1−ǫ)fFe+ǫfAl, with theǫ < 1 an arbitrary number. Using
these scattering contributions to compare structure factors of samples rich in Al (F ǫ

hkl) and

6Do note confuse with the occupancy parameter of theβ-model describing roughness!
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Figure 4.3: Fundamental(a)-, B2(b)- andD03(c)-type CTRs of theFe.72Al.28(110) surface
simulated for a bulk-terminated crystal (black curve), forrelaxation (blue and red curve)
and for Al segregation toγ-sites (green curve). In part c the black and green curve overlap.

of ideal D03 case (F 0
hkl), one obtains:

F ǫ
h+2k=4n = ǫ(fFe − fAl)(e

iπk + eiπl) + F 0
h+2k=4n fundamental

F ǫ
h+2k=4n+2 = (1 + ǫ)F 0

h+2k=4n+2 B2-type

F ǫ
h=2n+1 = (1− ǫ)F 0

h=2n+1 D03-type (4.15)

One can now introduce order parametersmD03 = (1 − ǫ) andmB2 = 1
2
(1 + ǫ),

such that the different kinds of Bragg peaks scale quadratically with them 7. The different
kinds of CTRs behave differently upon the Al-enrichment. Whereas the D03-type CTR
decreases, the B2-type CTR increases due to the fact that one iscloser to the ideal B2
composition FeAl and away from the ideal D03 one. The CTR probing the A2-type order
is merely changed by the difference in total composition andwill therefore never vanish,
irrespective of the composition.

Fig. 4.3 demonstrates the influence of two typical phenomena at alloysurfaces on
the intensity distribution along the three types of CTRs . First buckling of the different
type of atoms is simulated. The red line shows the behaviour when Al in the first layer is
moved inward by 2 % of the lattice distanced110 while Fe is moved outward by the same
amount. The blue line shows the reverted situation. A clear shift of the structure factor
minimum is observed on the superstructure CTRs, while the shift points in the opposite
direction for inverted relaxations. The effect of surface segregation is demonstrated by
the green line. The first layer has an ideal B2-like ordering with 50 % of Aluminum in
the surface layer. This decreases the electron density of the surface layer and increases
the B2-type ordering in the surface region. Consequently, theintensity of the fundamental
CTRs decreases, while it increases on the B2-type CTRs. As the firstlayer has no D03-
type ordering anymore, it does not contribute to the scattering along the corresponding
CTR and no signal change is observed.

7The order parametersm = m(ǫ, T ) are a function of the composition (described byǫ) and temperature
(T). Here the temperature-independent part is described.
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Figure 4.4: K-L map of the reciprocal space of a low-index (1,1,0) surface (a) and a vicinal
(4,3,0) surface (b) of crystal with CsCl structure: CTRs (black lines) run through the Bragg
Peaks, perpendicular to the surface (green line). The magenta arrows mark the direction
within the surface plane, running across the steps in case ofthe vicinal surface. The grey
atoms show the corresponding real space models.

Example 2: CTRs of a Vicinal Surface

In the theory of CTRs no restriction is made on the crystalline direction along which the
crystal is truncated but it has to be a crystalline directiondefined by the Miller indices
(h,k,l). The CTRs are always perpendicular to the surface, no matter how the surface is
oriented. Therefore the theory can be applied to any surfacewith Miller indices (h,k,l)
[60]. However, the CTR pattern of a vicinal surface is more complex compared to a low
index surface as shown in fig.4.4. The smaller in-plane distance between 2 CTRs in
the direction across the steps resembles the width of the terraces of the vicinal surface.
The larger distance of two Bragg peaks on a CTR resembles the smaller planar distance
perpendicular to the surface. From an experimental point ofview, the intensity along the
CTRs of a vicinal surface is lower and more difficult to measure,compared to a low index
surface. This is due to a much lower electron density in the planes perpendicular to the
surface normal. The minimum intensity along a CTR of a bulk-terminated NiAl (4,3,0)
surface is by a factor of 100 smaller than the minimum intensity of a bulk-terminated
(1,1,0) surface. Therefore, very smooth surfaces and high brilliances of the x-ray beam
are needed in the experiments.
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Surface Rods

On many crystal surfaces two dimensional structures like oxide films or reconstructions
form which are extended within the surface plane but limitedto one or two layers perpen-
dicular to the surface. Such 2-D layers produce rod-like scattering known as surface rods.
The intensity modulation along such a surface rod depends onthe number of layers in the
surface film. Mathematically the layers can be treated like asurface unit cell as described
in equation4.6.

Surface rods, which appear at different inplane positions than the CTRs of the sub-
strate, provide information of the surface oxide structureonly . At some position the
diffracted intensity of the surface oxide and the truncatedsubstrate are superimposed co-
herently according to equation4.6. Then the CTRs also contain information about the
interface between surface structure and underlying substrate. Ga oxide on CoGa, like
investigated in section9.1, demonstrates these effects.

Debye Waller Parameter

So far, the lattices have been assumed to be perfectly rigid.Due to thermally activated
phonons the atoms within a lattice vibrate with an temperature depending amplitude. Thus,
a temporal displacementuqj is added to every mean position of the atoms and the time
average of the measured intensity is evaluated. This introduces an exponential term to the
unit cell structure factor in equation4.1. This term is called Debye-Waller factor.

F unit cell (q) =
∑

rj

fj (q, ω) e
−Mjeiq·rj (4.16)

whereMj = 1
16π2B

j
Tq

2 with Bj
T = 8π2

〈
u2
qj

〉
. The Debye-Waller term only reduces the

elastic scattered intensity by atomic vibrations but does not increase the width. It contains
the self-correlation

〈
u2
qj

〉
of the displacement from every atomj. The DW-factor does

not need to be isotropic as the bonding within a crystal can restrict vibrations in a certain
direction.

Structure Factor Determination

Within this work the integrated diffracted intensity at a point along the CTR is measured
by two standard methods. When a point detector is used, so-called rocking scans are per-
formed. At a constant perpendicular wave vector transfer the azimuth angleθ is varied
through the rod position to record all the intensity from this point. When a 2D detector is
used, the complete signal of a certain rod position is measured at once. No rocking scans
need to be performed in this stationary geometry. For every reflection (H,K,L), recorded
in these ways, the background intensity is subtracted and the signal is normalized by the
incoming flux. Standard corrections, like the Lorentz-, theactive area-, the polarization-
and the rod interception term, are applied according to the measuring geometry and the
used diffractometer [61]. Finally, the square root of the corrected integrated intensity is
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Figure 4.5: Side view (the x-z plane is the plane of incidence) of the interface between
medium 1 and medium 2: The incoming wave with wave vectorki hits the interface.
One part gets reflected into medium 1 with an angle ofαr = αi and the wave vectorkr.
Another part of the wave is transmitted into medium 2 with a wave vectork′

r. The direction
of k′

r can be calculated by Snell’s law. For angles smaller than thecritical angle no wave
is transmitted into the crystal but an evanescent wave travels parallel to the surface. The
wave field of the evanescent is exponentially damped into themedium. The green arrow
shows the direction of this evanescent wave. The prime′ signalizes a quantity to be within
medium 2.

proportional to the structure factor at the corresponding position.
The measured structure factors can be compared to the ones, calculated for a struc-

tural model with equation4.6. In a structural model atomic positions can be relaxed or
site occupations varied by introducing the corresponding parameters. For comparison a
normalized residuumχ2

norm., defined by difference of calculated and measured structure
factor, is introduced by the following equation:

χ2
norm =

1

N − P − 1

∑

i

(|Fexp,i| − |Fcal,i|)2
σ2
exp,i

. (4.17)

N is the number of data points, P the number of fitting parameters, Fexp the experimental
structure factor (with error barσexp) and Fcal the calculated structure factor. In a fit the
program ROD minimizes this residuum with respect to the freeparameters of the applied
structural model. The number of fit parameters, the number ofdata point and the error
bars are thereby taken into account. For normalized residualower than 1, all calculated
structure factors lie within the error bars.

4.1.2 Refraction and Reflection from interfaces

This section gives a brief introduction into the basic principles of grazing incidence diffrac-
tion (GID) and reflectivity measurements. For a detailed description of the phenomena,
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the references [10] and [62] are recommended for GID and reflectivity, respectively. Short
summaries for GID are also given in [34,63,64].

Refraction at an interface

The Helmholtz equation,

rot rotE(r)+ k2n2E(r) = 0, (4.18)

describes the propagation of an electromagnetic plane waveE(r) = E0 exp(i(k · r−ωt))
in a medium with an index of refraction n. The electromagnetic wave is characterised by
its amplitudeE0, its wave vectork and its frequencyω. For x-rays, where the photon
energy is larger than the energy of the electronic resonances in the material’s atoms, the
refractive index, as important material property for the propagation, is defined as

n(r) =

average value n
︷ ︸︸ ︷

1 − δ + iβ

local deviation from n
︷ ︸︸ ︷

+ ∆n(r) (4.19)

with

δ = λ2Nr0Zeff

2π
and (4.20)

β = λ
Nσa

4π
=

λµ

4π
. (4.21)

n is the average refraction index resulting from the averageelectron density of the material.
Local deviations from this average represent the atomic-scale structure and are taken into
account by∆n(r)8. λ is the wavelength, N is the average number density of the material,
r0 is the classical electron radius and Zeff the charge number of the atoms corrected for
dispersion.σa is the absorption cross section andµ the linear photo absorption coefficient.
Calculatingδ andβ for Fe3Al and a wave length of 1.239 Å results in1.30 × 10−5 and
9.15 × 10−7, respectively. These are typical numbers for the quantities and lead to a
refraction index slightly smaller than 1. Thus, total external reflection occurs when the
x-rays impinge on the vacuum-Fe3Al interface with an angle smaller then the critical,
defined asαc =

√
2δ.

A typical situation for evanescent x-ray diffraction is shown in fig. 4.5. An incoming
plane x-ray wave, characterized by its amplitudeEi(r ) and its wave vectorki, hits the
interface between two materials with different index of refraction9. It will be reflected and
for angles larger thanαc transmitted into the material. The field,Et(r ′)= TiEieik′

i·r
′

, of
the wave transmitted in medium 2 and the field,Er(r )=RiEieikr·k, of the wave reflected
into medium 1 are calculated by solving the Helmholtz equation, taking the boundary
conditions of continuous, tangential E-field components across the surface into account.

8The deviation is important for the distorted Born approximation later in this section but can be neglected
when the basic principles of optics are applied.

9In many cases material 1 is vacuum or air with n1=1.
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k′
i and kr are the wave vectors of the transmitted and reflected waves, respectively, and

defined in fig.4.5. Ti andRi are the diagonal transmission and reflection tensors. Their
diagonal components are the Fresnel coefficients for transmission and reflection, defined
from the principle of optics. Here only the Fresnel coefficients for a wave polarisation
perpendicular to the plane of incidence are given [10,65]:

Tiy = 2sinr1 αi

sinr1 αi+sinr2 αi
, Riy = −sinr1 αi − sinr2 αi

sinr1 αi + sinr2 αi

(4.22)

sinr1,2 αi = (sin2 αi− 2δ1,2+ i2β1,2)
1/2 where the indices 1 and 2 indicate medium 1 and

medium 2, respectively.
Fig. 4.6 shows the results for the reflectivity|Ri|2 ≡ (Er/Ei)

2 and transmissivity
|Ti|2 ≡ (Et/Ei)

2 for a vacuum-Fe3Al interface. Ei, Er and Et are the amplitudes of the
incoming, reflected and transmitted waves, respectively. As nFe3Al < nvac. the reflec-
tivity shows total reflection below the critical angle. For angles greater than the critical
the reflectivity decreases by1/q4 with increasing angles. For the description of GID the
transmissivity is the important property. At larger anglesthe incoming wave is mainly
transmitted and|Ti|2 approaches 1. As striking feature|Ti|2 exhibits an enhancement at
the critical angle up to a value of4. This is due to a coherent coupling between the in-
cident, reflected and transmitted wave field. Calculating thetransmitted wave field Et(r

′

)
results in a exponentially damped wave within the less densematerial:

Et(r
′

) ∝ eiRe
{

k
′

i·r
′
}

e−z/Li (4.23a)

Li ≡
∣
∣
∣Im

{

k
′

iz

}∣
∣
∣

−1

=
λ

2πli
with (4.23b)

li = 2−1/2

{
(
2δ − sin2αi

)
+
[(

sin2αi − 2δ
)2

+ 4β2
]1/2

}1/2

(4.23c)

Li is the penetration depth of the transmitted beam, as shown in4.6c. For an incoming
angle close to 0 it has an asymptotic behaviour towardsLi0 = λ/2παc ≈ 40 Å. For angles
smaller than the critical angleLi gets a purely real value. According to equation4.23athis
leads to an evanescent wave field which travels parallel to the surface like shown in fig.4.5.
A purely evanescent wave exists only for ideal systems without absorption (β = 0). For
real systems with absorption a small perpendicular component of the wave field remains,
asLi always has an imaginary part.

Furthermore a real surface is never completely flat but has anunavoidable microscopic
roughness which is described by local deviations∆z(r ‖) from the average position z= 0
at the surface, as demonstrated by fig.4.2. The reflectivity and transmissivity of a rough
interface result in [66–69]

Rσ = R e−2ikizk
′

iz
σ2

(4.24a)

Tσ = T e
1

2
(k

′

iz
−kiz)

2σ2

(4.24b)

R and T are the reflectivity and transmissivity corresponding to a ideal, flat surface.kiz

andk
′

iz
are the wave vectors perpendicular to the surface of the incoming and transmitted
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Figure 4.6: The reflectivity|Ri|2 (a), the transmissivity|Ti|2 (b) and the penetration depth
Li (c) are shown as a function of the incoming angle. The curves are calculated for a
vacuum-Fe3Al interface and a photon energy of 10 keV.δ is always kept at the constant
value, whileβ is varied. Aβ/δ-ratio of 0.07 (dashed line) corresponds to the situation of
Fe3Al at 10 keV. Part d) shows the total transmissivity of the sketched vacuum-alumina-
alloy system (thick black line) in comparison with a clean vacuum-alloy system (thick
grey line). The single components of equation4.25are shown by thin, coloured lines.

beam, respectively. Tσ is enhanced for rough surfaces as less x-rays get reflected.
So far the transmissivity of a single interface has been discussed. Now the situation

of a truncated crystal, covered by a dielectric layer with a different refractiven1 and of
thicknessY , is investigated. It reflects the case of an oxide film on a binary alloy sur-
face. Like shown in fig.4.8b the x-rays impinge on the vacuum-dielectric interface and
get transmitted and reflected. The transmitted wave impinges on the dielectric-substrate
interface. It is again transmitted but also reflected back onthe first interface. This process
continues. Solving the Helmholtz equation with continuityrequirements for two inter-
faces finally results in the following expression for the transmissivityT02 of the described
vacuum-dielectric-substrate system [10,65]:

T02 =
E2

E0

=
T01T12e

ik′
1,zY

1 + e2ik
′

1,zYR01R12

(4.25)
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Figure 4.7: Schematic description of GID. The incoming beamwith the wave vectorki

hits the surface with an angleαi below the critical angle. The resulting evanescent wave
in the surface region of the medium travels parallel to the surface and is scattered from
the Bragg planes perpendicular to the surface. The scatteredbeamkf is measured as a
function of the outgoing angleαf .

Tab andRab are the Fresnel coefficients of the single interfaces, defined by equation4.22.
k′
1,z is the wave vector perpendicular to the interface within thedielectric layer. Fig.4.6d

shows the transmissivityT02 for a vacuum-Al2O3-Fe3Al system where the oxide layer is
8 Å thick. T01 andR01 at the vacuum-oxide interface andT12 andR12 at the oxide-alloy
interface are also depicted. The oxidized surface is compared to a clean vacuum-Fe3Al
system. The oxide layer clearly decreases the transmissivity in the region close to the
critical angle.

Grazing Angle Diffraction

X-ray diffraction at glancing angles is depicted schematically in fig. 4.7. An incident
beam, described by the amplitude of the electric fieldEi(r ) and the wave vectorki, im-
pinges on the surface under an angle smaller than the critical. It gets reflected (Er,kr)
and additionally creates an distorted evanescent waveEt(r

′

) parallel to the surface within
the medium. This distorted waveEt(r

′

) acts as the ”new“ incident wave in the surface
region which is scattered by the atomic scale structure represented by∆n(r) in equation
4.19. This Distorted Wave Born Approximation (DWBA) was first applied by Vineyard
and completed by Dietrich and Wagner [70, 71]. Again, the solution of the Helmholtz
equation results in the scattered waveEf (r ). All refraction effects are taken into account
as the previously described concept for the transmissivityis applied when the scattered
wave travels through the medium-vacuum interfacial region. According to the Helmholtz
reciprocity principle in optics10 Ef (r ) is symmetric with respect to the interchange of the
indices i and f [72]. The intensity IGID, resulting from the scattered wave’s amplitude, is
given by:

IGID(q
′

) = I0r
2
0 |Ti|2 S(q

′

) |Tf |2 P (4.26)

10”If the source and the point of observation are interchanged, the same amplitude would result“
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I0 = E2
i is the incoming flux. P is a polarization factor which is 1 if the incoming x-rays are

polarized parallel to the plane of incidence and cos2(2θ) for perpendicular polarization.q
′

is the wave vector transfer inside the medium. S(q
′

) = 〈F ∗F 〉 is the kinematic sum of
Bragg scattering, defined as thermal average of the structurefactor F calculated in section
4.1.1.

If the structure factor is known, one can calculate the intensity diffracted from the sam-
ple, depending on the incoming and outgoing angle and compare it to the measurements.
The structure factor FCTR for a semi-infinite crystal, corresponding to the situationshown
in fig. 4.7, was derived in the previous section and is given in equation4.4 and4.5. It is
pointed out here that the part of the wave vector parallel to the interface (q‖ =qx+ qy) is
not affected by the presence of an interface, or expressed mathematicallyq‖ =q

′

‖. How-

ever, the part of the wave vector perpendicular to the surface q
′

3 inside the medium has a
depth dependence due to the depth-dependence of the distorted wave. Consequently the
scattering originates only from a region up to the scattering depthΛ [64]:

Λ ≡
∣
∣
∣Im

{

q
′

3

}∣
∣
∣

−1

=
λ

2π(li + lf )
(4.27)

li andlf are both defined by equation4.23c. To account for this effect within the calcu-
lation of FCTR the perpendicular wave vector transferq3 outside the medium has to be
replace byq

′

3 inside the medium.
So far it was tacitly assumed that the Bragg conditions parallel to the surface are ful-

filled when moving along q3. Thereforeαi = αf has to be valid, resulting in equal projec-
tions ofki andkf . Forαi 6= αf it can be shown that the deviation∆θ of the exact Bragg
angleθ is in the order ofµrad which is much smaller than the mosaicity of the imperfect
crystals investigated in this work [73]. Therefore the Bragg conditions are regarded as
fulfilled. Fully incoherent diffuse scattering like Comptonscattering or fluorescence are
treated as background within this thesis, which is subtracted from the signal.

To get from the ideal truncated crystal to a more realistic situation, the phenomena
described in section4.1.1 have to be included into the coherent Bragg scattering sum.
Refraction effects play an important role for small outgoingangles and the wave vector
transferq has to be exchanged byq′ in the corresponding equations.

Theory of Reflectivity

The specular11 reflected intensity contains information on the electron density distribution
perpendicular to the sample surface. Having a stratified material, important details like
layer thickness, interfacial roughness or the refracted index can be obtained for every sin-
gle layer.

The ability of an ideal flat surface to reflect an incoming electromagnetic wave was de-
scribed above using the principles of optics [65,74,75]. The normalized reflected intensity
of a single interface is shown in fig.4.6a and is called Fresnel reflectivity. With the same

11The wave vector transfer is perpendicular to the sample surface
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principle as for a single interface - using the continuity ofthe tangential components of the
electric field at the interface- the reflectivity of a stratified medium can be calculated. The
concept was introduced by Parratt [76] and is demonstrated in fig.4.8. One starts with
the Fresnel coefficient for reflectivity for one interface12 assuming the absence of multiple
reflections (marked by a prime‘):

r
′

j,j+1 =
Er,j

Et,j

=
kz,j − kz,j+1

kz,j + kz,j+1

(4.28)

kz,j is the wave vector component perpendicular to the surface within the jth layer. The
inplane component is not affected by refraction effects. Due to the infinity no multiple
scattering can occur at the ”last“ interface N and equation4.28becomes correct for r

′

N,∞.
Calculating the ratio rN−1,N =Er,N−1/Et,N−1 multiple refractions have to be taken into
account like demonstrated in fig.4.8b 13. The reflectivity from the next interface can be
calculated in the same way, leading to a recursive formula for the intensity reflected from
the surface at j = 0 where Et,0 is 1 by definition. For an arbitrary interfacej the reflectivity,
including multi-reflections, is calculated to

rj,j+1 =
Er,j

Et,j

= exp(−2ikz,jzj) ·
r
′

j,j+1 + rj+1,j+2exp(−2ikz,j+1zj)

1 + r
′

j,j+1rj+1,j+2exp(−2ikz,j+1zj)
. (4.29)

Roughness is included in the same way as shown in the equations4.24for a single inter-
face.
Example: Reflectivity curves of oxidized Fe3Al surfaces

Fig. 4.9 shows the reflectivity curves and the correspondingδ-profiles of Fe3Al, covered
by different kind of oxide layers. The curves of oxide covered surfaces show distinctive
oscillations depending on the thickness of the oxide film. The thicker the oxide layer the
smaller the distance between two minima in the curve, like demonstrated for a 8 Å and 16
Å thick alumina film on the alloy.

Different type of oxides have different electron densitiesand therefore different
δ−values. While the curve of Fe2O3 on Fe3Al is still distinguishable from Al2O3 on
Fe3Al, the density difference between alumina and the spinel FeAl 2O4 is to small to detect
it in the reflectivity curve.

12The interface from layerj to j + 1
13rN−1,N = r

′

N−1,N+ t
′

N−1,N t
′

N,N−1r
′

N,∞exp(2idNkz,N )2+ ... is a geometric series which can be solved
[9]
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Figure 4.8: a) Side view of a rough stratified homogeneous media consisting of layers
with different refractive indicesnj and thickness dj = zj-zj−1. The flat interfaces are show
by thin, horizontal black lines. Transmitted wave vectors are depicted by red arrows and
their layer-dependent, wave field amplitudes areEt. Reflected waves vectors are coloured
blue and have amplitudesEr. A wave field transmitted into layer j-1 (Et,j−1) impinges
on the interface zj−1 and gets transmitted (Et,j) and reflected (Er,j−1). In the same way, a
wave field reflected into layer j (Er,j) gets transmitted (Er,j−1) and reflected (Et,j) at the
interface j-1. These processes happen at every interface ofthe layered system, leading to
series of reflections as demonstrated in part b). To calculate the total reflected amplitude
at the surface (z=0) one has to add up the reflected wave field from all interfaces and take
the layer thickness dependent phases between them into account.

Figure 4.9: a) Specular reflectivity curves for a clean Fe3Al sample (thin black line) and its
surface covered with 8 Å thick alumina (dashed grey line), 16Å thick alumina (solid grey
line), 16 Å thick Fe2O3 (solid blue line) and 16 Å thick spinel FeAl2O4 (solid red line),
respectively. b) The corresponding delta-profiles which are proportional to the electron
density profiles. No roughness is assumed.
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Figure 4.10: Schematic view of the energy levels in a system:A photo electron is emitted
from a core hole created by an incoming photon.

4.2 High Resolution Core Level Spectroscopy

The basic process of high resolution core level spectroscopy (HRCLS), also known as X-
Ray Photo electron Spectroscopy (XPS) is the photoelectric effect which was discovered
in 1887 by H.R. Hertz and fully explained by A. Einstein in 1905[77,78]. A schematic
view is shown in fig.4.10. A core hole in an inner electronic shell of the atom is created
by an incident photon and a photo electron with a kinetic energy Ekin is emitted, if the
energy of the incoming photonhν is big enough to overcome the binding energy Ebind of
the core electron as well as the work functionΦ of the material. The material dependent
binding energy can be calculated to [79,80]:

Ebind = hν − Ekin − Φ . (4.30)

Thereby, the binding energy is defined as the difference between the neutral,initial state
before the creation of an core level hole and the ionized,final state after the photoelectric
process. The binding energies of the core level electrons are element specific and standard
tables exist [81]. The technique can be applied to all elements with at least one electron in
the L shell which excludes only hydrogen and helium. Due to the low inelastic mean free
path of the photo electrons XPS is a highly surface sensitivetechnique14. This main free
path mainly depends on the energy of the electron and less on the material as shown in fig.
4.11.

4.2.1 The XPS Spectrum

The use of synchrotron radiation for HRCLS measurements allows to tune the energy
of the incoming photons, making depth dependent measurements possible. Due to the

14The photo electron looses energy within the material e.g. byphonon excitation or exciton creation.
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Figure 4.11: Escape depth ( proportional to the mean free path) of the electrons depending
on the kinetic energy.

Figure 4.12: This normal emission Al 2p core level spectrum consists of two components
a and b and the spin-orbit split components. Component b is assigned to photo electrons
out of the bulk and a of the surface (from [82]).

high brilliance of synchrotron radiation, a very high energy resolution is achieved. As an
example a HRCLS- spectra from the Al 2p electrons of an NiAl(1,1,0) surface is shown
in fig. 4.12[82]. It demonstrates how differentinitial andfinal state effects appear in the
spectra.

A typical initial state effect, observed by the two main peaks I and II in fig.4.12, is the
spin-orbit splitting for orbitals with non-zero angular momentum (quantum number l6=
0). The orbital angular momentum (l) and the electron spin (s= ±1/2) can align parallel
and anti-parallel leading to a splitting of the atoms energylevel and therefore to two lines
in the HRCLS spectra. Anotherinitial state effect (not shown here) is a chemical shift of
the binding energy depending on the chemical surrounding ofthe corresponding atoms.
Different oxidation states of an atom or the chemisorption of oxygen lead to different



High Resolution Core Level Spectroscopy 51

chemical shifts, making XPS a suitable method to determine different chemical states on
a surface.

The two components assigned a and b in the spectrum of fig.4.12 show a typical
final state effect15. The appearance of two doublets is a effect due to a differentbinding
situation at the surface. The surface leads to a lower binding energy compared to the bulk.
For vicinal surfaces it is even possible to detect atoms at the step edge of stepped surfaces
where the binding of the atoms is different from terrace atoms [49,50]. A chemical shift
towards smaller binding energies can also occur due to relaxations. In the described final
state effects the created, localized hole is often screenedby electrons from the exited or
surrounding atoms and becomes delocalized, letting the photo electron escape with more
kinetic energy and leading to a lower binding energy.

During the photoelectric effect the atom is put from a neutral to an excited state. This
exited state can return to the ground state by an electronic rearrangement and thereby adopt
several intermediate states. The outgoing photo electron can appear to have left from these
intermediate states. This leads to satellite peaks with higher binding energy, as the energy
which is needed for the excited state, is taken from the kinetic energy of the photo electron.
The excited electron can either stay in the atom (shake-up process) or leave it (shake-off).
Other final state effects are the creation of plasmons, or in case of an insulator a charging
of the system.

4.2.2 The peak shape

A first complete analysis of the line shape of a XPS-spectra was performed by Doniach
and Šunjíc [83]. As described above, the atoms can be excited by the creation of the core
holes while the needed energy for the excitation process is taken from the photo electron.
Therefore the photo emission cross section and the x-ray line spectra is changed from a
delta function to a curve tailing of on the low photon energy side as shown by curve A in
fig. 4.13. Due to the finite life time of the the core hole, the curve A hasto be convoluted
with a Lorentzian which gives the final curve B in the figure4.13. Line B is analytically
described by the photo electron yield function line shape

Y (ǫ) =
Γ(1− α)

(ǫ2 + γ2)(1−α)/2
cos

{πα

2
+ θ(ǫ)

}

(4.31)

with
θ(ǫ) = (1− α)/tan−1(ǫ/γ) . (4.32)

ǫ = Ekin − Ekin,max andΓ is the gamma function.α is a singularity index which in-
fluences the asymmetry of the spectrum andγ is the full width half maximum value of
the Lorentzian. To account for broadening due to instrumental resolution and thermal
vibrations of the atoms the curve has to be convoluted by a Gaussian.

15Final state effects are caused by changes in the charge afterthe impact of the photon or while the photo
electron is leaving the material.
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Figure 4.13: XPS spectra in the absence of life time broadening (dashed curve A) and with
finite hole life time (full curve B). The spectra is shown as a function of the kinetic energy
relative to the maximum energy which corresponds to the casewhen the photo electron
leaves from ground state (from [83]).

4.3 Low Energy Electron Diffraction

The wave length of electrons is related to their momentumq and consequently their energy
E according to thedeBroglie relation [79,80]:

λ =
h

p
=

h√
2meE

(4.33)

h is the Planck constant,me the electron mass.
Thus, electrons with energies in the range between 20 eV and 250 eV have wave

lengths between 2.7 Å and 0.8 Å. This is of the same order than the lattice constants of
metal and oxide crystals. Therefore low energy electrons will be diffracted from a crystal
structure which was fist observed for Ni single crystals in 1923 [84]. Thereby the diffrac-
tion signal comes from the surface region only. Due to the strong interaction of electrons
with matter, the escape depth of the elastically scattered electrons is small (see fig.4.11).

Typically, low energy electron diffraction (LEED) is performed in back scattering ge-
ometry. Incoming electrons impinge perpendicular to the sample surface while the back
scattered electrons are detected by a fluorescence screen. The principle is schematically
depicted in fig.4.14. Similar to SXRD, the scattered intensity is distributed along rods
in the reciprocal space of the truncated crystal. Due to small scattering depth, the in-
tensity is distributed more homogeneously along the rods, as compared to SXRD. For
a detailed structure determination of the surface region the intensities of the diffraction
spots are recorded as a function of the energy of the incomingelectrons. To analyse these
I-V-curves the complex theory of dynamical scattering has to be applied as the electrons



Auger Electron Spectroscopy 53

Figure 4.14:left:Truncated crystal and the corresponding intensity along the rods in re-
ciprocal space. ki is the wave vector of the incoming, kf of the back scattered electrons.
right: 2D-view of the reciprocal space with Ewald sphere and fluorescent screen. The
higher the energy, the larger the radius of the Ewald sphere,the higher-order reflexion
spots are detectable.

undergo multiple scattering due to the strong interaction.
Within this thesis, LEED is used qualitatively to monitor the quality of the single crys-

tal samples during the preparation process. The formation of ordered surface oxides or of
surface reconstructions is followed by LEED.

4.4 Auger Electron Spectroscopy

The Auger process is named after his discoverer P. Auger and is schematically shown in
fig. 4.15[79,80,85]. A core hole is created in an inner shell by electron bombardment or
photo emission. This hole is re-occupied by an electron of a higher shell in an energetically
favourable transfer. Instead of fluorescence the gained energy is transferred to a third
electron in the atom located in the same or an higher energy level than the second one. With
the transferred energy the third electron can overcome the work function and is emitted
with the remaining characteristic kinetic energy. The whole process is independent of
the energy of the incoming radiation. Measuring a spectrum of the kinetic energy of the
Auger electrons only depends on the energy levels participating in the process, making
Auger electron spectroscopy (AES) an element specific technique. Due to the low energy
of the Auger electrons the signal depth is small, leading to ahigh surface sensitivity. AES
spectra for all elements16 are tabulated. AES is commonly used to monitor the cleanness
of samples during preparation and to detect contaminationson the surface [86]. Typically,

16All elements besides H, He and Li where the Auger process is not possible
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Figure 4.15: The KL1L3 Auger transition.

the spectra show the derivative of the counted electrons to emphasis the respective AES
peaks.

Furthermore, the energy levels of an atom are influenced by the chemical environment.
A shift of the energy levels leads to a change in the AES spectrum especially for electrons
with small kinetic energies. As an example it is possible to determine if Al (or Fe) is
metallic or oxidized by measuring the AES spectrum [87,88].



Chapter 5

Experimental Details

5.1 X-Ray Diffraction Set-up

This section is devoted to the experimental set-up used for the x-ray diffraction studies.
Firstly, the need of synchrotron radiation as source for x-rays is discussed, followed by
a description of the beamline optics and the end stations where the experiments are per-
formed. Last but not least the special requirements of the experimental chamber are intro-
duced.

5.1.1 Synchrotron Radiation

A synchrotron is a specific particle accelerator where highly relativistic electrons are kept
on a closed orbit with a constant energy in a so-called storage ring. The electrons in the
ring are accelerated by high frequency generators. At the synchrotron Angströmquelle
Karlsruhe (ANKA) the electrons have an energy of 2.5 GeV , at the Swiss light source
(SLS) in Villingen an energy of 2.4 GeV and at the European Synchrotron Radiation Fa-
cility (ESRF) in Grenoble an energy of 6.03 GeV. The storage rings of ANKA and the
ESRF are operated with a maximum ring current of 200 mA, while the current is 400 mA
at the SLS.
The storage ring consists of straight sections and deflection magnets which magnetic fields
keep the electrons on an orbit. Like shown in fig.5.1 or 5.2, radiation is produced by
accelerated charge and therefore by the circular motion of the electrons either in bending
magnets or in insertion devices like undulators or wigglerssituated in the straight sections.
A bending magnet has a constant magnetic field where -according to the Lorentz force-
the electrons are deflected perpendicular to the magnetic field and direction of travel. In an
undulator an alternating magnetic field forces the electrons away from the straight on an
oscillating path. As the amplitude of these oscillations issmall, radiation from the oscil-
lations adds coherently. In the case of highly relativisticelectrons the radiation is focused
strongly in the direction of travel and therefore emitted tangentially with very small angles
of aperture in the order of 0.1 mrad. It is polarized within the plane where the electrons
oscillate.
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Figure 5.1: Schematic set-up of the MPI-MF-Beamline at ANKA.A GID-set-up with a
position sensitive detector is shown.

The synchrotron spectrum of the produced radiation ranges from infra-red up to hard x-
rays while the quality of the x-ray radiation is defined by thebrilliance after the monochro-
mator [9]:

Brilliance=
Photons/second

(mrad)2(mm2 source area)(0.001 · bandwidth)
(5.1)

The brilliance depends on the photon flux after the monochromator, the angular divergence
(in mrad), the source area (in mm2) and the relative bandwidth of the monochromator.
Here the advantages of synchrotron radiation become obvious as synchrotrons produce a
high photon flux and have an intrinsic small angular divergence and source area. Further-
more, the energy of the radiation is tunable and the radiation is polarized within the plane
of the ring.

5.1.2 The Beamline Set-up

After the synchrotron radiation leaves the storage ring a certain wavelength, appropriate
for the experiments, is cut out of the broad synchrotron spectrum. Furthermore the photon
beam is guided and focused onto the investigated sample. This is done by several optical
instruments within a beamline. The SXRD experiments within this thesis are carried out at
three beamlines: the undulator beamline ID3 at the ESRF, the wiggler beamline MS at the
SLS and the bending magnet MPI-MF beamline at ANKA. As the MS and the MPI-MF
beamline are similar in their optical components, only the ID3 and MPI-MF set-up are
briefly described in the following.
The MPI-MF beamline is depicted in fig.5.1 [89]. The white beam with a source size

of 190µm×90 µm (fwhm, HxV) impinges on a water cooled Si mirror coated by Rh.By
bending the mirror the beam is focused vertically (fig.5.1, zoom 1). Making use of the to-
tal reflection of x-rays below an energy-dependent criticalangle the mirror cuts off higher
photon energies. After the mirror the beam is reflected on a double-crystal monochroma-
tor consisting of a first flat, water-cooled Si(111) crystal and a second, bendable Si(111)
crystal which is used for horizontal focusing (fig.5.1, zoom 2). The desired energy of
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Figure 5.2: Schematic set-up of the ID03-Beamline at the ESRF.A SXRD set-up is shown.

the x-rays is selected by a rotation of the monochromator so that the crystal’s (111) planes
have the corresponding Bragg angle with respect to the incoming beam. Doing so photon
energies between 6 to 25 keV can be achieved. The measurements at ANKA presented in
this thesis are performed at 10 keV photon energy while a resolution of ∆E/E = 3×10−4

is obtained. The beam is focused on the sample position having a size there of 500µm
horizontally and300 µm vertically. The incoming photon flux is measured by an ioniza-
tion chamber serving as monitor to correct for variations ofthe flux.
The ID03 beamline is illuminated by three undulators resulting in a source size of 140
µm ×50 µm (fwhm, H×V). As shown in fig.5.2 the set-up of the optical components is
similar to the MPI-MF beamline [90]. It consists of a liquid nitrogen cooled, monolithic
channel cut Si (111) crystal as monochromator which is optimized for a 5-24 keV energy
range and does not allow any focalisation. Two Pd coated focusing mirrors are mounted
after the monochromator. The first mirror is a cylindrical Sipiece (sagittal radius of 3.2
cm) which is bendable for a controllable vertical focusing while the horizontal focusing is
fixed (fig. 5.2, zoom 1). The second, flat mirror is necessary to put back the X-ray beam
in a horizontal direction. The beam is focused on the sample position having a size there
of 50µm horizontally and30 µm vertically.

5.1.3 The Diffractometer

The end-stations at the described beamlines are equipped with multicircle (2+3 or 6) sur-
face x-ray diffractometers. This makes it possible to measure in a wide range of in-plane
and out-of-plane momentum transfer as enough degrees of freedom are available for sam-
ple and detector movements [61]. As an example the diffractometer at the MPI-MF beam-
line is described in fig.5.3.
For the SXRD and GID measurements the sample is mounted horizontally. Furthermore
all shown XRD experiments are performed in the z-axis mode of the diffractometer. The
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Figure 5.3: a) Photo of the 2+3 diffractometer at the MPI-MF beamline. b) Schematical
drawing of the different circles for detector, sample and incident angle movements [89].

incident angle set by theµ-circle is fixed at a value close to the critical angle1. Theχ- and
φ-circles are fixed after the sample alignment as well. Withinthe z-axis mode the sample
can only be rotated around its surface normal with theθ-circle, while the detector moves
on the circlesγ andδ. To find a Bragg peak for example, the detector has to be moved
aroundδ andγ until the conditions for the corresponding momentum transfer are achieved.
Then the sample is rotated aroundθ until the Bragg planes have the corresponding angle
with respect to the incident beam. To transform between the real space of the detector-
and sample-movements to the reciprocal space of the investigated samples a orientation
matrix is defined by an alignment of at least two Bragg peaks. All motors are controlled
by the SPEC-software [91].

To detect the x-rays different detectors are used during thevarious experiments. For
the SXRD-measurements at the MPI-MF beamline and for two experiments at the ID03-
beamline, namely the experiments on the Fe3Al(1,1,0) and NiAl(6,7,1) surface, a scintil-
lation point detector is used which is equipped with 2 pairs of slits in front of it to define
its angular acceptance. The experiments on the NiAl(4,3,0)surface at the ID03-beamline
are carried out with the 2D-detector MAXIPIX with a pixel size of 55× 55 µm2 and a
count rate of 100000 photons per second and pixel. For the GID-measurements at the
MPI-MF beamline a CCD-camera from MAR with a round, 165 mm wide x-ray sensitive
surface, a pixel size of 80× 80 µm2 and a count rate of 65000 photons per second and
pixel is utilized [92]. For the SXRD measurements at the SLS-MS beamline a all silicon,
2D PILATUS detector is used with a pixel size of172 × 172 µm2 and a maximum count
rate per pixel of106 cts/s [93].

5.1.4 The Experimental Chambers

To study the oxidation of the binary alloysin situ as well as to prepare a clean sample a
portable oxidation chamber for x-ray diffraction as shown in fig. 5.4 is essential. The in-
vestigated binary alloy sample is mounted horizontally in the chamber which is then fixed

1This results in a optimal signal-to-noise-ratio as the scattering depth is restricted to the surface region
and the transmissivity is enhanced
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Figure 5.4: Photo of the portable UHV,in situoxidation chamber used for the experiments.
The sample is fixed on a heating station behind the Be window.

on the diffractometer at the beamline. With the shown chamber it is possible to apply
temperatures ranging from room temperature up to 1700 K as the used heating station has
the option of electron bombardment of the samples’ backside. Thereby the temperature is
either measured by a thermocouple attached to the side of thesample with a precision of
±5 K or determined by a calibration curve with a precision of±20 K. Gas pressures up to
10−5 mbar can be applied while the base pressure after the bake outis around3 × 10−10

mbar. The pressure is measured by a cold cathode ionization gauge. Furthermore, one of
the used leak valves for gas dosing can be remote controlled allowing in situmeasurements
from the start of the reaction with oxygen or other gases.

The x-rays enter and leave the chamber through a 2 mm thick, freestanding beryl-
lium window2. Thus no restrictions for in-plane scattering measurements exist due to the
chambers construction. Out of plane scattered signal can bedetected up to an angleγ of
54 ◦. Additionally, it is possible to connect a sputter gun to thetop of the chamber, making
a cleaning of the sample by sputter-anneal cycles possible.

5.2 High Resolution Core Level Spectroscopy Set-up

The HRCLS experiments are performed at beamline I311 of the synchrotron MAX II at
MAX-Lab, Lund, Sweden. The storage ring is operated with an electron energy of 1.5
GeV, the photons for the end station of the beamline are produced by an undulator. The
optical instruments to focus the photon beam and to select the needed energy are similar
to the two set-ups described in the previous section. The white beam first hits a spherical
mirror for horizontal pre-focusing. Then it is guided through a system of two mirrors with
the monochromator in between. The system is moved in such a combined way that the

2Be is used due to its low density and its resulting low attenuation factor for x-rays.
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Figure 5.5: a) Beamline I311 at MAX-II b) Experimental end station with the two con-
nected chambers.

focused beam spot is at a fixed position. It allows a high flexibility concerning the inter-
play between photon flux, resolving power and higher order suppression. The modified
SX-700 monochromator with a plane grating of 1220 l/mm allows a photon energy range
from 30 eV to 1500 eV with an resolution E/dE ranging from5× 103 to 2× 104, respec-
tively. The monochromator system is followed by a re-focusing system which consists of
two spherical mirrors mounted in a Kirkpatrick-Baez arrangement [94]. A photo of the
beamline is shown in fig.5.5a.

The experimental end station can be used for high resolutionXPS and XAS. As shown
in fig. 5.5b it consists of individual but connected analyser and preparation chambers. The
preparation chamber includes the standard equipment for preparation and characterization
of surfaces like an ion sputtering gun, LEED optics and a massspectrometer and is con-
nected to a gas-inlet system . In the analysing chamber a hemispherical electron energy
analyser (SCIENTA SES200) is used for photoelectron spectroscopy usually set-up for
normal photoemission spectra measurements [95].

The analysis chamber has a base pressure of the order of10−11 mbar and gas reac-
tions can be studiedin situ up to10−5 mbar. For higher pressures the oxidation has to be
conducted in the preparation chamberex situ, with the HRCLS measurements performed
afterwards. The sample itself is fixed between a tungsten wire which is simultaneously
used as heating filament. Temperature is measured via a thermocouple at the back of the
sample. Due to a very thin heating wire, necessary for fixing the samples, temperatures
up to only 870 K and 1050 K could be achieved in the experimentson Fe3Al and NiAl,
respectively. The samples can also be cooled down to liquid nitrogen temperature to min-
imize contributions to the line width due to phonons. However, for the measurements on
Fe3Al cooling was not used as the quality of ordering within the iron-aluminide sample
depends strongly on the cooling rate and low cooling rates are desired.



Chapter 6

The Material Systems

6.1 The Fe-Al System

The Fe-Al-System features some interesting intermetallicphases to be used as functional
material in technological applications especially at the Fe-rich side. Alloying Fe with Al
leads to a decrease of the density, as well as an enormous increase of the mixed crystal
solidification, the elasticity modulus and the tensile strength. All these properties arise
from an ordering of the system. The different disordered andordered structures are shown
in the phase diagram in fig.6.1[96].

The fundamental, A2-type lattice of the Fe-Al-system has a bcc structure like shown
in fig. 6.1b. For low concentrations of Al up to about 20 atomic percent all sites in this
bcc lattice are occupied randomly by either Al or Fe according to the corresponding com-
position of the system. By increasing the concentration of Althe system starts to order.
Depending on the temperature and the composition the systemcan adopt two type of su-
perstructures. Due to preferential site occupation a “new”lattice is formed within the
fundamental one. In the B2-type structure shown in fig.6.1b, Al preferentially sits on
the β-site which is the centre atom of the bcc-unit cell. Perfect B2-type order like de-
picted in the figure is only possible for a 50/50-stoichiometry. The B2-type unit cell can
be constructed by two single cubic lattice shifted along the[1,1,1]-direction. The second
superstructure, the so called the D03-type phase, is demonstrated in fig.6.1b for the ide-
ally ordered case of Fe3Al. To describe its lattice a larger unit cell is needed, madeup of 8
bcc-unit cells. Additional to the B2-type order betweenα- andβ-sites some of the centre
atoms of the single bcc-unit cell are now preferentially occupied by Fe (γ-sites) and some
by Al (β-sites). The D03-type of order describes an ordering between the centre atoms in
the bcc unit cells(γ-andβ-sites). Apart from the A2-,B2- and D03-type phases there are
K-regions where only a short-range order exist. The shaded parts of the phase diagram
mark regions of phase separation where A2- and D03- type ordering (light grey area) or
A2- and B2- type ordering (dark grey area) coexist.

The lattice parameter a0 of the bcc unit cell depends on the type of ordering as well
as the composition of the Fe-Al system [97–99]. For the A2-type structure it increases
with the Al content as well as for the D03 type structure but to a much smaller extent. The
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Figure 6.1: a) Phase diagram of the Fe-Al-system. b) Description of the A2-, B2- and D03-
type phase. Shown are a bulk unit cell (top), a in-plane unit cell of the (1,1,0) surface with
the different atomic sites (middle) and a corresponding h-l-map of the reciprocal space
from a truncated crystal with a (1,1,0) surface(bottom).

lattice parameter of the B2-type phase decreases with higherAl content. For the stoichio-
metric Fe3Al with a D03-type structure a0 = 2.896 Å. Its density is 6.5 g/cm3 at room
temperature. Going from a B2- to a D03-type phase, e.g. by decreasing the temperature
(red arrow in fig.6.1a), leads to a considerable increase in the tensile strength, accompa-
nied with a decrease in the elasticity modulus [1,100].

Fig. 6.1b shows the three mentioned structures for perfect stoichiometry and perfect
order, leading to a order parameter of 11. Off-stoichiometry intrinsically reduces this order
parameter but for a fixed composition order can only be changed if the two type of atoms
change sites. For D03-type bulk-Fe3Al, like investigated in this thesis, the energies for Al
and Fe to change sites fromβ to γ and vice versa are almost zero. It costs 1.82 eV for Al
to sit on anα-site. Vacancies onα-, β− andγ-sites cost 1.25 eV, 1.39 eV and 2.27 eV,
respectively [101, 102]. By increasing the temperature atoms get more mobile and have
enough energy to change sites. Getting towards the D03-B2 or the B2-A2 phase transition
leads to a decrease of the ordering and an increase of ordering fluctuations. Both men-
tioned phase transitions are continuous [98]. The Fe-Al-system has also a magnetic and

1The definition of the order parameter is in appendix A
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an non-magnetic phase transition. The Currie temperature TC is shown in the phase dia-
gram (fig.6.1a) by the dash-dotted line. D03-type Fe3Al is magnetic at room temperature
and has a TC of 510◦C.

Due to the mentioned properties alloys based on Fe3Al are candidates for light weight
steel as their density is 20 % lower and their high-temperature strength is up to 60 %
higher compared to stainless steel. Furthermore a thermally stable oxide layer is formed
on the alloy surface leading to a high corrosion resistance under highly reactive oxidizing
and sulfidising conditions [100,103]. As the initial growth of this oxide layer is also in-
vestigated in this work, possible Fe- and Al-oxides are discussed briefly in the following
section.

6.1.1 The Oxides of Fe and Al

In principle, it is possible to form iron-, aluminium- and mixed FeAl-oxides during the
oxidation of an Fe-Al alloy. Fe- and Al-oxide are one of the most abundant oxides on
earth and a whole zoo of different structures exists. In thissection the most prominent
ones are described.

Figure 6.2: a)α-Al 2O3 with its hexagonal unit cell: The view is perpendicular to the
[1120]-[0001]-plane. Haematite has the same structure. b) 3D-view of the sodium-
chloride structure of FeO. c) Side view along the [1,0,0]-direction of the spinel-structure
of FeAl2O4 or Fe3+Fe2+2 O4 with its cubic unit cell.

Aluminium oxide phases

The most common Al oxide is Al2O3. It is used in ceramics, as grinding material or, due to
its melting point of 2050◦C, as fire resistant material in ovens. For this use it is produced
industrially out of aluminium hydroxides which are extracted from the ore bauxite. Many
different phases of Al2O3 exist, likeα-, γ-, δ- or κ-Al 2O3 just to name a view [104,105].

The thermodynamically most stable phase isα-Al 2O3, also know as corundum. Its
structure was already resolved by XRD-measurements in 1925 and is shown in fig.6.2a
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Figure 6.3: The structure ofθ-Al 2O3

[106]. The hexagonal unit cell with a0 = b0 = 4.7589 Å, c0 = 12.991 Å, α = β = 90◦ and
γ = 120◦ contains 6 units Al2O3 and has a room temperature density of 4.00 g/cm3 [107].
In theα-phase the oxygen ions sit on a hexagonal close packed lattice forming layers along
the [0, 0, 0, 1]-direction. While the oxygen ions form a ABAB-hcp stacking sequence, the
Al ions have a ABCABC stacking. The Al-ions occupy 2/3 of the octahedral and no
tetrahedral sites, while the remaining octahedral vacancies are shifted laterally by one site
going from one layer to the other.

All the metastable alumina structures have either a face-centred cubic or a hexagonal
closed-packed oxygen sublattice, likeγ-, δ-, η- andθ-Al 2O3 or κ- andχ-Al 2O3, respec-
tively. The Al ions sit on octahedral and tetrahedral interstices sites [104, 105]. As an
example,θ-Al 2O3 is shown in fig. 6.3. Due to their high transition temperatures the
metastable oxides received a lot interest from industry as ause as adsorbent, coatings and
catalyst support. To shed light into the atomistic understanding of the formation process of
alumina on alloys, the model system NiAl was intensively investigated for the low index
(1,1,0) surface. Results of these studies are sketched in chapter3 and in literature [40].

Iron oxide phases

There are three iron-oxides: Wuestite (FeO), Haematite (α-Fe2O3) and Magnetite (Fe3O4)
as shown in the Fe-O phase diagram in fig.6.4. The latter two are abundant in the earth’s
crust. The stoichiometric compound FeO is not stable. Wuestite is formed for O/Fe ratios
slightly greater than one with oxygen contents between 51.3and 54.6 at.%. Below 570◦C
Wuestite dissociates to a mixture of Fe3O4 and metallic iron. At 1371◦C a eutectic mix-
ture2 with iron is formed [109,110]. Wuestite has a sodium chloride structure, like shown
in fig. 6.2b, with a0 between 4.282 and 4.301 Å and densities between 5.61 and 5.73g/cm3

for oxygen contents between 51.3 and 54.6 at.% [105,111]. It is strongly ferro-magnetic.

2A eutectic mixture has such proportions that the melting point is as low as possible, and that all the
constituents crystallize simultaneously at the eutectic temperature.
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Figure 6.4: The Fe-O phase diagram as function of the oxygen partial pressure [108].

Magnetite (Fe3O4) is the most stable iron oxide and one of the strongest ferri-magnetic
minerals with a Curie temperature of 580◦C. Due to this property and its appearance in
the earth’s crust, it conserves the earth’s magnetic field. It is technologically used as mag-
neto pigment in data storage devices. The oxygen content of magnetite can vary between
51.4 and 57.1 at.%. The melting point of Fe3O4 lies at 1596◦C and its room-temperature
density is 5.20 g/cm3. Like depicted in fig.6.2c, it has a cubic unit cell with a0 = 8.394
Å and a spinel like structure (Fe3+[Fe2+Fe2+]O4) where 1/3 of the Fe ions are coordinated
tetrahedrally and 2/3 octahedrally [112].

Haematite (α-Fe2O3) has a corundum structure likeα-Al 2O3 (fig. 6.2a) with the
following unit cell parameter: a0 = b0 = 5.025 Å, c0 = 13.735 Å, α = β = 90◦,
γ = 120◦ [106]. Its density at 25◦C is 5.25 g/cm3 for ideal stoichiometry while the oxy-
gen concentration can lie between 57.1 and 59.8 at.%.α-Fe2O3 dissociates at 1457◦C. It
is a weak ferro-magnet between -11◦C and 677◦C and an anti-ferro-magnet below -11
◦C [105].

Fe-Al-oxide phases

In the Fe-Al system Al and Fe can form a common oxide like the ferrimagnetic AlFeO3
[113] or FeAl2O4 (=FeO·Al 2O3) which has the mineral name hercynite. Like magnetite
and haematite, hercynite is an ubiquitous mineral in the earth’s mantle and crust. It is
a spinel of AB2O4 type where A and B are divalent and trivalent cations, respectively.
It has a cubic structure (a0 = 8.150 at 25 ◦C [105]), where the oxygen ions occupy 32
general positions. Among the 64 tetrahedral and 32 octahedral interstices available in this
arrangement, at low temperatures the divalent Fe cations occupy 8 tetrahedral sites while
the trivalent Al cations occupy 16 octahedral sites. Its structure is shown in fig.6.2c.
However the deviation from stoichiometry in this compound is large. 16.3% of the Fe-
sites are occupied by Al and 8.1 % of the Al-sites by Fe [114, 115]. It density is 4.265
g/cm3.
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At last, the Fe-Al-O phase diagram is briefly discussed due toits relevance for the
oxidation of Fe3Al in chapter7. In a temperature range between 1280◦C and 1500◦C the
phase equilibria of the Fe-Al-O system show some characteristic features as a function of
the Fe-ion/Al-ion ratioξFe [114]. For a very low ratioξFe or oxygen pressures below 10−10

mbar only corundum (α-Al 2O3) is present. IncreasingξFe to values between roughly 0.05
and 0.35 leads to a coexistence between spinel (FeAl2O4 and Fe3O4) and corundum. For
higherξFe it is strongly oxygen pressure dependent if spinel and iron (10−9.5 - 10−8 mbar),
spinel and Wuestite (10−8 - 10−6 mbar), just spinel (10−6 - 101 mbar) or just haematite
(101 - 103 mbar) exist. For high Fe-ion concentrations the spinel phase consists of mainly
magnetite, for lower concentration of hercynite.

6.2 The Ni-Al System

The phase diagram of the Ni-Al-system is shown in fig.6.5. Five stable intermetallic
phases exist: Al3Ni with a orthorhombic Cementite (CFe3) structure, Al3Ni2 with its own
trigonal structure, NiAl with the cubic CsCl structure, Al3Ni5 with a orthorhombic Ga3Pt5-
structure and AlNi3 with a cubic Cu3Au-structure. The solid solutions of Ni and Al are
both based on a fcc unit cell.

In this thesis NiAl-samples with a 50/50-stoichiometry areinvestigated which have
the B2-type structure. This ordered structure, consisting of two interpenetrating single
cubic lattices, was already described in section6.1and is depicted once more in the inset
of fig. 6.5. In case of Ni0.5Al 0.5 the B2-type phase is stable up to a high melting point of
1638◦C. Therefore NiAl possesses a high structural stability overa big temperature range.
Compared to stainless steel NiAl has a larger thermal conductivity, a higher melting point,
a lower density and a better oxidation resistance.

The B2-type NiAl structure has a density of 5.85 g/cm3 and a bulk lattice parameter
of a0 = 2.887 Å at room temperature and ideal stoichiometry [116]. Perfect 100 percent
ordering with Al only in the center, Ni only on the corners of the bcc unit cell and no
vacancies can only be achieved for 50/50 composition and at T= 0 K. Increasing the
amount of Ni in the composition leads to a replacement of the Al atoms by Ni atoms,
i.e. Ni atoms sit on Al-sites (Ni anti-sites). As Ni atoms aresmaller but heavier than Al,
the lattice parameter decreases while the density of the alloy increases. Increasing the Al
content does not create Al anti-sites but Ni vacancies in theNi lattice which leads to an
decrease of the lattice parameter and the density [98,117–119]. DFT calculations of the
bulk confirm these findings as Al anti-sites (E = -0.89 eV) and Al vacancies (E = 1.03 eV)
are energetically unfavourable compared to Ni anti-sites (E = 1.94 eV) and Ni vacancies
(E = 1.36 eV) [120].
Similar to the Fe-Al-system a stable oxide film forms on NiAl surfaces protecting the alloy
underneath under highly reactive conditions. It consists of Al oxides which are introduced
in section6.1.1.
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Figure 6.5: Phase diagram of the Ni-Al-system. The inset shows the B2-structure of NiAl
(from [110]).

6.3 The Co-Ga System

The binary phase diagram of the Co-Ga system is shown in fig.6.6. Two stable intermetal-
lic compounds exist:β-CoGa and CoGa3. The terminal phases ofα−cobalt,ǫ−cobalt and
α−gallium are based on a fcc, hcp and orthorhombic unit cell, respectively.
The CoGa sample with 50-50-stoichiometry, investigated in this work, possesses the CsCl
(B2-type) structure up to the melting point at 1483 K. At room temperature CoGa has a
lattice constant of 2.878 Å. Its defect structure is very similar to the one of NiAl described
in section6.2. Vacancies on the Co sublattice and Co atoms on the Ga sublattice are the
main point defects.
Similar to Al2O3, different Ga2O3 phases exist, based on a closed packed oxygen sublat-
tice. α-Ga2O3 has a corundum structure with an hcp sublattice of O atoms. The Ga3+

ions occupy octahedral sites, only.δ-Ga2O3, γ-Ga2O3 andβ-Ga2O3 have a fcc oxygen
sublattice and Ga3+ ions sit on octahedral and tetrahedral sites.β-Ga2O3 is the only ther-
modynamically stable gallium oxide phase. Its structure isisomorph withθ-Al 2O3, as
shown in fig.6.3.
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Figure 6.6: Phase diagram of the Co-Ga system (from [110]).



Chapter 7

The Oxidation of Fe3Al(110)

Iron-aluminides are promising materials as future light-weight replacements of steel, be-
cause of their potentially favourable density-strength ratio, their use in deep draw pro-
cesses, and their high-temperature stability [1]. Their stability arises from the ordering
of the constituents, like shown in chapter6.1. In order to be used in high-temperature
applications it is necessary that a protective oxide scale is formed on the surfaces of these
materials to prevent them from further corrosion. Unlike inother binary alloys, both ele-
ments in the iron-aluminides have a high affinity for oxygen,which further complicates the
understanding of the oxidation process as a function of the thermodynamic parameters. It
is a challenge to contemporary surface science to understand and control on a microscopic
scale such an oxidation process.

It may be expected that the formation of the oxide layer has a large effect on the sur-
face segregation of the constituents and the ordering of thesystem. The experimental work
in this chapter is intended to obtain a better understandingof the segregation and subse-
quent ordering processes in the subsurface region of Fe3Al under oxidizing conditions.
Application-oriented properties of the oxide film, like chemical composition, thickness or
homogeneity, are also investigated for different growth conditions. To tackle this difficult
problem we use the method of SXRD in combination with x-ray reflectivity, AES and
HRCLS. As the former technique is ideally suited to follow the order in the (sub)surface
region, the latter allow to determine the thickness and chemical composition of the ox-
ide layers. Oxygen pressures range from10−8 to 10−5 mbar, the oxidation temperature
reaches from 300 K up to 720 K.

The results for the clean surface demonstrate that the topmost atomic layer exhibits
in-plane B2 order, with a D03 bulk beneath it. Upon oxidation at 10−6 mbar of molecular
oxygen at temperatures between 400 K and 720 K, long-range superlattice order disap-
pears in an extended subsurface region, without affecting the surface roughness nor the
crystallinity. At the same time, a smooth 8 Å thin oxide layeris formed on the surface.
These results can be understood by preferential Al surface segregation in combination with
a high affinity of Al for oxygen. The chemical composition of the oxide film is shown to
depend strongly on the amount of Al present at the surface during the oxidation process.
For low Al segregation rates (low temperatures) or high oxidation rates (high O2 pres-
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sures), Fe and Al are oxidized. Pure Al oxide layers are foundwhen fast Al segregation is
possible or the oxidation rates are small.

In section7.1 the experimental set-up, the system of Fe3Al(1,1,0) and the sample
preparation are described. The results of the clean and the oxidized system are presented
in section7.2and are discussed in section7.3. Conclusions are drawn in section7.4.

7.1 Experimental Details and Sample Preparation

Dependent on the temperature, Fe3Al has a A2-type, B2-type or D03-type structure. These
structures are presented in the Fe-Al phase diagram in section 6.1. The Fe3Al (1,1,0) sur-
face was chosen with regard to the SXRD experiments. It distinguishes between CTRs
probing the order of the underlying A2-type fundamental bcclattice and the B2-type and
the D03-type decoration of atoms over the bcc lattice points. This is described in detail in
section4.1.1.

The two single-crystals used in the experiments have a nominal composition of 72 at.-
% Fe and 28 at.-% Al and are shown in fig.7.1. According to the Fe-Al phase diagram
of fig. 6.1, the samples exhibit a D03-type ordered structure at room temperature. The
slightly higher Al concentration away from the ideal 3:1 stoichiometry was chosen in or-
der to stay away from the A2-B2 phase separation area. The samples were grown from the
melt at the Max Planck Institute for Metals Research (MPI-MF)in Stuttgart. They are cut
out of a Fe.72Al .28-Rod perpendicular to the [1, 1, 0]-direction which has been determined
by Laue x-ray diffraction. After a refined x-ray alignment with an 0.1◦ accuracy, the
samples are lapped with Al2O3 and diamond suspensions, starting with a grain size of 20
µm, then successively going down to 0.05µm. High energy x-ray diffraction of the final
plate-like samples showed excellent crystallinity in the bulk, with typical Bragg reflection
rocking curve widths better than 0.01 degrees.

In situSXRD experiments are carried out in the portable UHV oxidation chamber, de-
scribed in section5.1.4. Sample 1 was measured at beamline ID03 of the ESRF, sample
2 was measured at the MPI-MF beamline at the ANKA (see section5.1.2). A monochro-
matic x-ray beam (∆E/E ≃ 10−4) with a photon energyE of 12 keV was used at beam-
line ID03 and with a photon energyE of 10 keV at the MPI-MF beamline.

The HRCLS experiments were performed at the beamline I311 at Max Laboratory,

Figure 7.1: The two Fe.72Al .28 (110) samples, labelled sample 1 (a) and 2 (b) in the fol-
lowing, are spot welded on Molybdenum sample holders with Tantalum foils.
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Figure 7.2: AES spectra of the Fe3Al(110) surface. The top graph shows the low energy
part of the clean (blue) and oxidized (red) surface; the curves are displaced for clarity.
The vertical lines indicate the following elements: metallic Al (66 eV), metallic Fe (47
eV), oxidized Al (39, 46.5 and 55 eV) and oxidized Fe (42 and 52eV). The inset shows
the small amount of carbon present on the clean surface, probably resulting from CO
adsorption. The bottom part shows the spectra in the energy range where the oxygen (510
eV) and Fe (598, 651 and 703 eV) signals are visible.

described in section5.2. The photoemission measurements were performed at room tem-
perature, at a fixed incident angle of about55◦ and at normal emission. For all measured
spectra a scan of the Fermi level region was recorded immediately afterwards and used as
binding energy reference.

For quantitative measurements a chemically clean and well-defined crystal surface is
essential. Clean and well-ordered surfaces were obtained byrepeated cycles of annealing
and sputtering with Ar+ ions (argon pressure pAr = 6 × 10−6 mbar, energy E=1.5 keV,
sputter current density 10µAcm−2). After a final high-temperature anneal step at 1173
K, special care was taken to not cool the samples too quickly through the B2-D03 phase
transition at 800 K. This would cause many D03 anti-phase domains and therefore broad-
ened superstructure CTRs, resulting in poor signal-to-noiseratios [121]. AES was used to
check for surface contaminations. In fig.7.2 the spectra of the prepared surface clearly
show the signal of metallic Fe and Al. However, even after many cycles of prolonged sput-
tering and annealing (up to two hours and 1500 K per cycle), still a small oxygen signal
remains present. Although some remains of oxide patches cannot be excluded, most likely
the remaining oxygen signal is due to the adsorption of CO, which at the UHV base pres-
sure of approximately5×10−10 mbar is still present in small amounts. This also correlates
with a tiny carbon signal in the AES spectrum that is present after cleaning the surface. It
is known that CO adsorbs molecularly at room temperature on Fe0.6Al 0.4(1,1,0) at expo-
sures below 1 L [122]. Nevertheless, all the results presented here are not verysensitive to
such a minor contamination, in particular since the coverage is expected to be very small.
During all the XRD experiments oxide films formed under controlled conditions could be
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Figure 7.3: LEED-image of the clean Fe.72Al .28(1,1,0) surface of sample 1: reflexions
arising from A2-type, B2-type and D03-type lattices are marked by open squares,triangles
and circles, respectively. The arrows indicate the inplane(1,1,0) unit cell.

removed by annealing the sample up to 1270 K for 600 s. Due to the experimental set-up
at the HRCLS measurements it is not possible to achieve temperatures higher then 873 K.
By prolonged sputtering not all the alumina could be removed as seen in the Al2p spectra
of the clean sample in fig.7.10. Nevertheless, a LEED image of a well ordered clean
surface, like described in section7.2.1, is observed. Accordingly, only a tiny amount of
oxide patches is still present on the prepared surface.

7.2 Results

7.2.1 The clean Fe3Al(1,1,0) surface

After the cleaning procedure a LEED image of the surface has been recorded and is de-
picted in fig. 7.3. Diffraction spots arising from the fundamental lattice aswell as the
ordered B2-type and the D03-type superlattices are observed. This shows that the surface
region is crystalline and chemically well ordered with no larger oxide patches present.

A typical x-ray reflectivity curve of the clean sample is shown in fig. 7.4. It exhibits
a Fresnel-like shape which indicates that there is a near-perfect vacuum-crystal interface.
The results of fitting a density profile to the reflectivity data render a smooth Fe3Al sur-
face.

The crystallographic SXRD data, obtained by taking rocking scans at each point along
the CTRs, were integrated and corrected in a standard way [61]. The program ROD was
used to fit different structure models to the experimental structure factors, which are shown
in fig. 7.5 [123]. The scattering from the bulk is calculated by using equations4.13and
4.15with ǫ = 0.12, which follows from the Al-enriched nominal composition Fe3−ǫAl 1+ǫ.
The Debye-Waller parameters of all atoms are kept at bulk values, withBFe = 0.345
Å2,andBAl = 0.45 Å2 [124]. When comparing the experimental data with the CTRs
calculated for a bulk terminated crystal, the (1,1), (1,2) and (0,2) rods are fairly well re-
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Figure 7.4: X-ray reflectivity curves obtained from the clean surface(blue) and after oxida-
tion at 650 K and6× 10−6 mbar O2 for 30 min (red). The curves are displaced for clarity.
The experimental data (points) and fits (solid lines) using the Parratt formalism [76] are
shown, the results of which are given in table7.1. The inset shows the resulting electron
density (ρe) profiles for the clean (blue) and oxidized (red) surfaces asa function of the
z-direction along the surface normal. The sketches of the samples indicate the applied
fitting models.

produced. However, the (2,0) rod is much higher in intensitythan the simulation for bulk
termination. This rules out that roughness alone can explain the observed rod profiles,
since surface roughness would lower all rods in between the Bragg peaks. Qualitatively,
from the differences between the bulk termination simulation and the experimental data
one can directly conclude that the surface orders in a different symmetry compared to the
underlying bulk. Since the (2,0) rod probes the B2-type orderin the surface region, the
β andγ sites in the surface are crystallographically equivalent (see fig.6.1). This leads
to additional scattering from this layer contributing to the (2,0) rod, without affecting the
(1,1) and (1,2) rods.

Having identified that the largest discrepancy between bulktermination and a B2-like
overlayer appears on the (2,0) rod, one sees that there is a lot of extra intensity between
the Bragg peaks along the (2,0) rod. The parameters that are responsible for this feature
are the rumpling of the atoms in the topmost layer and their occupancies. Fitting these,
together with structural relaxations and minor disorder inthe second and third layer leads
to the best fit results presented in table7.2and schematically depicted in fig.7.6.

In the refinement procedure for sample 2 fewer parameters areused, because the total
data set is smaller than for sample 1 as the photon flux at ANKA was too small to measure
the weak signal of the D03-type CTRs. Nevertheless, the results for both samples 1 and
2 agree very well. This is because the relaxations in deeper layers, which exhibit D03
symmetry, are negligibly small. The most important features in the data arise from the
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topmost layer, which shows in-plane B2-type order.

Tox tox parameter clean oxidized oxid. & annealed

30
0

K

60
m

in σFe3Al (Å) 1.1(8) 1.0(5) 1.0(5)
σox (Å) - 1.5(6) -
dox (Å) - 5.1(4) -

ρe,ox/ρe,Al2O3
- 0.5 1.0

σAl2O3
(Å) - 2.3(6) 2.7(6)

dAl2O3
(Å) - 12.2(4) 17.3(4)

30
0

K

90
m

in σFe3Al (Å) 1.1(8) - 2.1(7)
σAl2O3

(Å) - - 2.9(6)
dAl2O3

(Å) - - 15.5(6)

65
0

K

30
m

in σFe3Al (Å) 1.0(8) 1.0(5) -
σAl2O3

(Å) - 1.7(6) -
dAl2O3

(Å) - 8.4(3) -

65
0

K

60
m

in σFe3Al (Å) 1.0(8) 1.4(5) -
σAl2O3

(Å) - 1.7(6) -
dAl2O3

(Å) - 8.6(3) -

73
0

K

35
m

in σFe3Al (Å) 1.4(8) 1.0(6) -
σAl2O3

(Å) - 4.2(8) -
dAl2O3

(Å) - 8.8(4) -

79
0

K

35
m

in σFe3Al (Å) 1.0(7) 1.0(7) -
σAl2O3

(Å) - 4.8(9) -
dAl2O3

(Å) - 9.0(3) -

Table 7.1: Results of the x-ray reflectivity measurements of the clean, the oxidized and the
annealed surfaces. The oxidation temperature Tox and the oxidation time tox are given in
the table, the oxidation pressure is10−6 mbar of oxygen in all cases. The root-mean-square
roughness (σ) for the interfaces as well as the the oxide thickness (d) are shown.
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Figure 7.5: CTR data (points) of the clean surface and the results of different structural
models (lines) for the two investigated samples. The best fit(blue solid line) and a bulk
terminated model (green solid line) are shown together witha calculation for a structure as
in the best fit, only without vacancies (black dashed line, only sample 1). For the D03-type
CTRs the best fit model with and without vacancies give the same curve. This is because
most of the vacancies appear in the topmost layer, which has aB2-inplane symmetry
thereby not contributing to the D03-type CTRs.
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Figure 7.6: Schematic side view of the best fit result which consists of a B2-type top-layer
on a D03 bulk crystal.

sample 1 sample 2
Atom θ1 (-) ∆z1 (-) θ2 (-) ∆z2 (-)
Fe1α 0.79(3) 0.025(3) 0.81(2) 0.010(5)
�1α 0.21(3) - 0.19(2) -
Al1β,γ 0.65(4) -0.017(6) 0.77(3) -0.02(1)
�1β,γ 0.35(4) - 0.23(3) -
Fe2α 0.96(2) 0.003(2) 1.00(1) -0.004(3)
�2α 0.04(2) - 0.00 -
Al2β 1.00 0.011(5) 1.00 -0.010(5)
Fe2γ 0.71(2) 0.003(3) 0.88 0.00
Al2γ 0.30 0.003(3) 0.12 0.00
Fe3α 1.00 0.00 1.00 0.00
Al3β 1.00 -0.006(3) 1.00 0.00
Fe3γ 0.88 0.002(2) 0.88 0.00
Al3γ 0.12 0.002(2) 0.12 0.00

Table 7.2: Results of the structural refinement procedures listing displacements∆zp and
occupanciesθp with p = 1, 2 for samples 1 and 2. The best fits of the CTRs are shown in
fig. 7.5. The atoms are labelled as Elno.j, where the element El = Fe,Al (or vacancy�),
then the number (no.) of the layer, where 1 is the surface andj = α, β, γ indicates the
particular lattice site.
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7.2.2 The oxidized Fe3Al (1,1,0) surface

Oxidation studies of the (1,1,0) surface at temperatures between 300 K and 790 K and O2
pressures from 10−8 mbar up to 10−6 mbar are performed. In a first step the thickness
of the oxide layer and its chemical composition are investigated for the different growth
conditions. Then the ordering of the alloy at the oxide-alloy interface is illuminated on an
atomic scale.

The thickness of the oxide films

Specular x-ray reflectivity curves are recorded before and after the oxidation of the
Fe.72Al .28 (1,1,0) surface and after a1240 K annealing procedure of the sample. The
Parratt formalism described in section4.1.2is used to analyse the measured curves and to
determine oxygen induced changes in the electron density profile along the surface nor-
mal. Fig.7.7shows the reflectivity curves obtained of sample 2 before andafter oxidation
at room temperature with3× 10−6 mbar of O2 and after annealing the oxidized sample in
UHV. Fig. 7.8depicts the curves obtained after oxidation at the higher temperatures of 650
K, 730 K and 790 K and with3×10−6 mbar of O2. Except for the Fresnel-like curve of the
clean crystal all curves show well-defined modulations. They result from the presence of
an oxide layer while the layer thickness can be calculated from the position of the minima.
The layer models used for the best fits are schematically shown in the figures, together
with the resulting electron profiles. The fit results are listed in table7.1. Thereby a strong
temperature-dependence of the oxide layer thickness is observed, which is pointed out by
the temperature-thickness diagram in fig.7.9. At room temperature the oxide thickness of
approximately 16 Å is twice as thick compared to the 8 Å thick layer grown at oxidation
temperatures between 650 K and 790 K. Furthermore, all curves recorded after oxidation
at elevated temperatures or after 1240 K annealing can be fitted well, assuming a single
α-Al 2O3 layer on the alloy substrate1. For all curves recorded after 300 K oxidation an
additional oxide layer of unknown electron density is needed for a good fit result. This
indicates a changed chemical composition or density inhomogeneities of the oxide films
grown at room temperature. The formation of pure alumina layers is indicated for elevated
oxidation temperatures or after the sample annealing. The chemical composition will be
investigated in detail in the next section.

For oxidation temperatures of 300 K and 650 K reflectivity curves are measured for
two different oxidation times, respectively (see fig.7.7 and7.8). Comparing the curves
of different oxidation times shows only minor changes in theoxide film thickness for pro-
longed oxidation. This indicates that a critical maximum oxide thickness is reached at 300
K and 650 K and10−6 mbar of oxygen. At the oxidation temperatures of 730 K and 790K
an increase of the roughness of the vacuum-oxide interface is observed. Higher oxidation
temperatures render the oxide film less smooth than temperatures around 650 K.

1Note, that the spinel FeAl2O4 has nearly the same electron density asα-Al2O and cannot be distin-
guished by reflectivity measurements.
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Figure 7.7: X-ray reflectivity curves obtained from the clean surface(black), after oxida-
tion at 300 K and3 × 10−6 mbar O2 for 60 min (grey) and after annealing the oxidized
surface to 1240 K (blue and red) to order the oxide. The curvesare displaced for clarity.
Shown are the experimental data (points) and fits (solid lines), using the Parratt formal-
ism [76]. The fit results are given in table7.1. The sketches of the samples indicate the
applied fitting models. The inset shows the resulting electron density (ρe) profiles as a
function of thez-direction along the surface normal.

The chemical composition of the oxide layer

The chemical composition of the oxide films is monitored withHRCLS measurements.
This technique is very sensitive to the coordination numberof the atoms and to their
chemical environment. It can detect already tiny amounts ofoxide on the surface. To
follow the likely oxidation of Fe and Al at the surface the spectra of the Al2p, Fe2p and
O1s photo electrons are recorded. At the three temperaturesof 300 K, 470 K and 650 K
the clean Fe3Al (1,1,0) surface of sample 2 is oxidized with two oxidationpressures of
1× 10−6 mbar and1× 10−8 mbar O2

2. Spectra are recorded of the clean and the oxidized
surface. Another series of spectra is measured after annealing the sample to 770 K for 5
min, except for the 650 K oxidation experiment. Fig.7.10, 7.11and7.12show the spectra
measured of the oxidation cycles at 300 K, 470 K and 650 K,respectively.

All Al2p spectra, recorded of the clean Fe3Al surface, show the spin-orbit split dou-
blet of Al2p3

2
and Al2p1

2
photo electrons at binding energies EBE of 72.0 eV and 72.4 eV,

respectively. The splittings are known from metallic Al or polycrystalline Fe3Al [ 37,125].
A very small signal at EBE ≈75 eV is assigned to Al atoms bound to oxygen which is
consistent with the small signal observed in the O1s spectraof the prepared surface. All

2The oxidation times are different for all recorded spectra,which does not restrict the conclusion in this
section. Oxidation times at10−8 mbar O2: 17 min at 300 K, 55 min at 470 K, 41 min at 650 K; Oxidation
times at10−6 mbar O2: 60 min at 300 K, 30 min at 470 K, 35 min at 650 K;
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Figure 7.8: X-ray reflectivity curves obtained after oxidation at 650 K, 730 K and 790
K with 10−6 mbar O2 and the indicated oxidation times. The curves are displacedfor
clarity. Shown are the experimental data (points) and fits (solid lines) using the Parratt
formalism [76]. The fit results are given in table7.1. The sketch of the sample indicates
the applied fitting model. The inset shows the resulting electron density (ρe) profiles.

Figure 7.9: Dependence of the oxide layer thickness on the oxidation temperature: at room
temperature the film is thicker than at elevated oxidation temperatures.

Fe2p spectra of the clean sample show the spin-orbit split doublet of Fe2p3
2

and Fe2p1
2

photo electrons at binding energies of 707 eV and 720 eV, respectively [37]. No signal
of oxidized Fe is observed. Consequently, large parts of the surface are chemically clean,
while tiny parts are covered with Al oxide patches and chemisorbed CO like described in
section7.1. A LEED image recorded after the sample preparation shows the same charac-
teristics like the image shown in fig.7.3. This further shows that the sample surface can
be regarded as clean.
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Figure 7.10: Photoemission spectra of the Al2p (left), the Fe2p (middle) and the O1s
(right) electrons, recorded at the indicated incoming photon energies and normal emission.
Oxidations are performed at 300 K and 10−8 mbar (top row) or 10−6 mbar (bottom row)
of O2. The spectra of the clean, oxidized and oxidized and annealed (770 K for 5 min)
sample are depicted by black, red and blue lines, respectively. The binding energies of
the photo electrons in Fe3Al (metallic), Al2O3, FeAl2O4, FeO and Fe2O3 are marked by
vertical lines, according to literature values [37].

Oxidized Al can be detected in the Al2p spectra by an arising signal in the binding
energy range between74.5 and75.5 eV. Oxidised Fe is observed in the Fe2p spectra by a
signal around EBE ≈ 711 eV. Analysing the spectra after oxidation (red lines in fig.7.10,
7.11and7.12) shows that the oxide composition depends on the oxidation pressure and
temperature. This is summarized in the pressure-temperature diagram in fig.7.13. For an
oxygen pressure of1 × 10−6 mbar both alloy constituents, Al and Fe, become oxidized
for all investigated temperatures. For the low oxygen pressure of1× 10−8 mbar Fe oxide
formation is only observed at room temperatures while for higher oxidation temperatures
pure Al oxide is formed. The area of Fe oxide signal is proportional to amount of formed
oxide. At room temperature and1 × 10−8 mbar O2 less oxide is formed than at1 × 10−6

mbar. This indicates that the oxidation pressure has a stronger influence on the Fe oxide
formation than the oxidation temperature. At oxygen pressures of1× 10−6 mbar the most
amount of oxidized Fe is found at 300 K and 470 K while it decreases strongly for the
oxidation temperature of 650 K.

After a 770 K annealing in UHV the peak position of the component, assigned to ox-
idized Al, clearly shifts from EBE = 74.5 to 75.5 eV in the Al2p spectra, recorded after
300 K and 450 K oxidation (see fig.7.10and7.11). Similar shifts from EBE ≈ 531 to 532
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Figure 7.11: Photoemission spectra like described in the caption of fig. 7.10but the ex-
periments are carried out at an oxidation temperature of 470K for both oxygen pressures.

Figure 7.12: Photoemission spectra like described in the caption of fig. 7.10but the ex-
periments are carried out at an oxidation temperature of 650K for both oxygen pressures.

eV are observed for the signal in the O1s spectra. Shifts towards higher binding energies
indicate a higher number of Al-O bonds which corresponds to abetter short-range order.
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Figure 7.13: The diagram shows the oxide composition dependent on the oxidation pres-
sure and the oxidation temperature. Green and grey (half-)circles mark the formation of
Fe- and Al-oxide, respectively

In the Fe2p spectra no signal of Fe oxide is observed any more after the annealing. Thus,
annealing leads to a pure alumina layer with less defects anda better ordering. In case of
the oxidation cycle at 650 K (fig.7.12) where no additional annealing has been performed
a pure, ordered alumina layer is found only at1× 10−8 mbar O2. The corresponding sig-
nals in the Al2p and O1s spectra are found at the same positionlike after annealing the
sample oxidized at lower temperatures. At1× 10−6 mbar O2 and650 K also oxidized Fe
is detected at the surface which seems to block the ordering of Al oxide and to enlarge the
number of defects.

For further details on the Fe oxide formation during the oxidation process, the clean
sample is first oxidized at 650 K and1× 10−8 mbar. As shown in fig.7.12, a pure ordered
alumina film and no Fe oxide is formed under these conditions.Now, after this first low
pressure oxidation the pressure is increased to1×10−6 mbar at the same temperature. The
Fe2p spectra is measured before and after the increase like depicted in fig.7.14. Unlike
the direct oxidation with1 × 10−6 mbar O2 at 650 K (see fig.7.12) no Fe oxide forma-
tion is observed after the stepwise pressure increase. The initial alumina layer formation
blocks the formation of Fe oxide. Consequently, the oxidizedFe has to be formed during
the initial oxidation process while in the prolonged oxidation Al is preferentially oxidised.
The iron oxide is probably found very close to the vacuum-oxide interface of the grown
oxide film.

In addition to the HRCLS experiments, the chemical composition of the surface re-
gion before and after oxidation at 10−6 mbar O2 and 650 K is also studied with AES.
Fig. 7.2 shows the AES spectra of sample 1 after oxidation. The low-energy part of the
AES spectrum lends itself for the identification of oxides onthe surface. Bonding of Fe
or Al with oxygen leads to a chemically shifted AES transition [126–129], which has
shown to be an adequate tool for the identification of oxide formation on Fe(110) and
NiAl(110) [126–129]. Fig. 7.2clearly shows that the oxidized surface shows mostly alu-
minium oxide. The sensitivity of AES is smaller compared to HRCLS. This could explain
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Figure 7.14: Photoemission spectra of the Fe2p photo electrons, recorded at 800 eV photon
energy during the oxidation at 650 K. The initial oxidation pressure of 10−8 mbar O2

(green curve) is increased to 10−6 mbar O2 (blue curve) after 55 min. The blue curve is
measured 25 min after the increase. Unlike the oxidation with an initial oxygen pressure
of 10−6 mbar (see fig.7.12) no signal of oxidized Fe is detected.

why the small iron oxide signal, observed with HRCLS, is not detected by AES.

The atomic structure and order of the oxidized surface region

To probe the influence of the oxidation on the ordering of the D03 phase in the surface
region of the alloy, CTR and GID measurements are conducted. During the formation
of the oxide films structural and occupational changes at theoxide-alloy interface are
followed in situ. Thereby the oxidation at3 × 10−6 mbar of molecular oxygen at 650 K
is followed in great detail by CTR measurements and presentedin the first part of this
section. In a second part the results of a GID study during theoxidation at 650 K, 680 K
and 720 K with3× 10−6 mbar O2 are discussed.

As described above reflectivity measurements show the formation of a 8.4 Å
thick, disordered oxide layer after exposing the clean sample to 3 × 10−6 mbar O2

for 30 minutes at 650 K (see fig.7.4). After the oxidation CTR measurements are
performed on the sample. However, the intensity along the (2,0), (1,1) and (1,2) rods
has almost completely vanished. Typical rocking scans at points along the (2,0) and
the (1,2) rod before and after oxidation are shown in fig.7.15b and c. The (0,2) rod,
shown in fig. 7.15a, became most significantly weaker halfway the Bragg peaks. None
of the Bragg peaks’ intensity changed, which means that only in the near-surface region
drastic structural changes have occurred. The significant decrease of the intensity is also
observed at a lower oxidation temperature of 400 K, like shown for the (2,0) rod in fig.
7.15d.

The different experimental observations after oxidation are summarized as follows:
a thin smooth aluminium-oxide layer is formed on top of the alloy which has a strongly
decreased B2 and D03 order in the near-surface region. The lattice itself, as defined
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Figure 7.15: a) Experimental (0,2) CTR before (blue) and after (red) the oxidation pro-
cedure (650 K,10−6 mbar O2). The simulation (red solid line) is performed for a D03

bulk crystal of which the topmost layers gradually change their composition as described
in the text and as schematically shown in fig.7.16. Also shown is the simulation (dashed
blue) for the case that the interface between the oxide and the substrate would be perfectly
sharp. b)-d) The rocking scan at the points (2,0,1.85), (1,2,0.8) and (2,0,0.6) of the clean
(blue) and oxidized (red) surface. b) and c) are recorded after oxidation at 650 K, d) after
oxidation at 400 K. The intensity disappears completely upon oxidation.

by the bcc structure is not destroyed, neither has the interface become (much) rougher.
These findings raise the following questions:i) Up to which depth is the superlattice in
the subsurface region disordered?ii) Is the disorder due to a change in the composition?
These questions will be addressed hereafter by further dataanalysis and simulation.

A rough estimate of the thickness, over which the structure is disordered, can be
obtained by calculating from how many substrate layers Al isneeded to form the 8.4 Å
thin oxide. Taking the electron density of bulkα-Al 2O3 results in 4 unit cell layers of
Fe0.72Al 0.28 to be completely Al-depleted. This is reduced by half a unit cell layer when
the composition of the topmost atomic layer of the surface isFeAl, which follows from
the results for the clean surface presented in section7.2.1.

In general, diminishing CTR signals are caused by either compositional changes or
an increase in roughness in the surface region. A drastic increase in surface roughness
can be ruled out on the basis of the results of the x-ray reflectivity measurements shown
in fig. 7.4. The oxide layer has a well-defined thickness and shows smooth interfaces to
the underlying substrate and to the vacuum. Therefore, another explanation is needed in
which the CTRs originating from the B2 and D03 superlattices are suppressed, but not
the CTR probing the fundamental bcc lattice. A solution can begiven by the D03 and
B2 order parameters decreasing gradually from the bulk towards the surface. The exact
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profile of such a transition cannot be determined from the present data, simply because
the signals vanished. Nevertheless, and without losing generality, one can investigate the
influence of such a disordering process on the CTR signals. Theaverage scattering of
each unit cell layer in the subsurface region can be viewed upon as a weighted average of
two contributions consisting of a D03 (and with that also B2) and an A2 part. Here, the
weighting is performed by using the so-calledβ-roughness model, since it gives a simple
and exact solution by [11]:

F = FCTR +
n∑

j=1

βjFbulke
i2πlj

︸ ︷︷ ︸

D03,B2

+
n∑

j=1

(1− βj)Fsurfe
i2πlj + θFinterface

︸ ︷︷ ︸

A2

(7.1)

with FCTR the CTR scattering,Fbulk the scattering from a D03 bulk unit cell,Fsurf the
scattering from an A2 surface unit cell, andβj the occupation in the j-th layer above the
bulk (see fig. 7.16 for a schematic view). The A2 structure is calculated by assuming
completely Al-depleted unit cells, resulting in theα, β, andγ sites being occupied by 0.72
Fe atoms. The oxide film has a very poor crystallinity and doestherefore not contribute to
CTR scattering with in-plane momentum transfer. The interface between the oxide and the
subsurface region is not uniform, but shows atomic disorderor roughness. This is mod-
elled by assuming an interface layer of reduced density, having a coverageθ and scattering
contributionFinterface with A2 symmetry. This describes the scattering for a layer which
consists either of a mix of A2 and oxide material or an A2 layercontaining many vacan-
cies. The first two terms on the right-hand side of equation7.1involve bulk scattering and
therefore have a D03 (and also B2) symmetry. These two terms together render CTRs of
which the intensity is reduced between the Bragg peaks as in the case of roughness. The
next two terms in equation7.1 involve scattering by material having A2 symmetry. They
do not contribute to the B2 and D03 rods, thereby not changing the shape as established
by the first two terms. However, the contribution to the A2 rods is such that their shape
does not change too much from having a well-defined smooth surface region. The charac-
teristic shape of the (0,2) rod shows a strong dip halfway theBragg peaks, which is well
reproduced by the interface layer of reduced density. Fig.7.15a shows a simulation of the
previously described model as parametrized by equation7.1 3. With a gradually chang-
ing order parameter not each unit cell layer is completely Al-depleted. The previously
estimated depth up to which the disorder takes place (Ntot = 3.5 − 4) will therefore be
enlarged depending on the disordering profile that is used. For theβ-roughness model that
is used here, the depth up to which the disorder takes place (n) is closely related to the
parameterβ by: β−βn+1

1−β
= Ntot. The simulations shown in fig.7.15a are performed with

3Equation7.1 contains a sharp transition between the bulk and the distorted surface region and a finite
sum over distorted layers. These two features lead to finite thickness oscillations in the rod profiles, which
are experimentally not observed. Most likely, the interface between the bulk and the distorted region is not
atomically sharp. Consequently, for the rod calculation the ensemble average over many different thick-
nesses should be taken. To account for this effect, the simulation includes a convolution with a top-hat
function of width∆l = 0.1.
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Figure 7.16: Schematic representation of the clean (left) and oxidized (right) surface.
The clean surface, which was investigated in UHV shows a topmost atomic layer having
B2 symmetry on a D03 bulk crystal. The oxidized surface shows a gradually changing
superlattice order in the subsurface region. The order starts with D03 in the bulk and
changes to A2 at the interface with the oxide. The interface layer has A2 symmetry but a
reduced average density which is the result of complete Al-depletion in the topmost atomic
layer which before oxidation consisted of Fe.5Al .5.

β = 0.85 andn=8. These values lead to a decrease of at least one order of magnitude on
F of the B2 and D03 rods (two orders of magnitude in intensity), which complieswith the
detection limit in the experiments. To show the effect of theinterface structure between the
oxide and the substrate, the (0,2) rod is simulated as well when assuming that an interface
with reduced density is absent (θ = 0). In that case the characteristic dip is not present
and the intensity is close to the CTR of the clean surface.

The glancing angle Bragg scattering measurements are carried out for the three oxida-
tion temperatures at 650 K, 680 K and 720 K with10−6 mbar O2. They are performed at
the inplane (1,1,0) D03-type reflection to determine oxygen induced changes of the super-
structure lattice in the surface region of the alloy. The profiles of the outgoing angleαf

are shown in fig.7.17 for the three oxidation cycles, in comparison with the profiles of
the clean sample (sample 2). The oxidation of the prepared,clean sample leads to a signal
decrease for all three conditions. To analyse the spectra indetail equation4.26has to be
applied. Therefore, the transmissivity of the vacuum-alloy system and the vacuum-oxide-
alloy system have to be calculated according to the equations 4.22and4.25, respectively.
The needed interfacial roughnesses and the oxide layer thicknesses are taken from the
reflectivity measurements of section7.2.2. For the vacuum-oxide-alloy system Al2O3 for-
mation is assumed, while assuming a mixed Fe and Al oxide layer produces very similar
results. Note, that the calculations show that the interfacial roughnesses have only minor
influences on the transmissivities of the clean and oxidizedsystems.

In addition to the transmissivities the kinematic sum of Bragg scattering is needed
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to calculate the scattered intensity of the (1,1,0) reflection according to equation4.26.
Thereby three models are applied which are schematically depicted in fig. 7.18, together
with a model (number 0) to analyse the clean surface. According to equation4.8, model I
assumes perfect D03-type order within the complete surface region of the alloy.Model II
takes a Gaussian-like decay of the D03-type order towards the oxide-alloy-interface into
account, like described by eqn.4.9and shown in fig.7.18by the grey line. In model III,
a completely disordered layer of Fe3Al is simulated by a "dead", A2-type layer, which is
described by eqn.4.11. Within all simulations a sample curvature of0.06◦ is taken into
account, while a misorientation of the Bragg planes is neglected4. An intensity scaling
factor is determined from the data set of the clean sample.

To simulate the data of the clean surfaces, model 0 is applied. The resulting calculated
intensity is shown in fig.7.17a-c by the grey solid line and agrees well with the data. For
the simulations of the curves of the oxidized surfaces modelI, II and III are compared to
each other, which is shown in fig.7.17by black dotted, solid and dashed lines, respec-
tively. For model II, a FWHM-value of 25 Å is assumed for the Gaussian order-disorder
profile, which is consistent with the 20 to 30 Å thick, disordered region, resulting from the
CTR measurements in section7.2.2. The simulated profiles of model I and II are nearly on
top of each other and are in good agreement with the data of theexperiments performed
at 650 K and 680 K. Assuming a disordered, "dead" layer of 20 Å inmodel III leads to
a strong intensity decrease which is not observed experimentally, as shown in fig.7.17a
and b by the dashed lines. For an oxidation temperature of 720K, model I and II do not
described the data well. An additional disordered layer of 8Å, like in model III, is needed
in model II to reproduce the data well.

In summary, the glancing angle scattering measurements show, that upon oxidation the
chemical order in the surface region is not destroyed completely but decreases smoothly
(Gaussian-like) towards the oxide-alloy interface. For oxidation temperatures of 650 K
and 680 K the disordered region in the alloy is roughly 25 Å thick. At a higher oxidation
temperature of 720 K the oxygen induced disorder, especially very close to the interface,
is higher compared to lower oxidation temperatures. A completely disordered, 8 Å thick
layer is present at the oxide-alloy interface, in addition to the Gaussian disorder profile.
Finally, the GID measurements confirm the model resulting from the CTR measurements
and presented in fig.7.16.

7.3 Discussion

7.3.1 The clean surface

The results of the SXRD measurements on the clean surface clearly demonstrate that the
topmost atomic layer has an in-plane B2 symmetry. This implies preferential surface seg-
regation of Al, thereby destroying the D03 order in this layer. A related mechanism has
been found for similar systems, such as Ni0.9Al 0.1(110). In this fcc compound the topmost

4The curvature has been estimated from the reflectivity measurements.
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Figure 7.17:αf -profiles of the evanescent Bragg scattering of the inplane (1,1,0) D03
superstructure reflection: The profiles are recorded at the indicated temperatures before
(grey open circles) and after oxidation (black open triangles) at3 × 10−6 mbar O2. The
lines are theoretical simulations as described in the text.The profiles were measured for
αi = 0.24◦. The sketches indicate the best-simulation model for the oxidized data.

Figure 7.18: Four fitting models to analyse theαf -profiles of the evanescent Bragg scat-
tering in fig. 7.17. Model 0 describes the clean Fe3Al surface, model I to III are applied
for the oxidized system as described in the text.

layer exhibits the ordered L12 structure on top of an A1 bulk due to Al segregation, result-
ing in a composition of Ni.75Al .25 [130]. A Low Energy Ion Scattering (LEIS) study of the
Fe3Al(110) surface showed that at room temperature the topmostlayer has the composi-
tion FeAl [33]. The present results corroborate the idea of Al-enrichment at the surface.
However, where the Fe concentration for samples 1 and 2 are similar, the Al content seems
not to be unambiguously determined. This could be for the following reasons. First, due to
a difference in surface preparation, where preferential sputtering of Al takes place. During
the subsequent annealing procedure Al may segregate again,but at temperatures higher
than approximately 1150 K, Al starts to evaporate from the surface [30]. Second, the scat-
tering contribution of Al being relatively low makes it difficult to unequivocally obtain
unrestrained fit parameters. Last, there is a large correlation between the fit parameters,
especially between the occupation and displacements of thetopmostβ andγ sites, the
scale factor, and the surface roughness. In order to keep thenumber of parameters as low
as possible, surface roughness was not explicitly put in themodels. Therefore, the occu-
pancies of the atoms should not be taken as a measure for the vacancies, but more as the
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total influence of several factors playing a role at different length scales. These include
vacancies and atomic roughness, all of which for sample 1 and2 could have been different.
However, since the presently used diffraction method is an excellent probe for the atomic
order and symmetry, the model in which a B2-type surface layerterminates a D03 crystal
describes all the features of the data obtained for both samples very well.

For FeAl, which in the bulk already adopts the B2 structure, itis reported that the seg-
regation of Al leads to a composition FeAly (with y > 1) of the clean (110) surface [30,38].
The LEED patterns for this surface never show a(1 × 1) structure. For the composition
FeAl2 of the topmost layer there is the formation of an incommensurate(2 × 1) recon-
struction, whereas for other compositions the surface layers are disordered in at least one
direction [32]. Apparently, the bulk stoichiometry close to Fe3Al leads after segregation
to exactly the right amount of Al to form a well-ordered surface structure which is com-
mensurate with the underlying D03 bulk.

The results from the surface structure refinement indicate that for both samples the
topmost layer shows a corrugation where the Fe atoms are pulled out of the surface.
Within two times the estimated standard deviation (e.s.d.)the values obtained for both
samples are identical. In general one would expect the larger of the two atoms, in this
case Al, being pulled out of the surface, as observed for NiAl(110), Ni3Al(110), and
CoAl(110) [12,131–133]. Although these examples show the expected general behaviour,
the presence of magnetism might result in reverted relaxations [134]. A surface leads to a
narrowing of thed-band, which in turn enlarges the surface density of states [135]. Hereby
the magnetic moment at the surface is expected to be enhanced. The system can reduce the
gain in magnetic energy by a structural relaxation whereby the magnetic element is pulled
out of the surface. Since iron has a substantial magnetic moment (2.2µB for pure Fe), the
previously described effect could be responsible for the observed surface corrugation in
Fe3Al.

7.3.2 The oxidized surface

The atomic structure of oxidized Fe3Al(1,1,0)

For the surface region of the sample, oxidized between 400 K and 720 K with 10−6 mbar
O2, a structural model could be derived from the SXRD and GID measurements, presented
in section7.2.2. This simple structural model that complies with all the experimental ob-
servations is shown in fig.7.16. The main feature consists of a gradually changing order,
going from D03 (and B2) in the bulk towards A2 at the interface between the crystal and
the oxide layer. Furthermore, the interface layer between substrate and oxide shows a
largely reduced density which can be interpreted as atomic roughness. Since this interface
emerges from the B2 layer that is observed for the clean surface, it is expected that after
all the Al has been taken out the average density correspondsto half a monolayer of iron.
Reverting to the two questions raised in section7.2.2:i) The GID measurements show that
a smooth depletion profile (Gaussian or beta model) has to be assumed and no completely
disordered layer of Fe3Al is present at the oxide-alloy interface. The thickness ofthe sub-
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surface region which is Al depleted is estimated to 25 Å(±5Å) for oxidation temperatures
between 400 K and 680 K. The interfacial depletion is slightly increased at 720 K.ii) Pin-
pointing the exact composition is difficult, since the difference in x-ray scattering power
between bulk and Al-depleted Fe3Al is only 15 %. This is illustrated by the simulations in
fig. 7.15a, which show that the calculated, fundamental CTRs for the clean surface (close
to bulk termination) and for the Al-depleted subsurface region are almost identical.

It is known that the mechanical properties of alloys of Fe andAl depend strongly
on the stoichiometry. With increasing Al content, room-temperature ductility and high-
temperature strength become worse [1]. Therefore, it is expected that the mechanical
properties in the subsurface region change after oxidation. In the case that the subsurface
region would consist of pure iron, it would be expected to be more ductile [136]. How-
ever, it is not expected that the subsurface region has a structure similar to bulk iron, since
after oxidation either Al segregates into this region or many vacancies remain present.
In the latter case, it would be expected that an extremely brittle structure would arise,
since many bonds are absent. Even if clustering of Fe would occur, the grain structure
would be such that individual grains could move easily sincethey have a lot of free space
around them. Unfortunately, there is not much known about the ternary phase diagram of
Fe, Al, and vacancies. Depletion zones can cause severe local chemical changes which
can be detrimental to structural materials. For stainless steel, where chromium-oxide
forms the protective layer, it is known that chromium-depletion plays an important role
for the corrosion properties. Local chemical changes around MnS inclusions caused by
chromium-depletion result in an extremely aggressive solution which accelerates pitting
corrosion [137]. Chromium-depletion, triggered by chromium carbide precipitation, at
grain boundaries in stainless steel is one of the major reasons for intergranular corrosion
and is a precursor to crack development [138,139]. It is to be expected that also in the case
of the iron-aluminides these processes play an important role. In comparison to the oxi-
dation of related compounds, there are significant differences. In the case of NiAl(110),
the near-surface region does not lose its B2 structure upon oxidation at the same condi-
tions [12]. This can be understood by NiAl being strongly ordering, incontrast to Fe3Al.

Furthermore the x-ray reflectivity measurements show that upon oxidation at10−6

mbar O2 a thicker oxide film is grown at room temperature than at 650 K.This phenom-
ena is also found for the (1,0,0), the (1,1,0) and the (1,1,1)surface of FeAl, oxidized at
similar conditions [7]. A model explaining this contra intuitive behaviour is obtained from
the results in the following paragraph.

The chemical composition of the oxide layer

The results of the HRCLS study clearly show that the oxide layercomposition as well
as the coordination of the oxidized atoms strongly depend onthe oxidation rate, the Al
supply at the surface and the present kinetic barriers. Thereby, higher (lower) oxidation
rates correspond to higher (lower) oxygen pressures of 10−6 mbar (10−8 mbar). A fast Al
supply corresponds to a fast Al segregation from the bulk andtherefore high temperatures
(470 K and 650 K). To identify the oxide species within the oxide film the chemical shift of
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Figure 7.19: Schematic model of the two possible oxidation scenarios.

the Al2p and Fe2p line away from the metallic Al and Fe photoelectrons lines is compared
to reference values known from literature [37]. In general, the size of the chemical shift is
known to scale with the number of chemical bonds between atoms different in kind. The
different binding energies resulting for the Al2p, the Fe2pand the O1s photo electrons in
Fe3Al, in Al 2O3, in the spinel FeAl2O4, in FeO and in Fe2O3 are shown by vertical lines
in fig. 7.10-7.12. However,the position of Al2p electrons in spinel also agrees with Al
atoms which have a lower coordination number with O atoms dueto chemical or struc-
tural disorder. Therefore, spinel formation cannot be distinguished from disordered Al
oxide distinctively. Nevertheless, four main conclusionscan be drawn from the core level
study which are depicted schematically in fig7.19.

i) Pure Al oxide and no Fe oxide is formed at a fast Al segregationfrom the bulk and
at low oxidation rates. This is due to the higher oxygen affinity of Al compared to Fe. The
standard enthalpy of formation forα-Al 2O3 is over 6 times higher than for FeO. It explains
why no oxidized Fe is found during the oxidation at 470 K and 650 K with 10−8 mbar of
O2. After oxidation at 650 K the chemical shift of the Al2p line is 3.3 eV and larger than
the chemical shift of 2.7 eV after oxidation at 470 K. The former value agrees well with
the shifts of ordered Al2O3,the shifts found for thin orderedγ-Al 2O3 films grown on Al
foils (3.6 eV) or the well-ordered surface oxide formed on the FeAl(1,1,0) surface (3.4 eV)
at similar conditions [7,37,140]. This indicates highly coordinated Al atoms present in the
oxide layer. In addition to the strong photo emission line atEBE=75.5 eV the Al2p spectra
shows a second component at EBE=74.0 eV. For the ordered surface oxide on NiAl(1,1,0)
this component is also observed and assigned to Al at the oxide-alloy interface, bonded
only to two oxygen atoms [42]. We conclude that the interfacial Al is also detected here
for the thin alumina film formed at 650 K and 10−8 mbar of O2. Oxidation of FeAl(1,1,0)
and Al(1,1,1) surfaces at room temperature results in chemical shifts of 2.5 eV and 2.6 eV,
respectively [7,125]. This shift is consistent with the shift after oxidation at470 K. In both
studies the smaller shifts are assigned to a disordered, glassy network of Al bulk oxide. As
expected, a shift towards higher binding energies is also observed in the O1s spectra when
going from 470 K to 650 K in oxidation temperature. Conclusively, the alumina layer
formed during oxidation at 650 K has a higher degree of chemical order and less defects
compared to the oxide layers grown at 300 K and 470 K.
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ii) A mixture of Fe and Al oxide at the initial oxidation is formedfor high oxidation
rates or slow Al segregation as Al cannot segregate fast enough to maintain a sufficient
supply for pure Al oxidation. For the bulk diffusion in D03 structures with approximate
A3B compositions theory predicts an increased diffusion ratefor constituent A in compari-
son with constituent B. A atoms can diffuse in their own sublattices with nearest-neighbour
jumps while B atoms need third-nearest neighbour jumps or anti-site defects to migrate in
their sublattice. Both options for B atoms require a higher activation enthalpy for diffu-
sion [141]. Thus, in case of the D03-type ordered Fe3Al Fe atoms have a larger diffusion
rate than Al atoms5. Al supply to the surface is slower than Fe supply. This couldinduce
the formation of Fe oxide along with Al oxide at all investigated temperatures during oxi-
dation with 10−6 mbar of O2 and at room temperature with 10−8 mbar O2. After oxidation
with 10−6 mbar O2 at 300 K and 470 K the O1s and Fe2p peak positions agree very well
with the values found for haematite (Fe2O3) in a XPS-study (marked by vertical lines in
fig. 7.10and7.11) [37]. Haematite formation was also observed for polycrystalline Fe3Al
after 300 K and 570 K oxidation in air, which is consistent with our results at lower pres-
sures [115]. The analysis of the Fe2p and O1s spectra show that different coordinations
of Fe with O atoms, like in FeO, are present in the oxide film. Interestingly, the highest
amount of oxidized Fe is found at 470 K despite the higher Al segregation compared to 300
K. An optimization of the interplay between the temperaturedependent Al supply and the
thermal energy needed to overcome kinetic barriers for Fe oxide formation could explain
this result. After oxidation with 10−8 mbar O2 at 300 K and with 10−6 mbar O2 at 650 K
less oxidized Fe is detected. This is in line with a oxidationrate- and Al supply-induced
growth control. The corresponding photo emission line of oxidized Al is found at a chemi-
cal shift of 2.5 eV for all growth condition where Fe oxide is formed. As mentioned above
this shift can be assigned to chemically disordered Al2O3 or the spinel FeAl2O4. However,
as most Fe atoms are coordinated to O atoms like in Fe2O3 a pure spinel-like oxide can be
excluded. While during oxidation at 10−8 mbar O2 a chemically ordered alumina layer is
formed at 650 K, oxidation at10−6 mbar O2 lead to Al2p lines consistent with chemically
disordered alumina. This indicates an ordering of the thin film at low pressures induced
by the oxide-alloy interface.

iii) The stepwise increase of the oxidation pressure during HRCLS measurements of
the Fe oxide signal shows that the oxidation of Fe atoms happens primarily during the
very initial oxidation process. It is assumed that for prolonged oxidation only Al gets oxi-
dized. After the film of mixed Fe and Al oxides builds a homogeneous layer the supply of
oxygen to the metal-oxide interface allows selective oxidation of Al and thereby the devel-
opment of a continuous film of alumina. Once a homogeneous Al2O3 layer is formed the
oxide growth slows down drastically as electron tunnellingremains the only possibility
for charge equalisation. The Fe oxide formation is blocked.This model can also explain
the different maximum oxide film thickness’s of 16 Å and 8 Å observed at 300 K and 650
K oxidation, respectively. Fast Al segregation enables a formation of the homogeneous

5The diffusion process is different for B2-type alloys with AB composition where the diffusion constants
are equal for both constituents. Therefore alloys like NiAland CoGa show preferentially oxidation of the
elements with the higher standard enthalpy of formation.
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alumina layer, while a insufficient Al segregation promotesthe formation of Fe and Al
oxide which leads to more growth channels in form of grain boundaries.

iv) Annealing the sample up to 770 K after oxidation breaks up bonds between Fe
and O and leads to the formation of pure Al oxide. The chemicalshift of 3.4 eV in the
Al2p is consistent with the formation of ordered, bulk-likeAl 2O3 and is also reported for
FeAl(1,1,0), FeAl(1,0,0), FeAl(1,1,1) or NiAl(1,1,0) [7,42]. This transformation is con-
firmed by the shift of the O1s photo emission line towards higher binding energies (see
vertical line in fig.7.11). Due to its higher formation energy the formation of pure alumina
is obvious once kinetic barriers are removed. The standard Gibbs energy of formation of
α-Al 2O3 is -1582260 J/mol which is6.5-times higher compared to FeO. It is not possible
to determine if the "de-oxidized" Fe atoms diffuse into the bulk or remain in the oxide film
as metallic clusters.

7.4 Conclusions

The clean Fe3Al(110) surface comprises a topmost atomic layer with in-plane B2-type
order on a D03 ordered bulk crystal at room temperature after UHV preparation. Upon
oxidation for 30 minutes at 10−6 mbar of molecular oxygen at temperatures from at least
400 K up to 720 K, the D03 and B2 order disappears in the subsurface region while an
oxide layer is formed. Assuming aβ-roughness- or Gaussian-like profile for the disor-
der, whereby the D03 and B2 order parameters diminish smoothly from the bulk to the
surface, results in a depth of 2-3 nm for the disordered region. At the same time an 8.4
Å thin smooth oxide layer is formed on the surface (see fig.7.16). This means that the
oxidation-induced disorder in the subsurface region affects only the decoration of Fe, Al
,and vacancies over the underlying bcc lattice, and not its crystallinity. The analysis of
HRCLS spectra, recorded for oxygen pressures between 10−8 and 10−6 mbar and oxida-
tion temperatures between 300 and 650 K, show that the chemical composition, thickness
and homogeneity of the oxide film strongly depends on the interplay between oxidation
rate and Al segregation to the oxide-alloy interface. For high oxidation rates or slow Al
segregation Fe oxide and Al oxide are formed in the very initial oxidation process, fol-
lowed by pure alumina formation in the prolonged oxidation process. For low oxidation
rates and fast Al segregation preferential Al oxidation andthe formation of a homogeneous
Al 2O3 layer are observed on Fe3Al. The oxide layer can be ordered by annealing up to
770 K.

The results of the present study are of importance for the application of iron-aluminides
under realistic conditions. It is indispensable that a protective oxide scale is formed on the
surfaces of such materials to protect them from aggressive environments. This work shows
that low oxidation rates and fast Al supply to the surface have to be provided in the initial
oxidation process to form this homogeneous, ordered alumina scale. The fact that there are
drastic compositional changes upon oxidation in an extended subsurface region, indicates
that the oxidation process is not only limited to the very surface. This can have conse-
quence for the processing and integration of iron-aluminides in devices, since the physical
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properties, such as ductility and strength, depend on the composition. However, at the
time there is little known about the mechanical properties of these alloys in the case that
they contain many vacancies. Nevertheless, it may be expected that the oxidation process
renders these materials more brittle and vulnerable to aggressive environments.



Chapter 8

The Oxidation of Vicinal NiAl Surfaces

Binary alloys such as NiAl are very stable structural materials which can be used in high-
temperature applications. However, a thorough understanding of their oxidation on the
atomic scale, which starts at the surface, is missing. Untilnow, perfect NiAl(1,1,0) sur-
faces of single crystals are routinely investigated. At lowoxidation pressures a ultrathin,
twin-domain alumina film is formed. This film has been introduced in more detail in
section3.2.2. As one step towards a better understanding of non-ideal surfaces as encoun-
tered in nanoparticles and polycrystalline materials, we investigate vicinal NiAl surfaces
to analyse the influences of steps on the oxidation process. The chosen NiAl(6,7,1) and
NiAl(4,3,0) surfaces consist of (1,1,0) terraces of very similar widths while the steps run
along different directions.

Due to their lower coordination number compared to bulk and on terrace surface atoms,
step atoms play an important role in surface processes like oxidation, catalysis and epitax-
ial growth. They act as preferential adsorption sites and nuclei in the initial formation
of oxides, are favourable pathways in inter- and intralayerdiffusion processes and have
an important role in the release of interfacial strain, set up during oxide formation (see
also section3.3) [15,16,50,142]. To gain detailed understanding of the structural changes
at steps during oxidation, we study the two mentioned regularly stepped NiAl surfaces
as model systems. The surfaces are oxidized at a low pressure(≈ 10−6 mbar O2) to be
able to follow changes during the initial oxidation processes. The focus of interest of the
experiments is on the following questions:

1. Are the clean vicinal surfaces stable? What is the atomic structure of the surfaces?

2. Are the vicinal surfaces stable after oxidation? How is the structure of the surface
region changed after oxidation?

3. How is the chemical order, present in bulk NiAl, affected in the interfacial region by
the formation of an oxide film?

4. Is the morphology of the surface affected by the formationof long-range ordered
oxides?

95
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5. Do the surface steps influence the structure of the oxide? Is it possible to tailor the
oxide growth by the presence of dedicated surface steps?

In section8.1 these question will be answered for the NiAl(6,7,1) surfaceusing SXRD
and LEED. It is shown that the clean, ordered, nearly bulk-like surface is characterized
by a regular pattern of 14 Å wide (1,1,0) terraces and monoatomic (0,1,1) steps. Al and
Ni atoms in topmost terraces exhibit a rippled relaxation. The terrace-step structure of
the clean surface persists at the oxide-alloy interface after oxidation at 540 K and 6×10−6

mbar O2 while the atoms of the interfacial region are relaxed inwards. A 5.1 Å thick,
disordered alumina film is formed. Oxidation induced formation of Al and Ni vacancies
as well as Ni anti-sites is observed up to a depth of 1 nm withinthe alloy. We demonstrate
that high temperature annealing enables long-range ordering of the oxide, inducing (1,1,0)
facets up to 50 times larger than the original terraces. The formed surface oxide with its
complex structure is known from the oxidation of the NiAl(1,1,0) surface but due to the
surface steps a suppression of twin domain formation is observed on NiAl(6,7,1).

In section8.2the NiAl(4,3,0) surface is investigated with respect to thesame questions.
The experimental techniques of LEED, SXRD and HRCLS are used. Again, the clean
surface is stable. It consists of a pattern of 14 Å wide (1,1,0) terraces and monoatomic
(1,1,0) steps. A buckling of Ni and Al atoms at the surface is detected. Oxidation at 550 K
and 6×10−6 mbar O2 lifts the initial terrace-step structure in favour of small(1,1,0) facets.
A 5.5 Å thick, disordered Al oxide layer is formed. Preferential Al oxidation induces
defects like Al and Ni vacancies as well as Ni anti-sites up toa depth of 1 nm. High
temperature annealing increases the average width of the (1,1,0) facets but the maximum
width is much smaller compared to NiAl(6,7,1). The results clearly show that aθ-Al 2O3-
like oxide is formed on the (4,3,0) surface instead of the complex surface oxide known
from the oxidation of the NiAl(1,1,0) and the (6,7,1) surface.

Conclusions from the results of both surfaces are drawn in section 8.3. Similarities and
differences of the vicinal NiAl surfaces are highlighted and compared to the flat (1,1,0)
surface. The strong influences of the step edge orientation on the oxide structure are
pointed out.

8.1 The NiAl(6,7,1) Surface

8.1.1 Sample Preparation and Experimental Details

A single crystal of nominal composition Ni50Al 50 was grown, cut and polished in-house
in the same way as described for the Fe3Al(1,1,0) sample in section7.1 . The (6,7,1) sur-
face orientation was confirmed by LEED and XRD measurements. For the experiments
the sample was mounted in a portable or stationary UHV chamber for in situ preparation
and oxidation. More details of the chambers are given in section 5.1.4. Following the
standard procedure for obtaining a clean NiAl(1,1,0) surface, the sample was prepared by
several cycles of Ar+ ion sputtering (Ekin = 1 keV, pAr = 8×10−6 mbar, Isp = 10µA) and
annealing to 1300 K, including annealing in a10−6 mbar oxygen atmosphere to remove
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Figure 8.1: AES spectra and LEED image of the clean NiAl(6,7,1) surface. a) Spectra of
the low-energy part: The vertical lines indicate the following elements: metallic Al (LVV,
65 eV), metallic Ni (MVV, 60 and 100 eV) and oxidized Al (39, 47and 55 eV). b) Spectra
in the energy range of oxygen (KVV, 510 eV) where no O signal isdetected for the clean
surface [129]. c) LEED image: The projection of the [1, 1, 0]- and [0, 0, 1]-direction are
shown in the image and in the inset. The orientation of the surface steps is indicated by the
dashed lines and by the direction across the steps. The ellipses mark splitting of reflexions
characteristic for vicinal surfaces. The inset shows the consistent simulated LEED pattern.

.

carbon [42]. Like shown in fig. 8.1 AES was used to check for surface contaminations.
The contamination free sample surface was oxidized at 540 K and 6 × 10−6 mbar O2 for
900 s. To obtain a long-range ordered surface oxide the sample was annealed at several
temperatures between 620 K and 1190 K.

The SXRD experiments were carried out with a photon energy of 15 keV at beamline
ID03 of the ESRF which is described in section5.1.2or elsewhere [143]. Our portable
UHV chamber was mounted on a six-circle diffractometer (seesection5.1.3). The inci-
dence angle during the CTR measurements was fixed close to the critical angle of NiAl
(αc = 0.19◦ at 15 keV). The CTR data were obtained by taking rocking scans at each point
along the CTR, followed by an integration and applying standard corrections [61]. Two
fundamental and two superstructure CTRs were measured, resulting in 197 independent
structure factors. In absence of redundancy of the data, theaverage error was set to 10 %,
which is a typical value using this setup. To analyse the data, the program ROD was used
to compare different structure models to the experimental structure factors [123].

The structure of the bulk terminated NiAl(6,7,1) surface isdepicted in fig. 8.2, to-
gether with an out-of-plane side view of its corresponding reciprocal space. The [6,7,1]
direction makes an angle of 7.6◦ with respect to the [1, 1, 0]-direction. The surface consists
of 7 atomic rows wide (1,1,0) terraces (14 Å) with mono-atomic (0,1,1) steps. The real
space surface unit cell is defined by the orthogonal vectors (a1,a2,a3), wherea1 runs along
the steps in the [1, 1, 1]-direction of bulk bcc NiAl,a2 across the steps in the [8, 5, 13]
direction anda3 defines the [6, 7, 1] surface normal. No ragged shape of the step edges
is expected as thea1 direction points along a low-energy step orientation on the(1,1,0)
surface [52]. The corresponding reciprocal lattice is also orthogonal, with the reciprocal
coordinates (H,K,L) running in the directions described above.
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Figure 8.2: a) 3D view of the bulk-terminated NiAl(6,7,1) surface: Thin black lines mark
the orthorhombic unit cell (a1 = 5.00 Å, a2 = 46.37 Å, a3 = 26.77 Å), containing 258
Ni (blue) and 258 Al (yellow) atoms. The red rectangle marks the surface unit cell of the
(1,1,0) surface. b) Side and top view of the system: one quasirow R consists of 7 layers
perpendicular to the surface normal. c) (K,L) reciprocal space plane of the (6,7,1) surface
for H=0, together with a sketch of the steps for better orientation. Thick black lines show
the CTRs running through the Bragg peaks (black circles) perpendicular to the surface.
For even H coordinates the CTRs arise from the fundamental bcc lattice, for odd ones
from the CsCl superlattice.
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Figure 8.3: X-ray reflectivity curves obtained from the clean (squares) and the oxidized
(circles) surface; the curves are shifted for clarity. The fits (solids lines) were obtained
using the Parrat formalism, the results are given in table8.1. In the region of the critical
angle a discrepancy between data and fit is observed. A curvature of the sample leads to
higher intensities for small angles as well as a rounding of the edge of total reflection and
could explain the discrepancy. The inset shows the resulting electron density (ρe) profiles
as a function of the z direction along the surface normal.
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parameter clean oxidized
σNiAl (Å) 3.5 1.3
σox (Å) - 3.4
tox (Å) - 5.1
ρox/ρAl2O3

- 1

Table 8.1: Best-fit results of the x-ray reflectivity measurements of the clean and oxidized
NiAl(6,7,1) surface. The root-mean-square roughness (σ) for the interfaces, the oxide
thickness (t) and the oxide densityρox (compared toα-Al 2O3) are shown.

8.1.2 Experimental Results

Atomic Structure of the Clean Surface

A LEED image and its simulation of the prepared NiAl(6,7,1) surface are shown in fig.
8.1c. The short periodicity between two spots along one dedicated direction indicates the
direction across the surface steps, also marked by the whitearrow. The specular x-ray
reflectivity of the clean sample is depicted in fig.8.3. The best fit result is achieved with
bulk-like model, including a roughness of 3.5 Å at the vacuum-alloy interface. According
to the reflectivity curve and the LEED image the clean surfaceis relatively smooth and
well ordered.

To obtain a more detailed picture of the terrace and step structure on the atomic scale,
CTR-measurements of the clean sample were performed. The experimental structure fac-
tors are shown in fig.8.4. As described in the section4.1.1, the signal on the CTRs is very
low for vicinal surfaces. Therefore only parts of the CTRs in the vicinity of Bragg peaks
were measurable in the experiment. Another factor hampering the quantitative description
of a vicinal surface is the large number of parameters neededto describe the structural re-
laxations. In principle, every layer within the surface region relaxes in a different way. As
the out-of-plane layer spacing of 0.31 Å of the (6,7,1) planes is very small, many layers
will be affected by the presence of the surface. For NiAl(1,1,0) it is known that within
the first two layers up to a depth of about 4 Å Al and Ni are relaxed out- and inwards,
respectively [12, 39]. Assuming relaxations up to a similar depth for the (6,7,1)surface,
relaxations of the first 14 layers are expected. In addition,the atoms may relax not only
along the surface normal a3, but also along the a2-direction due to the existence of the
undercoordinated step atoms. As the experimental data set is not large enough to include
all relaxations described above, we used a simplified model to analyse the data.

The parameters of this structural model are depicted in the side view of fig. 8.2b. The
red lines, labelled R1, mark all atoms sitting in the top most (1,1,0) terraces of the (6,7,1)
surface. All these atoms are allowed to relax along the [1,1,0]-directions element specifi-
cally. The blue and red lines (R2, R3) mark the atoms within the buried second and third
topmost "quasi" rows of (1,1,0) terraces, respectively. According to DFT and MD calcu-
lations of other vicinal surfaces [47,48,144–147], the step and corner atoms are relaxed
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Figure 8.4: Two fundamental (A2-type) and two superstructure (B2-type) CTRs were mea-
sured for the clean (red squares) and oxidized, but not annealed surface (black circles),
respectively. The results of the best fitting, structural models are shown by solid lines, the
dashed lines show the fitting result from bulk-terminated models. The two data sets are
shifted for clarity.

in a more pronounced way compared to the terrace atoms. They exhibit strong relaxations
not only along the surface normal but also across the steps. Therefore the atoms, labelled
S1,C1, S2 and C2 in fig.8.2b, are allowed to relax in thea2- anda3-directions. Ni and
Al atoms are allowed to relax independently for all positions. In addition a terrace width
distribution is included into the fitting model by applying the so called beta model [60].
It models the surface coverageβ per layer n by a power law (βn, with 0 < β < 1) and
is usually used to describe surface roughness. In total 21 structural parameters and one
scaling parameter are needed for the simplified model.

The best fit using the above model is shown by the red line in fig.8.4. The cor-
responding real space model and the fitting values are presented in fig. 8.5b and table
8.2. The normalized residue of the best fit isχ2

norm = 1.4. The result shows a 0.23 Å and
0.12 Å rumpling of Ni and Al within the first and second row (R1 and R2 in fig. 8.2b),
respectively. Al atoms relax outwards, Ni inwards. Relaxations within the third row R3
were not observed. The Al and Ni atoms at the step (S1) are relaxed toward the step edge,
while the corner atoms (C1) are both relaxed outwards. The step atoms of the second row
(S2) exhibit a more pronounced rumpling compared to the corresponding terrace atoms of
row R2. The corner atoms of the second row (C2) are slightly relaxed toward the corner
of the kink. As seen in table8.2 the error bars for the relaxations of the individual step
and corner atoms are very high, especially for Al with its lower electron number as com-
pared to Ni. The errors were determined by allowing aχ2 increase of 10 % while fits were
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Figure 8.5: The figures show schematic side views of the relaxation profiles of the clean
(a) and oxidized (b) sample, resulting from the CTR fits. The relaxations of the Al and Ni
atoms are presented by blue and red arrows, respectively. The arrows are magnified by a
factor of 5. Black dots show the bulk positions, the grey dotted lines represent the bulk-
terminated step. Part c and d depict the row-dependent (R1, R2,...) occupancy profile for
Ni, Al and Ni anti-sites for the oxidized surface region. "Quasi"-row 1 is at the oxide-alloy
interface. The sketched bcc bulk unit cells illustrate the ordering and defects in the bcc
lattice.

performed with all parameters free, except the one chosen for error estimation [123]. The
large errors for the step and corner atom relaxations resultfrom lack of data toward the
CTR’s anti-Bragg positions, which are most sensitive for theserelaxations.

In addition to the best-fitting structural model described above, the influence of sev-
eral other parameters was investigated systematically to further confirm the findings. The
investigation showed the need of the distinctive relaxations of the step and corner atoms
(S1,S2,C1,C2) for a good agreement of fit and data. Fitting of the static Debye-Waller
factor of the undercoordinated surface atoms did not improve the residue.

Atomic Structure after Oxidation

X-ray reflectivity measurements (see fig.8.3) after the oxidation at 540 K and 6×10−6

mbar O2 show the presence of a 5.1 Å thick oxide layer which is in good agreement with
the oxide thickness found on NiAl(1,1,0) oxidized under thesame conditions [4]. To
analyse the reflectivity, a homogeneousα-oxide layer on NiAl was assumed. LEED and
SXRD could not detect a new diffraction pattern which shows that the formed oxide layer
possesses no long-range order. The CTRs arising from the (6,7,1) surface are still present.
Thus the regularly stepped pattern of terraces and steps, observed for the clean surface, is
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Table 8.2: Results of the structural refinement of the clean and oxidized surface. Listed
are the displacements∆z along the surface normal and∆y in the direction across the steps
for each atom in the rows R1 to R6 as well as at the steps and corners (S1, C1, S2 and C2).
All displacements from the bulk positions are given in Å. Theroughness parameterβ is
(1.1± 0.8) Å and (0.7± 0.7) Å for the clean and oxidized surface, respectively.

clean oxidized
El./Pos. ∆z (-) ∆y (-) ∆z (-) ∆y (-)
Al/R1 0.08(9) 0.01(2) -0.4(2) -0.05(3)
Ni/R1 -0.15(2) -0.018(5) -0.29(6) -0.04(1)
Al/R2 0.08(9) 0.01(2) -0.40(7) -0.05(1)
Ni/R2 -0.04(2) -0.005(5) -0.29(3) -0.036(6)
Al/R3 - - -0.4(2) -0.05(4)
Ni/R3 - - -0.22(2) -0.027(5)
Al/R4 - - 0.3(1) 0.03(2)
Ni/R4 - - 0.03(2) 0.004(5)
Al/R5 - - 0.25(7) 0.03(2)
Ni/R5 - - 0.03(2) 0.004(5)
Al/R6 - - 0.09(6) 0.01(1)
Ni/R6 - - 0.00(2) 0.000(5)
Al/S1 -0.1(7) -0.2(9) 0.2(7) 0.2(9)
Ni/S1 -0.2(1) -0.3(3) -0.2(1) -0.5(3)
Al/C1 0.4(4) 0.0(6) -0.4(4) 0.5(6)
Ni/C1 -0.0(2) 0.0(3) -0.4(2) -0.5(3)
Al/S2 0.4(2) -0.3(7) -0.4(2) 0.5(7)
Ni/S2 -0.3(2) 0.3(3) -0.4(2) -0.5(3)
Al/C2 0.0(4) 0.1 (8) -0.3(4) 0.5(8)
Ni/C2 -0.1(1) 0.1(2) -0.4(1) -0.5(2)

surprisingly conserved at the oxide-alloy interface. To characterize the morphology and
oxidation induced segregation profile of the interfacial region, four CTRs of the oxidized,
but not yet annealed surface were measured, as shown as in fig.8.4. Compared to the
CTRs of the clean sample, clear oscillations are visible inline with a disturbed chemical
composition in the near surface region [12]. The defects and distortions occur up to a
well defined depth, which results in characteristic oscillations on the CTRs. Therefore the
structural model described in the previous section was extended for the analysis of the
oxidized NiAl(6,7,1) surface. Atomic relaxations as well as Ni and Al vacancies and Ni
anti-sites were allowed within the first 6 rows (R1 to R6, see fig.8.2b).

The best fit result (χ2
norm = 3.9, 48 parameters) is shown in fig.8.4. The corre-

sponding relaxations are given in table8.2and are schematically depicted in fig.8.5b. A
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strong inward relaxation of Ni and Al atoms is found in the first three rows (R1 to R3,
see fig. 8.5b), with minor relaxations in the following three rows. Comparing the two
superstructure CTRs an asymmetry is visible. For the (1,5) rodthe oscillation minimum
is observed for lower L values compared to the Bragg peak position, for the (1, 8) rod for
higher L values. To reproduce this asymmetry, relaxations in thea2-direction have to be
allowed within the structure model for the step and corner atoms (S1,S2,C1,C2). Atoms
on these positions are strongly relaxed toward the bulk similar to the corresponding
terrace atoms, while the inplane relaxation is different for the two constituents. Step
rippling occurs where Ni atoms are shifted inplane toward the upper terrace, Al atoms
toward the lower terrace.

The occupation profiles for the Ni and Al sites resulting fromthe best fit are shown
in fig. 8.5c and d, respectively. As seen within fig.8.5c , only 44±6 % of Ni-sites
are occupied by Ni within the first row at the oxide-alloy interface. Within the second
row already 85±5 % of the Ni-sites are occupied while this value smoothly increases
towards the bulk value within the following rows. The occupancy profile of the Al sites,
depicted in fig. 8.5d, shows the oxidation induced decrease of Al concentrationwithin
the first 6 rows of the alloy(1.3 nm). In the first and second rowtowards the oxide-alloy
interface Al-sites are occupied with Al by 57±14 % and 99±12 %,respectively, while
the Al occupancy drops down to 23±10 % in the third row . This is accompanied by
the formation of Ni anti-site atoms (Ni on Al sites). From thefourth row onwards the
amount of Al on Al-sites start to increase towards the bulk value while the Ni anti-sites
are disappearing again.

As for the clean surface, the influence of the several parameters on the quality of the fit
was examined by applying different structure models. In alltested models the occupancy
profile was allowed to vary, but all resulting profiles were similar to the presented one.
Again, the agreement factor could be strongly improved by allowing the step and corner
atoms to relax independently of the terrace atoms. Introducing static Debye-Waller factors
for the interfacial Ni and Al atoms did not improve the fittingresults.

Finally we note that the modulation of the structure factor of the B2 type (1,5) CTR
disappeared during annealing at a temperature of around 730K, like depicted in fig.8.6d.
This indicates that the interfacial defects annihilate during annealing.

Structural changes during annealing

It is known from NiAl(1,1,0) that a long-range ordered surface oxide is formed by anneal-
ing the oxidized surface [42]. In order to follow a possible ordering of the oxide on the
(6,7,1) surface, the sample is annealed stepwise after its oxidation. Morphology changes at
the oxide-alloy interface are followed by SXRD measurements. To detect a faceting of the
surface, scans across the (1,5)-CTR were performed in thea2-direction across the steps,
as shown in fig.8.7and8.6a. The CTR signal at K=5 starts to decrease at temperatures of
840 K while simultaneously a broad signal arises at K=5.70 for L=4, at K=5.45 for L=5
and at K=5.20 for L=6. The position of the new signal can be ascribed to the formation of
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Figure 8.6: a) Temperature dependent K-scans along thea2-direction recorded after the
oxidation. A new peak arises at the (1,1,0) facet position (dashed grey line) while the
CTR signal at K=5 (dashed black line) decreases at the same time. The scans are shifted
for clarity. b) Rocking scans at a surface oxide peak positionof one twin domain ("red"
domain) recorded for different annealing temperatures. c)The integrated intensity of the
rocking scans, shown in b, shows the formation of long-rangeordered oxide during an-
nealing, followed by oxide desorption at higher temperatures. d) L-scans at (1,5,L) during
the annealing procedure: The modulation,marked by the arrow, moves towards the Bragg
peak and disappears for higher temperatures. This indicates a disappearance of the defects
in the interfacial region due to Al segregation.

(1,1,0) facets with nominal position of K = 5.69 for L=4, K=5.46 for L=5 and K=5.23 for
L=6. The full width half maximum (FWHM) value of the arising peak is decreasing with
increasing temperatures. This corresponds to an increase of the average facet width from
9 nm to 17 nm to 71 nm at 1120 K, 1150 K and 1190 K, respectively(see fig.8.23).

Fig. 8.6c shows the integrated intensity of the rocking scans of fig.8.6b. The rocking
scan are performed at the (0,4) inplane position of one surface oxide domain for different
temperatures (see also fig.8.8a)1. At 730 K a signal is detected, corresponding to the
beginning of the transformation from a short-range orderedto a long-range ordered oxide.
Increasing the temperature to 840 K and 1120K leads to a further increase of the signal
as more long-range ordered oxide is formed. The oxide startsto desorb at 1150 K, as

1lattice parameters of the surface oxide: a=18.01 Å, b= 10.59Å, γ=91.15◦ and∠(a,[1, 1, 0])= 24.01◦
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Figure 8.7: Temperature dependent K-scans along thea2-direction recorded after the oxi-
dation for difference L values. A new peak arises at the (1,1,0) facet position (dashed grey
line) while the CTR signal at K=5 (dashed black line) decreases at the same time. For
comparison the K-scans of the clean surface are depicted by the black dashed lines. The
K-scans at L= 4 are shown again in fig.8.6a for clarity.

the signal has decreased compared to 1120 K. No new peaks are observed in the H-scans
along the steps as no faceting occurs in this direction. Flashing the sample up to 1300 K
reproduces the clean, regularly stepped (6,7,1) surface with no larger (1,1,0) facets.

8.1.3 Micro structure of the oxide

After annealing the oxidized sample to 1120 K for 240 s, LEED images were taken at room
temperature and compared to the LEED pattern from the NiAl(1,1,0) surface prepared
under the same conditions. As known from literature, twin domain formation is observed
for the surface oxide on the (1,1,0) surface(see section3.2.2) [42]. The twin domains are
rotated by +24◦ and -24◦ with respect to the[1, 1, 0]-direction and are labelled "green"
and "red" , respectively (see also fig.8.8d). The LEED image of the low-index surface,
presented in fig.8.8b, shows reflections of both domains appearing with equal intensities.
In the case of the vicinal surface, reflections from the "red" domain are much more intense
than from the " green " one, as observed in the LEED image in fig.8.8a. The suppression
of one of the twin domains was also observed during the SXRD measurements. In fig.8.8c
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Figure 8.8: a and b are LEED images of the oxidized and annealed (6,7,1) and (1,1,0)
surface, respectively. The black arrows mark bulk directions of the (1,1,0) NiAl surface.
The green and red arrows show the reciprocal space unit cell of the two twin domains
of the surface oxide. The insets highlight the more intense reflection of the "red" twin
domain in case of the (6,7,1) surface showing preferential domain growth. In part c the
rocking scans at the positions of the two twin domains confirmthe single domain growth
on NiAl(6,7,1). Fig. d shows a schematic top view of the vicinal surface and the two
possible twin domain unit cell orientations. The grey gridsinside the oxide unit cells mark
the penta-heptagon pairs of interfacial Al-atoms. The yellow lines highlight dense, "quasi"
rows of these Al-ions.

the corresponding rocking scans, recorded for each twin domain at the same oxide peak
position (marked in the LEED image by a red and green circle),show a much stronger
signal for the red domain. Therefore the experimental results demonstrate the preferential
oxide growth of the "red" domain on the NiAl(6,7,1) surface.

8.1.4 Discussion

The Clean Surface

The CTR-measurements of the clean sample show that the regularly stepped and chemi-
cally ordered NiAl(6,7,1) surface is stable at room temperature under UHV conditions. It
is also stable at 1190 K as the CTRs of NiAl(6,7,1) reappear after desorbing the oxide from
the surface. No faceting of the clean surface is observed between room temperature and
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1190 K. Thus, we conclude that the regularly stepped surfaceis thermodynamically stable
in the investigated temperature and pressure range. The stability of clean vicinal surfaces
against faceting is due to a step-step repulsion arising from the interaction of strain fields,
present around every step. Capillary forces acting at the upper and lower side of a step
create an elastic force dipole at the step. These dipoles arecompensated by internal strain
which is crucial for the stability on which temperature has only a little effect [14,46].

The results from the CTR-measurements show a buckling of the Niand Al atoms
within the first two rows R1 and R2. The direction and the magnitude agree, within the er-
ror bars, with the buckling of around 0.2 Å and 0.04 Å found forNiAl(1,1,0) [12,39]. This
good agreement is reasonable as the relaxations of the central atoms of the relatively large,
7 atomic chains wide (1,1,0) terraces are only weakly affected by the occurrence of steps.
The pronounced inward relaxation of Ni and Al at the step edgeposition S1, together with
an outward relaxation of the atoms at the corner position C1 are characteristic for a sur-
face step, as they arise from capillary forces acting at the surface on both sides across the
step pulling atoms at the step inwards and at the corner outwards [14]. This leads to a
rounding of the electron density at the steps, which is predicted by the theory of charge
smoothing on surfaces and surface steps [13]. Similar relaxations of step and corner atoms
are also found for Pt(9,7,7) in a combined MD and SXRD study or for Cu(1,1,5) in a DFT
study [48, 144–147]. In one of few theoretical studies on vicinal binary alloy surfaces,
LI 2-structured Cu3Au(5,1,1) is investigated by DFT calculations [47]. The Cu3Au(5,1,1)
surface consists of 3 atomic chains wide (1,0,0) terraces, alternately composed of pure Cu
and mixed Cu-Au chains with a buckling of Cu and Au within the mixed chains. The char-
acteristic inward relaxation of step atoms and an outwards relaxations of the corner atoms
is also reported. The study shows that buckling of the surface atoms which is found for
many low-index surfaces of binary alloys can be also observed on vicinal surfaces. This
finding is confirmed by our results on the NiAl(6,7,1) surface.

8.1.5 Oxidation of the surface

At 540 K and 6×10−6 mbar O2 a vitreous alumina film is formed which possesses short-
range but no long-range order. The formation of the Al2O3 layer does not remove the
initial sequence of identical (1,1,0) terraces as shown by the CTR measurements (see also
fig. 8.9a and b). Features like the oxide thickness, the Ni-, Al- and Ni anti-site- occupa-
tion profile and the relaxation profile observed for the surface region of the oxidized NiAl
(6,7,1) surface are very similar to NiAl(1,1,0) [148]. On both surfaces the oxide film is 5
Å thick [4]. Strong inward relaxations of atoms especially within thefirst 3 rows are found
for both surfaces. The step and corner atoms within the first two rows are also strongly
shifted toward the bulk. As shown in the occupancy profiles (fig. 8.5c and d), Al vacan-
cies reach up to a depth of 13 Å in the alloy and originate from preferential Al oxidation
during the formation of the alumina film. Thereby the amount of Al missing in the al-
loy matches the amount of Al needed to form the 2 layer thin surface oxide known from
NiAl(1,1,0) [4,5]. At depths larger than 13 Å in the alloy the Ni sites are fullyoccupied.
The Ni vacancies appear only very close to the oxide-alloy interface which could also be
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interpreted as roughness. At a depth of around 5 Å only 23 % of the Al-sites are occupied
by Al. As known from the NiAl bulk, an enhancement of the Ni concentration leads to the
formation of Ni anti-sites (Ni on Al-sites) [149]. This effect is also found here at the depth
of 5 Å. The relative increase of the Ni concentration due to preferential Al oxidation could
also explain the aforementioned inward relaxation of the atoms within the surface region.
For bulk NiAl the lattice constant decreases by 4 % if the Ni concentration is increased
from 50 % up to 54 % due to Al vacancies [150]. Interestingly, the Al concentration di-
rectly at the interface within the first two rows is larger than in the deeper embedded third
and forth rows. This might be due to Al drawn toward the interface during its preferential
oxidation.

Oxygen-induced surface faceting and step bunching are found during the anneal-
ing of the oxidized NiAl(6,7,1) surface. Faceting during oxide formation was observed
previously for other systems like Rh(5,5,3) or Pd(5,5,3) andfor the NiAl(14,16,1) sur-
face [49,50,52]. In this work we could demonstrate that after oxidation thekinetic barriers
for faceting are removed at temperatures above 840 K. At these high temperatures mate-
rial transport is possible. Both the substrate as well as the oxide undergo drastic structural
changes where the former becomes faceted and the latter develops long range order. As
depicted in the upper part of fig.8.9b, the oxidized, but not annealed NiAl(6,7,1) surface
can be schematically described by a regularly stepped interface covered by a disordered
alumina film. It was shown that oxidation induces strong changes of the relaxation pattern
within surface region, especially at the surface steps. Thestrain field around the steps
is changed. We argue that these changes lower the strain-induced step-step interactions
responsible for the stability of the clean surface. However, the regularly stepped structure
is still maintained due to kinetic barriers. Annealing the sample provides the necessary
energy and atom mobility for structural changes within the oxide, but also for material
transport from the interface to the bulk. During the ordering of the oxide, the strain is also
changed, because the oxide exerts a force on the substrate. At temperatures around 730 K
this induces the transformation from short-range to small amounts of long-range ordered
oxide on the regularly stepped terraces while kinetic barriers are still too high for faceting.
The crystallization process is believed to start at the surface steps. Strain, set up between
the ordered oxide and the alloy, is released preferentiallyalong the steps, thereby lowering
the barriers for surface oxide formation directly at the steps. This idea is supported by
STM images of oxidized NiAl(14,16,1), taken after annealing up to 1000 K. They show
the steps acting as nuclei for surface oxide formation [52]. At a temperature of 1120 K
kinetic barriers for material transport are overcome. As more short-range ordered oxide is
transformed into long-range ordered oxide, the regularly stepped (1,1,0) terraces are lifted
in favour of large (1,1,0) facets, covered by long-range ordered alumina (see fig.8.9c).
At 1150 K oxide first starts to desorb from smaller facets, which adopt the regular pattern
of the clean (6,7,1) surface again (see fig.8.9d). Only large facets remain, covered by
long-range ordered oxide, explaining the sharp peak found in the corresponding K-scan.
Further annealing promotes this process until all oxide is desorbed. We conclude that the
occurring (1,1,0) and (0,1,1) facets are energetically favourable for the oxide-alloy inter-
face, while for the clean surface the regularly stepped (6,7,1) has the lowest surface free
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energy.
The structure of the long-range ordered oxide was determined to be the complex, ul-

trathin Al10O13 surface oxide which is known in detail from the oxidized NiAl(1,1,0) sur-
face(see section3.2.2) [3–5,42]. Our results show the step-induced preferential formation
of one oxide twin-domain which is labelled "red" in fig.8.8d. Such favoured domain
growth was also reported for NiAl(14,16,1) where strain release along the direction of the
anti-phase domain boundaries(APDBs) is argued to be a possible reason [52]. Unlike their
study, the APDBs, which run along the short axis of the oxide unit cells, are not aligned
parallel to the step directiona2 for the NiAl(6,7,1) surface. Therefore this explanation
does not hold for the preferential domain growth observed here. In case of the surface
oxide on NiAl(1,1,0) interfacial Al ions form pentagon-heptagon pairs as Al atoms prefer
Ni neighbours [5]. These pairs are indicated as grey lines within the oxide unit cell in
fig. 8.8d. They exhibit "dense" quasi rows of interfacial Al atoms running along certain
directions. Along these rows, which are marked yellow in figure 8.8d, increased strain is
built up. Strain can be preferentially released along the steps (a1-direction). This favours
the initial growth of the "red" domain, where the Al quasi-rows are parallel to thea1-
direction ([111]bulk-direction), over the green domain. For the NiAl(14,16,1) it is reported
that the step edges have a ragged shape with many sections running along the[111]bulk-
direction [52]. Therefore, this explanation would also hold for the preferential domain
growth on NiAl(14,16,1).
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Figure 8.9: a-d show schematic top and side views of the cleansample and the oxidized
sample at three different annealing steps. The clean regularly stepped (6,7,1) surface is
maintained after oxidation and covered by disordered oxidebetween 540 K and 620 K.
At higher temperatures of 1120 K oxide is transformed into long-range ordered alumina
which induces the formation of large (1,1,0) facets. At 1150K small oxide domains start
to desorb and only large oxide domains remain on large facets.
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8.2 The NiAl(4,3,0) Surface

8.2.1 Sample Preparation and Experimental Details

The single crystal was prepared in the same way like NiAl(6,7,1) and is investigated in
the same experimental chambers (see section5.1.4). After preparation AES was used
to check for surface contaminations. The spectra (see fig.8.10) of the prepared surface
clearly show the signal of metallic Ni and Al while no signal of the major impurities like
sulphur, carbon and oxygen could be detected. The contamination free sample surface
was oxidized for 900 s at 550 K and the two different O2 pressures of 6×10−6 mbar and
1×10−7 mbar, respectively. To obtain a long-range ordered surfaceoxide the sample was
annealed stepwise at temperatures between 550 K and 1190 K.

The SXRD experiments were carried out with a photon energy of 20 keV (λ = 0.62
Å) at beamline ID03 of the ESRF, which is described in section5.1.2. The incidence angle
during the measurements was fixed very close to the critical angle of NiAl (αc = 0.14◦

at 20 keV) which reduces the background signal originating from the NiAl bulk. For the
measurements a 2D-MAXIPIX detector with256×256 pixel2 was used like a point detec-
tor as some CTR reflections were broad. The CTR data were obtained by taking rocking
scans at each point along the CTR, followed by an integration and applying standard cor-
rections [61]. Four fundamental and two superstructure CTRs were measured, resulting in
95 independent structure factors. In absence of redundancyof the data, the average error
was set to 15 %. This is a relatively big error which was chosendue to a high noise on the
data. To analyse the data, the program ROD was used again.

The HRCLS experiments were performed at the beamline I311 at Max Lab [94]. The
photoemission measurements were performed at 130 K sample temperature, at a fixed in-
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Figure 8.10: AES spectra of the NiAl(4,3,0) surface after the cleaning procedure (blue
line) and oxidation and annealing (red line). a) Spectra of the low-energy part. The vertical
lines indicate the following elements: metallic Al (LVV, 65eV), metallic Ni(MVV, 60 and
100 eV) and oxidized Al (39, 47 and 55 eV). b) Spectra in the energy range of O (KVV,
510 eV) and Ni (LVV, 716, 775, 781 and 846 eV) where no O signal is detected for the
clean surface. c) Spectra in the energy range of Al (KVV, 1390eV); a small peak is
detected for both surface conditions [129].

.
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Figure 8.11: a) 3D view of the bulk-terminated NiAl(4,3,0) surface with the step atom
occupied by Ni: Thin black lines mark the orthorhombic unit cell (a1 = 2.887 Å, a2 =
14.435 Å, a3 = 14.435 Å). The red rectangle marks the surface unit cell of the (1,1,0)
surface. b) Side view of the surface along the steps: one quasi row R consists of 7 layers
perpendicular to the surface normal. Atoms within one row are allowed to relax element
specifically. Characteristic step, corner and terraces atoms are labelled S1,S2,C1,C2,T1
and T2 and can relax independently from the other row atoms within the a1-a2 plane. c)
Top view on the surface with the (1,1,0) surface unit cell.

cident angle of about55◦ and at normal emission. For all measured spectra a scan of the
Fermi level region was recorded immediately afterwards andused as binding energy ref-
erence. During the sample preparation for the core level measurement all major impurities
could be removed except a small amount of carbon. In the experiment we find no char-
acteristic changes of the spectra of the clean surface with respect to the amount of carbon
on the surface. Therefore the contribution of carbon to the spectra can be neglected in this
case.

The real space structure of the bulk terminated NiAl(4,3,0)surface is depicted in fig.
8.11. The [4,3,0]-direction makes an angle of 8.1◦ with respect to the [1,1,0] direction. The
surface consists of 8 atomic rows wide (1,1,0) terraces (14 Å) with mono-atomic (1,1,0)
steps. The real space surface unit cell is defined by the orthogonal vectors (a1,a2,a3),
wherea1 runs along the steps in the [0,0,1] direction of bulk bcc NiAl, a2 across the steps
in the [3, 4, 0] direction anda3 defines the [4, 3, 0] surface normal. The described unit cell
contains 25 Ni and 25 Al atoms. Note, that the termination of the step atoms depends on
the height of truncation. A unit cell with Ni terminated steps is depicted but, in princi-
ple, an Al terminated step is also possible. No ragged shape of the step edges is expected
as thea1 direction points along a low-energy step orientation on the(1,1,0) surface [52].
The corresponding reciprocal lattice is also orthorhombic, with the reciprocal coordinates
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(H,K,L) running in the directions described above. A side view of the reciprocal space
along thea1-direction is shown in fig.4.4b.

8.2.2 Experimental Results

Atomic Structure of the Clean Surface

A LEED image of the prepared NiAl(4,3,0) sample is shown in fig. 8.12a. It nicely shows
the characteristics of a vicinal surface with a larger periodicity of the reflections along the
steps, corresponding to the [0,0,1] lattice parameter, anda smaller periodicity across the
steps. From the observation of numerous, sharp reflections along the [1, 1, 0]-direction we
conclude that a well ordered, regular terrace-step structure is present at the surface. From
the peak-to-peak distances within the intensity profile across the steps of fig.8.12d, an
average lattice parameter of 14.4 Å is calculated. This is inexcellent agreement with the
corresponding lattice parameter of the NiAl(4,3,0) surface of a2=14.4(35) Å. The specular
x-ray reflectivity, like shown in fig.8.17, is fitted with a model of bulk-like NiAl, includ-
ing roughness. The obtained roughness of 0.8 Å is small and confirms the presence of a
smooth surface.

Like for the (6,7,1) surface in section8.1, CTR measurements of the clean sample
are performed. The experimental structure factors are shown in fig. 8.13. To fit the CTRs
of the (4,3,0) surface a simplified structural model similarto the one used for the (6,7,1)
surface is introduced. The parameters of this model are depicted in fig.8.11b. During the
annealing up to 1300 K Al atoms start to evaporate why the possibility of Al vacancies is
included in all fitting models. On the NiAl(4,3,0) surface the step atom S1 can be either
solely occupied by Al or Ni. Thus the sample surface could be either covered solely by
Ni-terminated steps or Al-terminated steps or consist of fractions with both termination.
All three possibilities are tested during the data analysis.

In fig. 8.13 the experimental data are compared with the CTRs calculated from the
best fits of the structural model described above. The blue, red and green solid lines show
the results of the Al-terminated, the Ni-terminated and themixed-termination model, re-
spectively. The corresponding real space models are presented in fig. 8.14, the parameter
values of the fits are listed in the tables8.3and8.4. The data agreement of the three mod-
els is very similar with residua ofχ2

norm = 2.7 (22 fitting parameters) for the Al-terminated
surface,χ2

norm = 2.6 (22 fitting parameters) for the Ni-terminated surface and χ2
norm =

3.2 (24 fitting parameters) for both step-terminations present. The fit with the model of
mixed step terminations results in a 4:1-ratio of Ni to Al terminated steps. As the low-
est residuum is achieved with the Ni-terminated surface, the results point towards a clean
NiAl(4,3,0) surface which is mainly covered with steps occupied by Ni atoms. However,
the differences in the residua are too small to make a final conclusion. Fortunately, the
found relaxations are similar for all three models which allows to determine the following
results. All three models result in rumpling of Ni and Al within the first row R1 with
values between 0.10 Å to 0.16 Å. The rumpling of the second rowR2 lies between 0.00
Å and 0.02 Å. No relaxations are observed within the following rows. Al atoms relax
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Figure 8.12: LEED images measured at a electron energy of 118eV for different con-
ditions. The [0,0,1]-direction runs along the steps, the [1,1,0] point across the steps and
lies in the (1,1,0) terraces. a) Image of the clean (4,3,0) surface with a smaller distance
between the reflections across the steps and larger distancealong the steps. b) Image taken
after oxidation at 550 K and1 × 10−7 mbar O2 and annealing to 1100 K. The periodicity
of the clean surface is maintained along the step, diffuse stripes of intensity across the step
are observed. c) Image taken after oxidation at 550 K and5 × 10−6 mbar O2 and anneal-
ing to 1100 K. Along the [1,1,0] direction peaks with short periodicity occur. d) Intensity
profile of the three LEED images along the area marked in imagea) by the dashed box.
The black line shows the profile of the clean image, the red andblue line correspond to the
sample oxidized at1× 10−7 mbar and5× 10−6 mbar O2, respectively.

outwards, Ni inwards. The atoms at the step position S1 and atthe neighbouring terrace
position T1 are strongly relaxed inward towards the bulk. Atoms at the corner positions
S2 and the neighbouring terrace position C1 are relaxed outwards. For the other positions
T2 and S3 no relaxation direction consistent with all three models could be determined.
Allowing vacancies of Ni and Al within the first three rows results in fully occupied sites
for the Al-terminated and the mixed model, while 26 % Al vacancies occur within row R1
for the Ni terminated model.

In addition to the best-fitting structural models describedabove, the influence of sev-
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Figure 8.13: Four fundamental(A2-type) and two superstructure (B2-type) CTRs were
measured for the clean (black circles) and oxidized, but notannealed surface (blue trian-
gles),respectively. The results of the bulk terminated structural model are shown by grey
solid lines. The results of the best fitting models with Al or Ni terminated step are depicted
by blue and red lines, respectively. The green line belongs to the results of the model with
both step termination on the surface. The two data sets are shifted for clarity.

eral other parameters was investigated systematically. From the grey line in fig. 8.13
it is obvious that a bulk terminated crystal does not reproduce the fundamental and the
superstructure CTRs (χ2

norm=9.8). Allowing only a3-relaxations of the Al and Ni atoms
in the rows R1 and R2, like known from NiAl(1,1,0), but no individual relaxations of
atoms around the steps improves the residue resulting from the bulk-like crystal only
slightly [12]. Applying the same model like for the best fit of the clean (6,7,1) surface
strongly improves the residuum toχ2

norm=3.1 for the Al-terminated model andχ2
norm=3.9

for the Ni-terminated model. This shows the importance of the characteristic relaxations
of step and corner atoms for the fit results. Fitting of the static Debye-Waller factor of
the undercoordinated surface atoms did not improve the residue. Despite the intensive test
of different parameters the agreement between data and fits is not perfect. Allowing even
more atoms around the steps to relax individually in thea2- anda3-direction increases the
residue again. The residuum depends on the number of parameter and of data points.
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Table 8.3: Results of the structural refinement of the clean (4,3,0) surface for the model
with Ni terminated step and the model with Al terminated step. Listed are the displace-
ments∆z along the surface normal and∆y in the direction across the steps for each atom
in the rows R1 and R2 as well as at the steps, corners and terraces(S1, S2, S3, T1, T2,
C1 and C2). All displacements from the bulk positions are givenin Å. The fit with the
Ni terminated step results in (24±12) % Al vacancies in row R1, no vacancies are found
applying the Al terminated model.

Ni term. step Al term. step
El./Pos. ∆z (-) ∆y (-) ∆z (-) ∆y (-)
Al/R1 0.00(12) 0.00(3) 0.00(12) 0.00(3)
Ni/R1 -0.12(3) -0.02(1) -0.16(3) -0.02(1)
Al/R2 0.00(12) 0.00(3) 0.00(12) 0.00(3)
Ni/R2 -0.02(3) -0.00(6) 0.00(3) 0.00(6)
-/S1 -0.4(2) -0.1(4) -0.4(9) -0.1(9)
-/S2 0.3(3) 0.1(5) 0.3(3) 0.0(4)
-/S3 0.0(2) -0.1(2) -0.1(2) 0.3(4)
-/C1 0.4(3) -0.1(4) 0.4(6) 0.0(8)
-/C2 0.3(6) -0.1(8) 0.0(3) -0.2(4)
-/T1 -0.3(9) -0.2(9) -0.3(2) -0.1(4)
-/T2 0.3(3) 0.0(4) -0.3(3) -0.2(5)

Table 8.4: Results of the structural refinement of the clean (4,3,0) surface for the model
with Ni and Al step atoms present at the surface. Listed are the displacements∆z along
the surface normal and∆y in the direction across the steps for each atom in the rows R1
and R2 as well as at the steps and corners (S1, S2, C1 and C2). All displacements from the
bulk positions are given in Å. The fit results in (2±10) % Al vacancies within the first row.
(77±8) % of the surface is covered with Ni step atoms, (23±10) % with Al step atoms.

Ni term. step Al term. step
El./Pos. ∆z (-) ∆y (-) ∆z (-) ∆y (-)
Al/R1 0.00(12) 0.00(3) 0.00(12) 0.00(3)
Ni/R1 -0.13(3) -0.02(1) -0.13(3) -0.02(1)
Al/R2 0.00(12) 0.00(3) 0.00(12) 0.00(3)
Ni/R2 0.00(3) -0.00(6) 0.00(3) 0.00(6)
-/S1 -0.4(2) -0.1(4) 0.0(9) -0.2(9)
-/S2 0.4(3) 0.1(5) 0.4(3) -0.1(4)
-/C1 0.4(3) 0.0(4) -0.4(6) -0.4(8)
-/C2 0.4(6) -0.4(8) -0.4(3) -0.4(4)
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Figure 8.14: The figures show schematic side views of the relaxation profiles of the clean
sample, resulting from the CTR fits of fig.8.13. The red and blue arrows illustrate the
displacements of Ni and Al atoms from their bulk positions, respectively. The arrows are
enlarged by a factor of 5 for clarity. Part a, b and c depict theresults of the Ni terminated
model, the Al terminated model and the model with both terminations, respectively.

Figure 8.15: Intensity ratio of the three Al2p components offig. 8.16b versus photon
energy. The ratio of the surface component "a" to the bulk component "b" is shown by red
triangles, the ratio of the corner component "c" to component"b" by blue stars.
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Figure 8.16: Normal emission Al2p spectra (open circles) measured at the indicated pho-
ton energies. Part a) shows the decomposition of the spectrainto shifted components.
The green lines are the spin-orbit doublet of the bulk component "b", the red lines are the
spin-orbit doublet of the surface component "a". Part b) showsthe decomposition of the
spectra into three chemically shifted components with the new signal "c" (blue lines) lying
energetically between bulk and surface component. The greylines represent the linear
background, the black solid lines represent the total fit curve.
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For complementary information a series of HRCLS spectra was measured of the clean
surface at different photon energies, like shown in fig.8.16. From HRCLS measurement of
the NiAl (1,1,0) surface it is known that the spectra arise from two type of photoelectrons
emitted from bulk and surface Al, respectively [82]. While the Al2p bulk and surface
component, labelled "a" and "b" in fig.8.16, can be nicely resolved for the flat (1,1,0)
surface, this is not possible for the stepped (4,3,0) surface. Two effects can explain this
observation. On the one hand disorder of atoms at the surfacecan lead to a broadening
of the surface signal. However, a LEED image, taken immediately after the HRCLS-
measurements, is very similar to fig.8.12a and shows sharp reflections. This indicates that
only little surface disorder is present, which revises thisfirst explanation. On the other
hand it is known for HRCLS spectra of vicinal surfaces that fingerprints of terrace (here:
T1,...), step (here:S1) and corner (here:S2) atoms can be detected as they all have different
coordination numbers [151]. The signal of the most undercoordinated step atom is shifted
to lower binding energies with respect to the terrace (or surface) atom component. The
signal of corner atom underneath the step atom has a binding energy between the signal
of the terrace and the bulk atoms. For the HRCLS data of NiAl(4,3,0) this could mean
that an additional component occurs between the bulk and surface component making it
impossible to resolve the surface from the bulk signal. No shoulder toward lower binding
energies is detected for the Al2p peaks. According to the second explanation this indicates
that most of the steps are Ni terminated. The corner atoms underneath the step atoms are
occupied by Al, then.

A detailed analysis of the presented spectra affirm the idea of Al atoms present at the
corner position S2. Fig.8.16a shows the best fit achieved with a two component model like
it was used for the (1,1,0) surface. The energy position of component "a" was determined
from the spectra with the highest photon energy and therefore the highest contribution of
bulk electrons. The energy of Al2p3/2 electrons was set to Ea = 72.53 eV, the spin orbit
shifted energy of Al2p1/2 electrons to Ea = (72.53 + 0.40) eV [152]. The energy shift
of (-0.13± .01 eV) for the signal of the surface electrons was assumed tobe identical to
the (1,1,0) surface. The fit results fulfil the 2-to-1 ratio expected for the spin orbit Al2p
doublets within the experimental errors. The best fit with this model does not reproduce
the maxima of the measured spectra well and results in a high average residue of R∅ = 5.2
per spectra. Introducing a new component "c" between the surface and bulk signal, arising
from electrons of Al at the corner position S2, strongly improve the data agreement with
R∅ = 0.9, like shown in fig.8.16b. Again the fit results fulfil the 2:1 ratio of the peak
areas, expected for the spin orbit splitting. The photon energy dependent ratios of the
peaks areas are plotted in fig.8.15. The surface and the corner signal decrease for high
photon energies as the contribution of the bulk signal is getting stronger for longer electron
mean free paths. The averaged area ratio of corner with respect to the surface component
is 0.36. This is reasonable as for every Al atom at the corner position there are 3 Al atoms
on the terrace, resulting in a ratio of 1/3.
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parameter clean oxidized oxid. and annealed
σNiAl (Å) 0.8 1.0 1.0
σox (Å) - 1.4 3.4
tox (Å) - 5.5 5.1
ρox/ρAl2O3

- 1 0.7

Table 8.5: Results of the x-ray reflectivity measurements of the clean, oxidized and oxi-
dized and annealed surfaces. The root-mean-square roughness (σ) for the interfaces, the
oxide thickness (t) and the oxide densityρox (compared to corundum) are shown.

Atomic Structure after Oxidation

X-ray reflectivity measurements (see fig.8.17) after the oxidation at 550 K and 6×10−6

mbar O2 show the presence of a 5.5 Å thick oxide layer. The layer possesses no long-range
order, since no diffraction pattern could be detected by LEED. Fig. 8.22shows K-scans
through the (0,7) CTR recorded after the oxidation. We observe that the detected peak
is not centred at K=7 any more but shifted to lower K values. The new K positions can
be explained by the formation of (1,1,0) facets which nominal position is also marked in
fig. 8.22. The facet signal is very broad, which means that the formed facet are small.
Furthermore the signal is very weak and the background relatively high which indicates

Q [Å ]z
-1

r
r

e
e,

bu
lk

/

z[Å]

clean

oxid.

oxid. & annealed

NiAl

Al O2 3

Figure 8.17: X-ray reflectivity curves obtained from the clean (squares), the oxidized
(circles) and the oxidized and annealed (triangles) surface; the curves are shifted for clarity.
The fits (solids lines) were obtained using the Parrat formalism, the results are given in
table8.5. The inset shows the resulting electron density (ρe) profiles as a function of the z
direction along the surface normal.
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a oxygen induces increase of the surface roughness. The nearly complete disappearance
of the CTR signal at its original position can be explained by roughness or by a complete
disappearance of the regular terrace-step structure of the(4,3,0) surface.

To characterize the morphology and oxidation induced segregation of the interfacial
region, we still measured the CTRs of the oxidized, but not yet annealed surface. They
are shown in fig.8.13. The noise on the rocking scan signal increased compared to the
measurements on the clean surface. It increases the systematically error and further limits
a detailed structural analysis. Compared to the CTRs of the clean sample, oscillations
are visible after the oxidation, in line with a disturbed chemical composition in the near
surface region. The defects and distortions occur up to a well defined depth, which is ob-
served by characteristic oscillations on the CTRs. Thereforethe structural fitting model,
described in the previous paragraph, was extended for the analysis of the oxidized surface.
Atomic relaxations as well as Ni and Al vacancies and Ni anti-sites were allowed within
the first 6 rows (R1 to R6, see fig.8.11). As for the clean surface, the influence of the pa-
rameters was tested for the three possible scenarios: the presence of solely Ni-terminated
steps, solely Al-terminated steps or a mixture of both.

The best fit results for the Al-terminated (χ2
norm = 5.4, 34 parameters) and Ni-

terminated (χ2
norm = 4.1, 30 parameters) model are shown in fig.8.13. The corresponding

relaxations of the Ni-terminated model are given in table8.6 and schematically depicted
in fig. 8.18. The best fit of the model with Al and Ni steps resulted in a surface purely
covered with Ni steps. The best-fit residue of the Ni terminated model is 25 % lower
than for the Al terminated model. This trend of the fitting results towards a surface with
solely Ni steps is in good agreement with the preferential Aloxidation. Most Al atoms
at the surface, especially at the steps, are oxidized. This leaves the oxide-alloy interface
Ni-terminated. An inward relaxation of Ni is found in the first four rows (R1 to R4) and
on the positions S1 and C1. Al relaxes inward within the first row R1 and outward in the
further three rows. No relaxations are found from the fifth row onward.

The occupation profiles for the Ni and Al sites resulting fromthe best fit achieved
with the Ni-terminated model are shown in fig.8.18b and c, respectively. In fig.8.18b
we observe, that the occupancy of Ni-sites is disturbed within the first three rows away
from oxide-alloy interface. From row R4 onwards Ni sites are occupied bulk like. It can
be shown that the fundamental but not the superstructure CTRs are reproduced well by
a structural model with only three disturbed surface rows. This shows that the electron
density reaches a bulk-like value from the forth row onwards. The occupancy profile of
the Al sites, depicted in fig.8.18c, shows the oxidation induced decrease of the Al concen-
tration within the first 6 rows of the alloy. This correspondsto a depth of 12 Å away from
oxide-alloy interface. The Al concentration decrease is accompanied by the formation of
Ni anti-site atoms (Ni on Al sites). It can be observed that the more Al is missing the more
Ni anti-sites occur.

As for the clean surface, the influence of the several parameters on the quality of the fit
was examined by applying different structure models. In alltested models the occupancy
profile was allowed to vary. For the presented best-fit model only the atoms at position
S1 and C1 are relaxed individually along thea2- anda3-directions. These individual re-



122 The Oxidation of Vicinal NiAl Surfaces

Figure 8.18: a) Schematic side view of the relaxation profileof the oxidized sample, re-
sulting from the CTR fit with Ni terminated step atoms. The relaxations of the Al and Ni
atoms are presented by blue and red arrows, respectively. The arrows are magnified by a
factor of 5. The black circles show the bulk positions of the atoms. b)+c) Row-dependent
(R1,R2,...) occupancy profile for Ni, Al and Ni anti-sites of the oxidized surface region.
"Quasi"-row 1 is at the oxide-alloy interface. The sketched bulk unit cells indicate the
different sites.

laxations might occur for many atoms in the vicinity of the steps (S2,S3,T1,T2, 2,C3,...).
Furthermore, the segregation profile close to the steps might be different than along the
terraces. However, the measured data set is not large enoughand the systematical error is
too large to include all these described additional parameters.

The HRCLS Al2p spectra of the oxidized sample are shown in fig.8.19a. Three
spin-orbit split doublets, labelled "b" (green line), "d" (blue line) and "e" (red line), can be
observed. Component "b" is attributed to metallic Al atoms within the NiAl alloy. Compo-
nent "d" and "e" are assigned to Al bonding to oxygen atoms. Whiledoublet "e" is ascribed
to Al coordinated like in bulk Al oxide, doublet "d" occurs dueto Al atoms bonded to three
oxygen atoms [153]. Fitting the spectra with the described three spin-doublets results in
a good average residue of 0.9 per spectrum. The three spin doublet components and their
sum are shown in fig.8.19a. Dividing the doublet "b" into a surface and bulk peak like for
the clean surface does not improve the residue. Fig.8.21a depicts the area ratio of compo-
nent "b" and "e" to component "d" as a function of photon energy, i.e. as function of the
electron mean free path. The relative signal of component "d"(compared to component
"e") is getting stronger toward higher photon energies and therefore larger information
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Table 8.6: Results of the structural refinement of the oxidized surface for the model with
Ni terminated step. Listed are the displacements∆z along the surface normal and∆y in
the direction across the steps for each atom in the rows R1 to R4 as well as at the steps
and corners S1 and C1. All displacements from the bulk positions are given in Å. The
corresponding occupancy profile is shown in fig.8.18

Ni term. step
El./Pos. ∆z (-) ∆y (-)
Al/R1 -0.14(12) -0.02(3)
Ni/R1 -0.06(3) -0.01(1)
Al/R2 0.29(12) 0.04(3)
Ni/R2 0.00(3) 0.00(6)
Al/R3 0.29(10) 0.04(3)
Ni/R3 -0.05(3) -0.01(5)
Al/R4 0.25(10) 0.03(3)
Ni/R4 -0.04(3) -0.01(5)
Ni/S1 -0.4(2) -0.2(4)
Ni/C1 -0.4(3) -0.4(4)

depth. It is assigned to photo electrons of Al at the oxide-alloy interface. The O1s spectra
of the oxidized sample recorded at different incoming photon energies are shown in fig.
8.20a. The shoulder of the O1s signal towards higher binding energies shows that two dif-
ferently bonded O atoms are present in the oxide layer. A detailed analysis of the spectra,
using a two peak model, results in a good average residue of 1.1. The results is depicted in
fig. 8.20b. The fitted spectra consist of a peak at EBE,I= 531.85 eV and a peak at a lower
binding energy of EBE,II=531.10 eV, labelled "I" and "II", respectively. As seen from the
single components of the spectra, the area ratio of component "I" to "II" versus the photon
energy shows a small decrease towards higher photon energies. This indicates that the O
atoms of type "I" are located closer to the oxide surface.
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Figure 8.19: Normal emission Al2p spectra measured at the indicated photon energies
measured for the oxidized surface (a) and the oxidized and annealed surface (b). The three
observable spin-orbit doublets, labelled "b", "d" and "e", are indicated by vertical black
lines. The fit is decomposed into these three doublets. The solid black line represents the
total fit curve.
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Figure 8.20: Normal emission O1s spectra measured at the indicated photon energies. a)
Comparison of the spectra of the oxidized surface (black) andthe oxidized and annealed
surface (red). b) and c) show the spectra of the oxidized surface and the oxidized and
annealed surface, respectively. Both series of spectra are decomposed into two oxygen
components at EBE,II=531.10 eV and EBE;I=531.85 eV. The solid black line represents
the total fit curve.

a) b)

Figure 8.21: Intensity ratios of the components of oxidizedAl with respect to the compo-
nent of metallic Al, plotted versus photon energy. Red triangles show the ratio of compo-
nent "d" to "b", blue stars show the ratio of component "e" to "b". a)+b) correspond to the
situation of the oxidized sample (see fig.8.19b)and the oxidized and annealed sample (see
fig. 8.19c),respectively.
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Structural Changes during Annealing

It is known from different NiAl surfaces like the (1,1,0), the (6,7,1) (see section8.1) and
the (16,14,1) surface that a long-range ordered surface oxide is formed by annealing the
oxidized surface [42,52]. For the two vicinal NiAl surfaces the oxide ordering is accom-
panied by (1,1,0) facet formation. In order to follow a possible ordering of the oxide on
the (4,3,0) surface, the sample is annealed stepwise in UHV after its oxidation. Morphol-
ogy changes at the oxide-alloy interface are followed by SXRDmeasurements. To detect
a faceting of the surface, K-scans across the steps through the (0,7)-CTR were performed
for different L-values, as shown in fig.8.22. The CTR signal at K=7 is strongly decreased
already at the oxidation temperature of 550 K. Simultaneously a broad signal arises, cen-
tred around the vertical black lines. The position of the newsignal can be ascribed to the
formation of (1,1,0) facets as the vertical black lines markthe nominal position of (1,1,0)
facets. While the intensity at K=7 further decreases with increasing the temperature, the
facet signal increases by annealing to higher temperatures. The FWHM value of the aris-
ing peak of the (1,1,0) facet is decreasing with increasing temperatures. This corresponds
to an increase of the average facet width which can be estimated from the FWHM value
of the peak. Fig.8.23shows the resulting temperature dependence of the average facet
width. Up to 823 K the width remains approximately constant at 30 Å. It then start to rise
and reaches its maximum of 69 Å at 1173 K.

To detect the formation of long-range ordered oxide on NiAl(4,3,0) rocking scans at
the positions of two possible oxide structures were performed for different annealing tem-
peratures. The formation of the complex surface oxide, known to form on NiAl(1,1,0) at
the applied conditions, was checked. Rocking scans were recorded at the (0,4)oxide inplane
position of the two oxide twin domains. The formation ofθ-like oxide, known to form on
NiAl(1,0,0) at the applied conditions, was also checked. Rocking scans were recorded at
the (5.47, 1, 2)θ−oxide position of the two 90◦ rotated oxide domains [154]. The formation
of (1,1,0) facets was considered when performing the rocking scans. No arising peak was
found in the described scans while annealing the sample from550 K up to 1100 K. None
of the two investigated oxides seems to form long-range ordered domains on the (4,3,0)
surface. Flashing the sample up to 1350 K reproduces the CTR pattern arising from the
clean, regularly stepped (4,3,0) surface with no larger (1,1,0) facets.

Micro Structure of the Oxide

Fig. 8.12b and c show LEED images recorded of the sample, which is oxidized at5×10−6

mbar and1 × 10−7 mbar O2, respectively, and annealed to 1100 K in UHV afterwards.
LEED images recorded after annealing the oxidized sample upto 1150 K show identical
features. In thea1-direction along the steps the oxide has the same lattice parameter as
the substrate and grows commensurate. In thea2-direction across the steps the intensity
distribution is stripe like for the surface oxidized at1 × 10−7 mbar O2. The formed ox-
ide is disordered along this direction. Note, that sharp reflections on top of the diffuse
stripes create a NiAl(1,1,0) like pattern indicating that (1,1,0) facets are present after an-
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Figure 8.22: Temperature dependent K-scans along thea2-direction recorded of the clean
sample (black lines) and after the oxidation (coloured lines) for different L- values: A new
peak arises at the [1,1,0] facet position (solid vertical line) while the CTR signal at K=7
(dashed solid line) decreases at the same time.
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Figure 8.23: Average (1,1,0) facet width on logarithmic scale versus annealing temper-
ature: Black squares show the results of the oxidized (4,3,0)surface, grey circles of the
(6,7,1) surface.

nealing the oxide. The red line in fig.8.12d shows the intensity profile along one stripe
within LEED image c. The distance between two reflections on astripe is determined to
∆K=4.59 which corresponds to a lattice parameter of (4.03±0.15) Å. It agrees well with
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Figure 8.24: K-L-Maps at H=0 of the reciprocal space recorded for the clean (a) and the
oxidized and annealed (b) NiAl(4,3,0) surface. A2 and B2 markthe fundamental and the
superstructure Bragg peaks, respectively. In a), the CTR signal is observed along the L-
direction. In b) the CTR signal is observed along the [1,1,0] direction, indicated by the
white arrow.

the lattice parameter d110=4.08 Å of the [1,1,0]-direction of the NiAl bulk. With respect to
the NiAl(4,3,0) surface the [1,1,0]-direction lies in the plane of the (1,1,0) terraces point-
ing across the steps (see fig.8.11). The LEED image of the sample, oxidized at5× 10−6

mbar O2 and annealed to 1100 K (see fig.8.12b), shows additional reflections on top of
the diffuse stripes. The additional peaks are clearly visible in the intensity profile of fig.
8.12d. The distance between two peaks is determined to∆K=0.51 which corresponds to
a real space distance of (28.3±1.6) Å. The axes of the surface unit cell of the NiAl(1,1,0)
facets point along the[0, 0, 1]- and the[1, 1, 0]-direction. With respect to this facet surface
cell the new oxide forms a(1× 7) superstructure2.

SXRD measurements of the oxidized and annealed NiAl(4,3,0) sample were per-
formed to further characterise the oxide structure detected with LEED. Fig. 8.24a and
b show K-L maps of the reciprocal space at H=0 for the clean sample and the oxidized and
annealed sample, respectively. The K-L map of the clean surface shows the fundamen-
tal and superstructure Bragg peaks by the white spots. The signal of the CTRs is clearly
observable. It is distributed along the L-direction markedby black solid lines. A small
signal is also found along the [1,1,0]- and [1,1,0]- direction. This is attributed to thermal
diffuse scattering as it gets more pronounced with increasing wave vector transfers. The
K-L map of the oxidized and annealed surface clearly shows the formation of (1,1,0) facets
like already described in the previous paragraph. The CTR-signal along the L-direction
disappears. It now runs along the [1,1,0] direction. However, no new oxide rods or peaks,
like detected with LEED, are observed. No long-range ordered oxide can be detected with
the SXRD measurements.

2superstructure in the [1, 1, 0]-direction:(28.3 Å)/(d110×cos αmiscut)=28.3 Å/(4.08 Å×cos
8.13◦)=7.0≈7
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AES measurements of the oxidized and annealed surface are depicted in fig. 8.10. A
strong oxygen signal at an electron energy of 510 eV is observed. The characteristic signal
of oxidized Al is detected at energies of 39 eV, 47 eV and 56 eV.The spectra clearly shows
the existence of Al oxide after the annealing.

According to fig.8.19b, this is confirmed by HRCLS-measurements after the anneal-
ing the oxidized surface. Like for the oxidized, but not annealed surface, the Al2p spectra
after the annealing consist of three spin-orbit doublets. Therefore the same model like for
the oxidized surface was used to analyse the spectra. The results for the single components
as well as the total fit are shown in fig.8.19b. The area ratio of component "b" and "e" to
component "d" versus the photon energy are depicted in fig.8.21b. Three main features
are obvious. First, the area ratio of component "d" and "e" assigned to oxidized Al are
about a factor of 6 smaller compared to the oxidized sample without annealing. Some
fractions of the oxide must have desorbed already from the surface during the annealing.
This is consistent with the results of a reflectivity measurement performed after the an-
nealing (see fig.8.17). While a thin oxide film is still observed, the electron density of
this film decreased. This indicates that the film is not homogeneous any more. Second, the
average area ratio of component "d" to component "e" is by a factor of 2 smaller than it
was directly after oxidation. From a relative point of view,more bulk oxide like, "e"-type
Al atoms (less 3-fold oxygen bonded, "d"-type Al atoms) are present in the oxide after
annealing the sample. Third, the binding energy of component "e" is shifted by 0.1 eV
toward higher binding energy. Again, this points to relatively larger amount of bulk-oxide
present in the oxide layer. The O1s spectra of the oxidized and annealed sample are shown
in fig. 8.20a, the corresponding analysis in fig.8.20c. The fit was performed, using the
same two components like for the oxidized but not annealed surface. The results show two
main features. First, a decrease of the intensity is observed, compared to the just oxidized
sample. Again, this is explained by a start of oxide desorption. Second, a signal increase
of the component "I" and a strong signal decrease of component"II" are observed when
comparing the spectra recorded from the oxidised and the oxidized and annealed sample.
The area of component "I" increases by a factor of 1.6, the areaof component "II" de-
creases by a factor of 7 after the annealing3. This shows that the ordered oxide on top of
NiAl(4,3,0) is mainly formed of the oxygen species "I" with higher binding energies.

8.2.3 Discussion

The Clean Surface

The LEED and CTR measurements of the clean sample show a regularly stepped
NiAl(4,3,0) surface under UHV conditions even after annealing it to 1350 K. Thus, like the
(6,7,1) surface, the vicinal (4,3,0) surface is stable in UHV over a huge temperature range.
The relaxations of the clean surface are also similar to the (6,7,1) surface. The buckling of
the Ni and Al atoms on the terraces agrees within the error bars. Independent of the step
atom termination of the fitting model a pronounced inward relaxation of the step atom S1,

3The comparison is based on the spectra recorded at 900 eV photon energy



130 The Oxidation of Vicinal NiAl Surfaces

together with an outward relaxation of the corner atom S2 is observed. This relaxation
behaviour around the steps qualitatively agrees with the (6,7,1) surface where the step and
corner atoms relax in the same direction. As described in section 8.1.4these relaxations
are typical for a surface step. The CTR results also show that,in addition to the step and
corner atoms of the first two rows, the relaxations of neighbouring terrace atoms and of
deeper lying atoms below the actual step are affected. According to a recent embedded
atom calculation the surface energy of NiAl(4,3,0) is very close to NiAl(1,1,0) [155]. A
long-ranging strain field around the steps could explain this high stability of the (4,3,0)
surface.

In principle, the step position of the clean (4,3,0) surfacecan either be solely occupied
by Ni or Al. Both, the CTR and the HRCLS results, point towards a surface with mostly
Ni terminated steps. This indicates that the Ni terminated steps might be energetically
favoured over Al terminated steps. However, a embedded atomcalculation results in a
lower surface energy for the Al-terminated step [155]. For the low-index NiAl(100) sur-
face, where also an Al or Ni terminated surface is possible, it is known that the surface
configuration strongly depends on the preparation procedure [154,156]. Too high anneal-
ing temperatures can lead to Al evaporation, especially from the step, and could explain
our result.

Oxidation and Annealing of the Surface

At 550 K and 6×10−6 mbar O2 for 900 s a vitreous alumina film is formed which pos-
sesses no long-range order. The SXRD results show that oxidation at these conditions
changes parts of the initial sequence of identical (1,1,0) terraces into a (1,1,0) faceted sur-
face. The average facet width of 30 Å corresponds to two initial terraces bunched together,
like schematically shown in fig.8.25b. We conclude that the formation of (1,1,0) facets is
thermodynamically favoured for the oxidized NiAl(4,3,0) surface. Further results like the
oxide thickness, the Ni , Al and Ni anti-site occupation profiles and the relaxation profile
of the oxidized NiAl (4,3,0) surface region are very similarto NiAl(1,1,0) [148,153]. On
both surfaces the oxide film is about 5 Å thick [4]. Inward relaxations of the Ni atoms,
especially within the first 3 rows, are found for both surfaces. The Ni atoms at the step
and corner position S1 and S2 are also strongly shifted toward the bulk. For the oxidized
(1,1,0) surface the Al atoms of the first two layers are relaxes inward. Al of the third layer
relaxes outward. For the (4,3,0) surface only the first row ofAl relaxes inwards, while
Al atoms in the following three row are relaxed outwards. Thebuckling of the Ni and Al
atoms is maintained for both surface. Consequently, very similar relaxation profiles for
the low-index and the vicinal surface are found.

As shown in the occupancy profiles (fig.8.18b and c), Al vacancies reach up to a depth
of 12 Å in the alloy. They originate from preferential Al oxidation during the formation
of the alumina film. Thereby the amount of Al missing in the alloy is 30% higher than the
amount of Al needed to form the 2 layer thin surface oxide known from NiAl(1,1,0) [4,5].
At alloy depths larger than 6 Å the Ni sites are fully occupied. The Ni vacancies appear
only close to the oxide-alloy interface which could be interpreted as roughness. Especially
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between 3 and 5 rows below the oxide-alloy interface only about 40 % of the Al-sites are
occupied by Al. As known from the NiAl bulk, an enhancement ofthe Ni concentration
leads to the formation of Ni anti-sites (Ni on Al-sites) [149]. This effect is also found
here at depths between row 3 and 5 (≈ 8 Å). The relative increase of the Ni concentration
due to preferential Al oxidation could also explain the aforementioned inward relaxation
of the atoms within the surface region like already mentioned for the NiAl (6,7,1) system.
Like on the (6,7,1) surface the Al concentration directly atthe interface is larger than in
the deeper embedded third and forth rows.

The HRCLS Al2p and O1s spectra of the oxidized but not annealed NiAl(4,3,0) sur-
face are in qualitative agreement with the spectra recordedfor the NiAl(1,1,0) surface
which was oxidized at the same conditions, but annealed afterwards [42, 153, 157]. The
area ratio of the Al2p components, plotted in fig.8.21a, shows the same dependence on
the photon energy like for oxidized and annealed NiAl(1,1,0). A former XPS-study on
the oxidized NiAl(1,1,0) surface shows no changes in the Al2p spectra after a 1070 K
annealing process [158]. We conclude that the chemical environment of Al and O atoms
on the oxidized (4,3,0) surface is very similar to the oxidized (1,1,0) surface. Like for the
oxide formed on the (1,1,0) surface, we assign the Al2p component "e" (see fig.8.19) to
Al atoms within the oxide layer and Al2p component "d" to Al atoms at the oxide alloy
interface [5,153,157]. Although the Al2p spectra of oxidized NiAl(4,3,0) and NiAl(1,1,0)
qualitatively agree well, the Al2p component "e" is quantitatively stronger on the (4,3,0)
surface, especially for lower photon energies. This indicates the growth of slightly thicker
oxide on NiAl(4,3,0).

In this chapter the temperature dependence and the kineticsof the faceting of the ox-
idized NiAl(4,3,0) surface were demonstrated. Fig.8.25b shows that the NiAl(4,3,0)
surface, oxidized at 550 K, can be schematically described by a faceted surface covered
by a disordered alumina film. Minor parts of the regularly stepped interface, known from
the clean surface, are still present. As described above, oxidation induces strong changes
of the relaxation pattern within surface region, especially at the surface steps. The strain
field around the steps is changed. We argue that these changeslower the strain-induced
step-step interactions responsible for the stability of the clean surface. This allows the for-
mation of energetically favoured (1,1,0) facets covered byoxide. Due to kinetic barriers
and a reduced material transport the average facet width of 27 Å is still small. To form the
small facets two 14 Å-wide terraces of the clean surface haveto bunch together. This situ-
ation is only changed slightly up to an annealing temperature of 830 K, as depicted in fig.
8.25c. The facet width remains at approximately 30 Å, while the fraction of initial (1,1,0)
terraces at the interface gets smaller. LEED results show nolong-range order of the oxide.
At a temperature of 1100 K kinetic barriers for material transport and oxide ordering are
overcome and the average facets width start to increase. Fig. 8.25d schematically demon-
strates this situation. LEED proves the formation of long-range ordered oxide, probably
covering the (1,1,0) facets. At the same time oxide already starts to desorb from the sur-
face, as shown by the x-ray reflectivity and HRCLS results. We conclude that smaller
oxide domains on smaller facets desorb, and larger long-range ordered structures on larger
facets remain. An increase of the annealing temperature up to 1170 K increases the facets
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a) clean: r.t., UHV

b) oxidized: 550 K, 5E-6 mbar O for 15 min2

disordered oxide

c) oxidized&annealed: 730 K for 20 min
disordered oxide

d) oxidized&annealed: 1100 K for 5 min

ordered oxide

Figure 8.25: Schematic side views of the NiAl(4,3,0) surface depict the different scenarios
of the clean (a) and oxidized(b) surface and during the annealing procedure(c+d).

width to a maximum of 69 Å. While more oxide is desorbed, only the larger oxide covered
facets remain. We conclude that the occurring (1,1,0) and (1,1,0) facets are energetically
favourable for the surface oxide-alloy interface, while for the clean surface the regularly
stepped (4,3,0) surface has the lowest surface free energy.This was also found during
the oxidation and annealing of the (6,7,1) surface. However, a faceting has been observed
only at temperatures above1120 K which indicates different kinetic barriers on the two
differently stepped surfaces.

From the LEED and SXRD experiments it is obvious that the formed oxide does not
possess the complex structure of the surface oxide, known toform on the NiAl(1,1,0) and
NiAl(6,7,1) surface. This result is unexpected. As the (6,7,1) surface, the NiAl (4,3,0)
surface consists of (1,1,0) terraces which transform into 69 Å-wide (1,1,0) facets upon ox-
idation and annealing. Comparing the oxide structures formed on the two vicinal surfaces
shows the strong influence of surface steps on the oxide formation. The steps on the (4,3,0)
surface induce the formation of a "new" oxide structure. Whilethe LEED images show
the formation of this "new" oxide, no signal of this oxide could be detected with SXRD.
In the following we derive a structural model for the "new" oxide which can explain why
no oxide peaks are found with SXRD.

With respect to the (1,1,0) facets, which have inplane unit cell vectors along the
[0, 0, 1]- and [1, 1, 0]- direction (see fig.8.11), the observed oxide forms a(1 × 7) su-
perstructure.θ-oxide, like shown in fig.6.3, has a lattice parameter box=2.92 Å which has
a lattice mismatch of only 1.1 % with respect to a1=d[001]=2.887 Å. This very small mis-
match with the NiAl substrate most likely triggers the formation of theθ-oxide. The initial
ordering of the oxide starts at the surface steps due to preferential strain release along the
steps. Five unit cells ofθ-oxide, lined up along its c-direction, have a mismatch of only -
1.3 % with respect to seven [1, 1, 0] lattice parameters4. As the annealed oxide layer is 5 Å
thick, we conclude thatθ-Al 2O3 is formed on the NiAl(4,3,0) surface which is made up of

4(5×cox)/(7×d[110])=(5×5.64 Å)/(7×4.08 Å)=-1.3 %
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two layers of Al ions, like marked in fig6.3by the dashed line. Fig.8.26shows that box is
aligned parallel to thea1-direction of NiAl(4,3,0) and cox is parallel to the [1,1,0]-direction
of bulk NiAl. The LEED images show perfect long-range order in the direction along the
steps. Across the steps the oxide is disordered for temperatures of 1040 K and adopts
the described long-range order above 1100 K. The resulting stripe-like structure is shown
in fig. 8.26. Note, that at least two initial terraces have to bunch together to form one
oxide stripe. This might induce the described faceting, already observed at 550 K for the
(4,3,0) surface. The formation ofθ-oxide on NiAl has been observed before on the (0,0,1)
surface [8,82,159]. For annealing temperatures up to 1300 K a(2 × 1) reconstruction is
observed, for higher annealing temperatures theθ-oxide looses its long-range order along
its cox-axis. Theθ-oxide domains on NiAl(0,0,1) are also stripe like with their long axis
oriented along [0,0,1]. This is consistent with the oxide stripes observed on NiAl(4,3,0). In
a low energy electron microscopy (LEEM) study of the high temperature (850-1350K) ox-
idation of NiAl(1,1,0) the formation of stripe-like oxide domains is reported as well [160].
There, the oxide stripes run along the [0,0,1]-direction ofbulk NiAl and the domain width
is much larger than in the[1, 1, 0]- direction. Furthermore, the stripes are predominantly
found at substrate steps running along the [0,0,1]-direction which agrees perfectly with
observed oxide stripes on the (1,1,0) terraces of NiAl(4,3,0).

The model presented in fig.8.26could explain why an oxide signal was observed with
LEED but not with SXRD measurements. The coherence length of electrons is50 − 100
Å which is more than 100 times smaller than the coherence length of x-rays at a syn-
chrotron source like the ESRF. The size of the grown oxide domains on the facets has
been determined to approximately 30 Å. This size is of the same order of magnitude like
the coherence length of the electrons. Thus, in LEED the signal of one or two oxide-stripes
are added coherently and the corresponding reflexions are observed. In case of x-rays the
diffracted signal results from the coherent sum of numerousoxide stripes on regularly ar-
ranged facets. In the direction across the steps the two neighbouring oxide structures are
shifted by half a unit cell which leads to a destructive interference in this direction. Thus,
no reflection can be observed in the diffraction pattern in this direction. Finally, the stripe
model can explain the desorption behaviour of the oxide. Thewidth of the stripes is very
small and results in small oxide domains. Small oxide domains do desorb faster. This
explains why at the same annealing temperature more oxide desorbs from the NiAl(4,3,0)
surface compared to the NiAl(1,1,0), where the oxide domains are much larger.

The HRCLS spectra of the oxidized and annealed (4,3,0) surfaceshow clear differ-
ences compared to the spectra of NiAl(1,1,0) prepared at thesame conditions [153,157].
First, the intensity of the signal is much weaker for the (4,3,0) which is explained by the
desorption of small oxide domains. Second, in the Al2p spectra recorded after annealing
the (4,3,0) surface, the energetical position of component"e" is shifted by 2.8 eV toward
higher binding energies with respect to the bulk Al2p component "b". This shift is 2.5 eV
in case of the just oxidized (4,3,0) surface and 2.2 eV in caseof the oxidized and annealed
(1,1,0) surface [153,157]. Forθ-oxide on NiAl(0,0,1) the shift has a value of 2.5 eV [161].
The shifts indicate a slightly different chemical environment for oxidized Al on the (4,3,0)
surface compared to the (1,1,0) surface which points towards θ-oxide formation again. At
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last, in the O1s spectra, recorded after annealing the (4,3,0) surface, the component "II" is
much stronger when compared to the case of the (1,1,0) surface [157]. For more detailed
conclusions from the HRCLS spectra DFT calculation would be necessary.

clean surface: r.t, UHV

1-atomic step (1,1,0) terrace 2-atomic step (1,1,0) facet
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Figure 8.26: Side and top view of the clean (a+c) and oxidizedand annealed (b+d)
NiAl(4,3,0) surface. In the schematic model two initial terraces bunch together and are
covered by 5 unit-cell wideθ-oxide stripes. The stripes are elongated along the steps. The
little red rectangle in c) marks the (1,1,0) surface unit cell.
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8.3 Conclusions

In the final section of this chapter the results of the NiAl(6,7,1) and the NiAl (4,3,0) surface
are discussed. Similarities and differences of both surfaces are pointed out with respect
to the questions raised at the beginning of this chapter. Comparisons with the low-index
NiAl(1,1,0) surface, oxidized at the same conditions, are presented.

8.3.1 The clean vicinal NiAl surfaces

Both investigated, chemically well ordered, clean surfacesare stable in UHV up to at least
1350 K. No faceting of the clean surfaces is observed. Both surfaces consist of regu-
lar arrays of (1,1,0) terraces and monoatomic steps. On the (6,7,1) surface the steps run
along the [1, 1, 1]-direction of bulk bcc NiAl, on the (4,3,0) surface the steps run along
the [0, 0, 1]-direction. A buckling of Ni and Al atoms in the topmost and second topmost
terraces is found for both systems. The larger Al atoms relaxoutwards, Ni inwards. This
rumpling is also known from low-index NiAl(1,1,0) surfacesand a quantitative compar-
ison of the resulting values shows good agreement [12, 39]. Both vicinal surfaces show
similar pronounced atomic relaxation around the steps. Theatoms at the surface steps are
relaxed towards the bulk, while atoms at the corner below thestep relax outwards. These
relaxations introduce strain fields around every surface step. The strain fields then inter-
act with each other and lead to a step-step repulsion, which is crucial for the observed
stability of the vicinal surfaces. In summary, both investigated clean surfaces show very
similar features. A recent STM study on clean NiAl(16,14,1)showed no surface faceting
as well [52]. We presume that NiAl surfaces vicinal to the (1,1,0) surface are thermody-
namically stable.

8.3.2 The oxidation of vicinal NiAl surfaces

Upon oxidation at 550 K and 10−6 mbar of molecular oxygen for 900 s, a 5 Å thin, dis-
ordered alumina film is formed on the both vicinal surfaces. Preferential Al oxidation
produces a decrease of the Al concentration up to 1 nm within the alloy for both sam-
ples. Al vacancies occur which are accompanied by Ni anti-sites at a depth between 6
and 8 Å. Ni vacancies are mainly found directly at the oxide-alloy interface. For both
surfaces the relaxation profile of the clean surface is changed upon oxidation. Especially
the strain fields around the steps are changed drastically, most likely lifting the step-step
repulsion. For the NiAl(1,1,0) surface oxygen-induced defect formation results in very
similar occupancy profiles [148]. The formation of a 5 Å thin, alumina film and a change
of the structural relaxations upon oxidation are also reported for the low-index surface [4].
Therefore we conclude that the changes of the segregation profile and the ordering in the
interfacial region are very similar for the low-index and the vicinal surfaces at the men-
tioned oxidation conditions. No strong influence of the surface steps, e.g. as diffusion
pathway, is observed.

However, the surface steps and their surface orientation dohave a strong influence on
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the temperature-dependent morphology changes of the oxidized vicinal surfaces. Oxidized
NiAl(6,7,1) and NiAl(4,3,0) show clear differences in the temperature-dependent faceting
behaviours. For NiAl(6,7,1) the terrace-step structure ofthe clean surface is maintained at
the oxide-alloy interface up to annealing temperatures of 730 K. At annealing temperatures
of 1120 K, the thermal energy is large enough to overcome kinetic barriers for material
transport and massive (1,1,0) faceting is observed. The facets widths are over 50 times
larger that those of the initial terraces. For NiAl(4,3,0) the regular terrace-step structure is
lifted in favour of small (1,1,0) facets immediately duringthe oxidation at 550 K. Two ini-
tial terraces bunch together to form 27 Å wide facets while this facet width is not changed
up to 840 K. At temperatures of 1120 K the facets width starts to increase again as ki-
netic barriers are removed. However, the maximal facet width is only 5 times larger than
the width of the clean terraces and 10 times smaller than observed for the (6,7,1) surface.
(1,1,0) faceting of the oxide-alloy interface is observed at much lower temperatures for
the (4,3,0) than for the (6,7,1) surface. Thus, first small kinetic barriers can be overcome
at 550 K on NiAl(4,3,0) but not on NiAl(6,7,1). This indicates that the intradiffusion of
atoms at interface is enhanced for the (4,3,0) surface and that intradiffusion processes can
be step-dependent. We conclude for both investigated surfaces that (1,1,0) facets are ener-
getically favourable for the oxide-alloy interface.

For both vicinal surfaces the formation of larger (1,1,0) facets around 1120 K is going
along with the transformation of disordered to long-range ordered oxide. Surprisingly, the
oxide structure, the desorption behaviour as well as the oxide domain size are different for
the two vicinal surfaces although (1,1,0) facets are present at both oxide-alloy interfaces.
A characterization of the surface oxide on the NiAl (6,7,1) surface showed the existence
of the complex structure which is known to form on the NiAl(1,1,0) surface (see section
3.2.2). Mainly single domain oxide growth is observed, which is incontrast to a twin do-
main formation on NiAl(1,1,0). Strain, set up within Al rowsat the oxide-alloy interface,
can preferentially be released for the observed domain, where these Al rows run in the
direction along the steps. During the initial formation of long range-ordered oxide this
favours the growth of one twin domain over the other. Characterization of the oxide on the
NiAl (4,3,0) surface showed the existence of aθ-Al 2O3-like structure, forming a (1×7)
reconstruction on the (1,1,0) facets. The oxide grows in stripe-like domains which are ex-
tended in the direction along the steps but have very small domain widths in the direction
across the steps. Only one domain is observed. One lattice parameter ofθ-Al 2O3 and the
[0,0,1]-direction along the steps have a very small latticemismatch. Again, strain at the
oxide alloy interface can preferentially be released in thedirection along the steps which
minimizes the strain forθ-Al 2O3. During the initial formation of long range-ordered oxide
this favours the growth ofθ-Al 2O3 over the other oxide structures. In the [1, 1, 0]-direction
across the (1,1,0) terraces the lattice mismatch of the (1×7) reconstruction is larger and
strain release is more difficult across the steps. Consequently, the domain size of theθ-
Al 2O3 stripes in this direction is small which leads to small (1,1,0) facet widths covered
by the stripes. In summary, the results show the crucial influence of the step direction
on the oxide structure and the domain growth. On stepped surfaces strain, set up at the
oxide-alloy interface, is preferentially released in the direction along the steps. During
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transformation of disordered into long-range ordered oxide this directed strain release de-
termines the structure of the formed oxide.

The two different oxide structures also explain the different desorption behaviours of
the oxides. On the (6,7,1) surface interfacial strain release across the steps enables large
oxide domains grown on large (1,1,0) facets. On the (4,3,0) surface the oxide domains are
small in the direction across the steps. Small domains desorb faster than large domains.
This explains why oxide domains on the (4,3,0) surface were observed to desorb faster
compared to the (6,7,1) surface.

In summary, similarities in the stability of the clean surfaces and in the defect for-
mation during the preferential Al oxidation are reported. Clear, step-induced differences
are found for the formed oxide structures as well as the temperature dependent faceting
and oxide desorption behaviours. These results are of importance to the applications of
alumina films on NiAl as nanotemplate in catalytic studies ortunnelling barrier in future
magnetic devices. The ideal support for metal clusters in catalytic model studies would
be a highly reproducible, single domain, ultrathin, smooth, stable and homogeneous oxide
film. Such properties are also needed for the further miniaturization of magnetic transis-
tors. The work presented here shows that such ideal oxide films can be in principle realized
by tailoring the oxide growth with surface steps running along dedicated directions. Tailor-
ing with respect to the oxide structure and with respect to single domain growth is possible.
However, massive morphology changes of the interfacial region during the formation of
the oxide film and the oxide domain sizes should be taken into account.
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Chapter 9

The Oxidation of a Vicinal CoGa
Surface

Ultra-thin, crystalline Ga oxide films are discussed as candidates in applications of tun-
nelling magneto-resistive insulating barriers and gas sensors [6]. Such films are formed
on the flat CoGa (1,0,0) surface by thermal oxidation. As summarized in section3.2.3, the
structure and the growth behaviour of the surface oxide on the (1,0,0) surface are known.
(2 × 1) and90◦-rotated(1 × 2) oxide domains are observed to grow, with an initial nu-
cleation at the equally distributed [0,0,1] and [0,1,0] oriented surface steps. To further
investigate this nucleation process and to promote the growth of only one domain, a CoGa
(1,0,0) sample with a slight miscut of0.8◦ along the [0,1,0] direction has been prepared for
the presented experiments. This miscut leads to a vicinal surface with steps only running
along the [0,0,1] direction. Like for the NiAl(6,7,1) surface, the idea is to tailor a single
domain oxide film via dedicated step orientations. SXRD and LEED studies are preformed
to to detect the assumed, step-induced anisotropies in the growth of the two domains and
to investigate the structure of the oxide on the regularly stepped surface. Additionally, the
oxide growth was investigated for different oxidizing environments, first in an O2- then in
a H2O atmosphere.

This chapter is organized as follows. In section9.1 details on the SXRD set-up, the
sample preparation and the regularly stepped CoGa surface are given. The results of sec-
tion 9.2show that the oxide structure, formed during oxidation withO2 and H2O pressures
between10−9 and10−5 mbar and at temperatures between 700 and 810 K, is identical to
the structure known from the flat CoGa (1,0,0) surface. The presence of preferentially
oriented steps does not tailor a single domain oxide growth as both oxide domains are
observed for all investigated conditions. The time-dependent growth of the surface oxide
during O2 oxidation can be described by a hetero epitaxial model whichconsists of two
exponentially slowed down growth steps. During the water vapour oxidation the oxide
formation is retarded compared to the O2 oxidation. It starts at higher pressures and with
much slower oxidation rates at comparable pressures. Furthermore, less oxide is formed
at all applied water vapour pressures. In section9.3and9.4 the results are discussed and
conclusions are drawn.

139
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Figure 9.1: AES spectra of the miscut CoGa (1,0,0) surface recorded after preparation of
the clean sample (blue) and after oxidation at 770 K and10−8 mbar O2 (red). The position
of Auger electrons from O, C and Co are indicated.

9.1 Experimental Details and Sample Preparation

A nominally Co.5Ga.5 single crystal with a diameter of 10 mm and a thickness of 2 mm
has been cut from a CoGa rod parallel to the (1,0,0) planes witha miscut of0.8◦ along
the [0,1,0] direction. After a polishing procedure, similar to the one described in section
7.1, a clean surface is prepared by one Ar+ sputtering (argon pressure pAr = 3 × 10−6

mbar, energy E=0.75 keV, sputter current density 10µAcm−2, sputtering time tsp=1200 s)
and high temperature annealing cycle (1070 K for 300 s), followed by several oxidation
(oxygen pressure pO = 3 × 10−7 mbar, oxidation temperature Tox = 690 K, oxidation
time tox=600 s) and annealing (850 K for 600 s) cycles. The AES spectrum of the prepared
sample in fig.9.1shows that minor amounts of C and O are still present. Nevertheless the
recorded LEED image (see fig.9.3a) shows thec(4× 2) reconstruction known to exist on
the clean CoGa(1,0,0) surface.

The x-ray diffraction experiments are performed in thein situ chamber, described in
section5.1.4, on the MS beamline at the SLS at a photon energy of 10.3 keV [162].
The incidence angle during the measurements was fixed 0.06◦ below the critical angle of
CoGa (αc = 0.30◦). The data are recorded in stationary diffractometer geometry using the
PILATUS 2D detector and are corrected for the monitor counts, the polarisation and the
Lorentz factor [61,93]. For every oxidation condition at least two CTRs with 66 structure
factors and one surface rod with 51 structure factors are recorded. To analyse the data, the
program ROD is used [123].

The regularly stepped CoGa surface, resulting from the miscut of 0.8◦ along the [0,1,0]
direction, is depicted schematically in fig.9.2a. According to literature double atomic
steps are observed for the CoGa (1,0,0) surface which leads to200 Å wide terraces and
2.9 Å high steps on the stepped surface [44,163]. The steps run along the [0,0,1] direction
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Figure 9.2: a) Side and top view of the stepped CoGa surface with its 200 Å wide (1,0,0)
terraces. All steps are running along the [0,0,1] directionto favour nucleation of the (2×1)
oxide domains. The solid and dashed arrows indicate the directions of fast and slow oxide
growth, respectively. b) Real space (surface) unit cell ofβ-CoGa(1,0,0). c) Corresponding
reciprocal space: Green and blue circles mark fundamental and superstructure reflection,
respectively, connected by the CTRs (blue-green lines). The surface rods of both domains
are represented by yellow and orange lines.

of β-CoGa. Since the miscut is small, the system of the vicinal surface is described by the
unit cell of the low-index CoGa (1,0,0) surface, like shown infig. 9.2b together with its
reciprocal space in fig.9.2c. The resulting error was taken into account during the CTR
measurements. The real space lattice parameters ofβ-CoGa area = b = c = 2.878 Å and
α = β = γ = 90◦. A calculation of the structure factor FHKL shows the presence of so-
called fundamental reflections, arising from diffraction of the fundamental bcc lattice, and
of superstructure reflections due to diffraction of the B2-type, chemically ordered lattice:

FHKL = fCo + fGa if H+K+L=even (fundamental)

FHKL = fCo − fGa if H+K+L=odd (superstructure)

As described in section3.2.3, the ultrathin surface oxide grows epitaxially on the
CoGa(1,0,0) surface, forming a (2 × 1) and a90◦ rotated (1 × 2) reconstruction. The
crystalline oxide slab gives rise to surface rods of scattered intensity. Due to the(2 × 1)
superstructure with respect to the substrate surface rods are found also at half-integral H
and K values. At integer H and K values the diffracted intensity of both oxide domains
is superimposed coherently with the diffracted intensity of the truncated CoGa substrate.
Consequently, the CTRs contain information on oxide-alloy interface and the oxide cov-
erage, while the discrete surface rods are sensitive to the oxide structure and the oxide
coverage.
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9.2 Results

9.2.1 Oxide growth at various oxidation conditions

Oxidation with oxygen

On the flat CoGa (1,0,0) surface two90◦-rotated oxide domain grow during thermal oxi-
dation at low O2 pressures. Like shown in fig.9.2a, the exclusively [0,1,0] aligned surface
steps are expected to promote nucleation of solely (2×1) oxide domains as oxide nucle-
ation is expected to start at the steps and the (2×1) domain grows fast perpendicular to
the steps. However, a LEED study during the oxidation, performed at oxygen pressures
between10−9 and10−7 mbar (and≈ 10 L) and temperatures between 700 and 770 K,
always resulted in images, like shown exemplarily in fig.9.3b. Reflexions of the (1×2)
and (2×1) domain are observed with equal intensity. Therefore the surface steps have no
strong influence on the domain formation.

The results of an oxidation cycle, conducted at10−7 mbar O2 and a temperature of
820 K, are shown in fig.9.3c and d. No oxide or substrate reflections are observed for
the hot, clean surface in UHV. After oxygen dosing the reflections of the oxide domains
appear. Pumping off the oxygen leads to a disappearance of the reflexion again. This can
be explained as follows. At 820 K the Co and Ga atoms are very mobile and no crystalline
order is present at the clean surface. Even the steps are not well defined which could also
explain their minor influence on the domain formation. No reflection are observed in the
LEED image. Upon oxidation the formation of Ga-O bonds pins the atoms down and the
crystalline superstructure of the oxide is formed. Thus, the reflexions, resulting from the
oxide structure, appear in the LEED image.

To gain a more detailed understanding on the time dependenceof the growth process
and of the oxide domain sizes during oxidation, SXRD experiments are performedin situ.
O2 pressures between4×10−9 and5×10−6 mbar and a temperature of 700 K are applied.
With a 2D detector the surface oxide formation is followed inreal time at the equivalent
surface rods positions of (1,0.5,0.55) for the (1 × 2) domain and of (0.5,1,0.55) for the
(2 × 1) domain. One out of many typical images of an oxide reflection, recorded during
the oxidation, is shown in fig.9.4a. The amount of formed oxide as well as the oxide cov-
erage are proportional to the integrated intensity recorded for the reflection (called "oxide
signal" in the following). For every 2D image, H (K) scans canbe extracted from the im-
age like shown in fig.9.4b. From the profile of the H (K) scan, the average oxide domain
sizes along the H (K) direction can be determined. The observed Lorentzian lineshapes
are characteristic for an exponential island width distributionP (W ) = 1

W0
e−W/W0 with a

mean island widthW0 [164].
To transform every position of the detector image to the reciprocal space of the sample,

the following equation has to be solved for the used diffractometer [61,165–167]:

SUB





H
K
L



 = kout − kin (9.1)
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Figure 9.3: LEED images of the CoGa(1,0,0) surface recorded at an electron energy of
88 eV: a) Clean surface with ac(4 × 2) reconstruction. b) Surface after oxidation at 770
K and5 × 10−9 mbar O2 with the (2 × 1) and (1 × 2) reflexions of the surface oxide. c)
LEED image, taken at 820 K and in UHV, shows no reflexions. The surface is structurally
disordered at this temperature. d) After an increase of the oxygen pressure to10−7 mbar at
820 K, reflexions of the surface oxide occur which are marked by the circles. The atoms
in the oxide are pinned and form the ordered surface oxide structure.

Matrix S describes the rotation of the sample in the laboratory frameof the diffrac-
tometer, matrixU describes the orientation of the crystal within the laboratory frame and
matrixB is defined by the reciprocal lattice parameters of the used crystal system. (H,K,L)
are the Miller indices. The incoming and outgoing wave vectors kin andkout have to be
expressed in the system of the diffractometer.kout depends on the actual position of the de-
tector. After solving the equation for the miscut CoGa (1,0,0) surface and the used 5-circle
diffractometer, the H, K and L values can be calculated for every pixel of the recorded im-
ages like depicted in fig.9.4a. In addition, every pixel of the image is corrected with
a beam polarisation correction factor and a Lorentz factor for a stationary measurement
set-up [61, 165, 167]. All images are normalized on the incoming flux. A background,
measured before every oxidation experiment, is subtracted. The H (K) scans are extracted
via a box scan with a width of∆K= 0.05(0.0005) in K and∆H= 0.0005(0.05) in H.
The change of the L value during the H or K scan and the accompanied movement on the
surface rod is also corrected.

Fig. 9.5a(top) plots the integral oxide signal, which is proportional to the oxide cov-
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Figure 9.4: a) Typical 2D diffraction pattern, recorded at the (0.5,1,0.55)-position of the
surface oxide rod after oxidation at 700 K and5×10−7 mbar O2. The coloured lines show
values of constant wave vector transfer in units of H, K or L. b) H-scan extracted from the
shown image (data points) and a Lorentzian fit (solid line). From the FWHM value of the
fit curve the average island width along the H-direction can be calculated.

erageθ, as a function of the oxidation timet for different O2 oxidation pressures. The
oxidation temperature is kept constant at 700 K. For all investigated pressures the (1× 2)
and (2 × 1) surface oxide domain show very similar growth behaviours.The deliberate
oriented steps do not favour single domain growth. For low O2 pressures (4 × 10−9 and
5×10−8 mbar) and therefore lower oxygen exposures, the temporal evolution of the oxide
signal can be described by the simple growth law [168]:

dθ
dt

=
1

τ0
(1− θ) ⇒ θ(t) = θ0 − e−t/τ0 . (9.2)

It represents an exponentially slowed down growth close to the maximum coverageθ0
with an initial growth rate1/τ0. θ0 = 1 would mean full surface coverage fort → ∞.
This simple growth law is used to fit the curves, recorded for the low oxygen pressures of
4 × 10−9 and5 × 10−8 mbar. The fit results are presented by solid lines in fig.9.5a and
listed in table9.1. One observes that the initial growth rate1/τ0 strongly increases with
the oxygen pressure. For low pressures the simple model reproduces the first saturation of
the oxide signal well. However, the second increase of the oxide signal, observed for long
oxidation times at the low pressures, is not modelled correctly. At higher O2 pressures
of 5 × 10−7 and5 × 10−6 mbar this second oxide signal increase and the failure of the
simple model become obvious. The oxide coverage reaches a first saturation level at an
oxide signal around1.2× 105 cts/s before it starts to increase again up to3.3× 105 cts/s.
Thereby, the second saturation of the intensity is attributed to a full coverage of the surface
with surface oxide. To describe this temporal evolution, equation9.2 is extended with a
second term of an exponentially slowed down growth with a smaller growth rate1/τ1:

θ(t) = θ0 − e−t/τ0 + θ1 − e−t/τ1 with θ0 + θ1 = 1 (9.3)
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A fit, using the extended growth model, describes the measured growth curves well,
like shown by the solid lines in fig.9.5a(top). The fit results in table9.1show high initial
growth rate1/τ0. The growth rate1/τ1, corresponding to the second type of growth,
is always one order of magnitude smaller. Both growth rates strongly increase with the
oxidation pressure. Note, that the first saturation coverage θ0 has roughly the same value
of 1.2 × 105 ct/s for all applied O2 pressures. It corresponds to a coverage of2/5 of the
surface.

The STM images in fig.9.6a and b show the oxidation of the flat CoGa (1,0,0) surface
at the similar conditions like applied here [16]. They show that the oxide domains grow
stripe like with a fast oxide growth along the direction of the long oxide axis(see also
fig. 9.2) [15]. After a fast initial growth oxide stripes of both domains block each other
from growing further, like also shown schematically for thestepped surface in fig.9.6c.
Furthermore, the oxide domains cannot grow further as they only grow on the terraces but
not across the surface steps. The emerging grid of oxide stripes leaves parts of the surface
uncovered during the initial growth, preventing a full surface coverage. This initial growth
scenario is assigned to the growth rate1/τ0 and the first saturation coverageθ0. After this
initial formation, oxide growth in the slow-growth direction covers the remaining, clean
surface parts on the terraces with oxide. This slower growthscenario is assigned to the
growth rate1/τ1 and the final coverageθ1 + θ0.

Fig. 9.5a (bottom) shows the average island width along the direction of slow growth
as a function of the intensity of the oxide reflection. For oxidation pressures between
5 × 10−8 and5 × 10−6 mbar the curves can be splitted into two linear parts, like shown
exemplarily for the oxidation at10−7 mbar by the straight lines in fig.9.5a (bottom). Up
to an oxide signal of approximately1.2 × 105 cts/s the width growths linearly. Then a
kink is observed in the growth curve of the oxide width. From an oxide signal of circa
1.5 × 105 cts/s onwards, the island width increases linearly again but with lower speed.
This behaviour of the island width as a function of the coverage is consistent with the fast
and slow growth phases described above. At the very low O2 pressure of5×10−9 mbar the
fast growth phase can be also divided into two sections. At very small oxide coverages the
domain width increases very fast up to 22 Å and 28 Å for the (2× 1) and (1× 2) domain,
respectively. This corresponds to a stripe width of 4-5 unitcells. Then the increase of the
width slows down but its behaviour remains linear. For the (1× 2) oxide domain the mean
island widthW0 is very similar at O2 pressures of5×10−7 and5×10−6 mbar, whereas for
5× 10−8 and4× 10−9 mbar O2 1.4-times wider oxide islands are formed. Higher oxygen
pressures induce a higher nucleation probability on the terraces. At higher pressures more
islands start to form, blocking each other from growing. This can explain the smaller
widths observed for higher pressures. At lower O2 pressures mainly oxide nucleation at
the steps is expected.

For O2 pressure of5× 10−7 and4× 10−9 mbar the increase of W0 with the coverage
is studied for both oxide domains, as shown in fig.9.5a. When the average islands widths
of the(2 × 1) and the(1 × 2) oxide domains are compared for the same oxide coverage,
one observes that the widths of the (2× 1) domains is 1.7-times larger than of the (1× 2)
domain for both pressures. Fig.9.6d shows the final island width along the direction of
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stepped surface flat surface
Pressure Domain 1/τ0 θ0 1/τ1 θ1 Pressure Temp. 1/τ
(mbar) - (1/s) - (1/s) - (mbar) (K) (1/s)
4× 10−9 O2 (1× 2) 0.001 0.43 - - 1× 10−8 650 0.001
4× 10−9 O2 (2× 1) 0.001 0.40 - - - - -
5× 10−8 O2 (1× 2) 0.010 0.45 - - 1× 10−7 650 0.02
5× 10−7 O2 (1× 2) 0.056 0.34 0.001 0.66 - - -
5× 10−7 O2 (2× 1) 0.059 0.30 0.001 0.70 1× 10−6 650 0.05
5× 10−6 O2 (1× 2) 0.14 0.31 0.012 0.69 - - -
3× 10−7 H2O (1× 2) 0.001 0.22 - - - - -
2× 10−6 H2O (1× 2) 0.011 0.22 - - - - -
1× 10−5 H2O (1× 2) 0.024 0.26 - - - - -

Table 9.1: Results of the analysis of the oxide growth curves,recorded at the listed ox-
idation pressure and shown in fig.9.5. 1/τ is the growth rate.θ the surface coverage
while full coverage is assumed after oxidation at10−6 mbar O2 which corresponds to a
integrated intensity of3.3 × 105 cts/s. The results are compared to an oxidation study of
the flat CoGa (1,0,0) surface [15].

fast growth1. Here, the width of the (1× 2) domain is 1.3-times larger than of the(2× 1)
domain. Conclusively, the island width along the steps (H-direction) on the CoGa surface
is always larger than across the steps. Furthermore, the final island widths along the fast
and slow -growing directions are both of the same order of magnitude and lie between 22
Å and 46 Å. The existence of regularly surface steps seem to prohibit large island length
which is depicted in fig.9.6c.

Oxidation with water vapour

Similar oxidation experiments, like described in the previous section, are also performed
using water vapour instead of molecular oxygen. H2O pressures between2 × 10−8 and
1×10−5 mbar and temperatures of 700 K and 800 K are applied. Fig.9.5b (top) shows the
corresponding growth curves, recorded for the (1×2)-domain at the (1,0.5,0.55) surface
rod position as a function of time. In comparison with the O2 oxidation, much higher
pressures are needed for initial oxide formation. Below3 × 10−7 mbar H2O no oxide
formation was observed as shown by the curve recorded at2 × 10−8 mbar. Furthermore,
after the first saturation level is reached, the integrated oxide signal of7.5 × 104 cts/s
is 40 % lower compared to the O2 oxidation. A detailed analysis of the growth curves
confirms this results. Using the simple growth model of equation 9.2 results in much
lower growth rates in case of H2O oxidation. Like for O2 oxidation, table9.1 shows an
increase of the growth rate with H2O pressure. These results show that the density of

1The time-dependence of the growth could not be resolved in the experiment
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Figure 9.5: The integrated intensity of the oxide reflexion (proportional to the coverage)
as a function of the oxidation time (upper part) and the island width along the direction
of slow oxide growth as a function of the oxide intensity(lower part). Open and filled
symbols mark data, recorded for the (1× 2) and (2× 1) domain, respectively. Solid lines
represent fits according to the models described in the text.The oxide growth experiments
are performed with molecular oxygen (part a; applied O2 pressures:4 × 10−9, 5 × 10−8,
5 × 10−7 and5 × 10−6 mbar) or water vapour (part b, applied H2O pressures:2 × 10−8,
3× 10−7, 2× 10−6 and1× 10−5 mbar) at the indicated pressures and at T= 700 K (except
the indicated experiment in part b). For clarity the growth curves of the top part are shown
again on linear scale in fig.9.8at the end of this chapter.

diffusing oxygen atoms, which is needed to form oxide nucleion the CoGa terraces and
at the steps, is much lower during H2O compared to O2 oxidation at the same conditions.
Dissociation of H2O molecules on the CoGa surface is probably retarded comparedto O2

dissociation. Chemisorbed H2O molecules might even block the steps which are favourite
oxide nucleation and diffusion sites. H2O-Oxidation might also roughen the surface or
induce a faceting of the surface. No nicely ordered surface oxide could form on these
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Figure 9.6: a)+b) STM images of the flat CoGa(1,0,0) surface after 3 L (a) and 10L (b)
oxygen exposure recorded by Franchyet al. (from [16]). The oxide island (dark parts,
marked Ox) grow in stripes on the substrate (grey parts), starting at surface steps (marked
S). Stripes of90◦ rotated oxide domains block each other from growing further, leaving
parts of the surface uncovered (marked E in part b). c) Possible scenario on the miscut,
stepped CoGa(1,0,0) surface adopting the observations of the flat surface. The rotated
oxide domains are coloured in orange and yellow, the substrate in green. The white arrows
mark the fast-growth direction of the oxide stripes. d) Average oxide island width in the
fast growing-direction as a function of oxygen pressures: Oxygen and water oxidation
data are shown by black squares and grey triangles, respectively. Filled and open symbols
show the results of the (1× 2) and (2× 1) domains, respectively.

surface fractions. This scenario could also explain the reduced surface oxide formation.
However, no large signal of faceting could be detected and the measured CTR, shown later
in this chapter, showed no significantly increased surface roughness.

The average island width along the direction of slow growth in fig. 9.5b (bottom)
shows a strictly linear dependence on the oxide signal. Thisindicates that only the first
step of the exponentially slowed down oxide growth takes place. A higher water vapour
pressure leads to a higher islands width. Fig.9.6d shows the final width in the fast growth
direction of the oxide islands. The widths are around 32 Å which is comparable to the
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Figure 9.7: Data (open symbols) of the (1,1)-CTR (left) and the (1,0.5) surface rod (right)
recorded of the CoGa surface after oxidation with oxygen (a) or water (b) at the indicated
conditions. The results of the regular stepped CoGa are compared to the data of the flat,
oxidized CoGa(1,0,0) surface (black squares) [40]. The solid lines (left part) show the
fits calculated from the structural model known from the flat surface while different oxide
coverages are assumed. Both rotated oxide domains are taken into account in the model
by a coherent superposition. All rods are shifted for clarity.

maximum width observed during O2 oxidation. Assuming a very low nucleation rate for
the surface oxide, existing islands can grow larger for higher pressures. Although only
the formation of the (1×2) oxide domain is followed in detail, the existence of the (2×1)
domain was proven by surface rod measurements for all vapourpressures where oxide
formation has been observed.

9.2.2 Oxide structure at various oxidation conditions

As described above, the CoGa surface is oxidized at temperatures between 680 K and 800
K and pressures ranging from10−9 to 10−4 mbar while either molecular oxygen or wa-
ter vapour is used for oxidation. To determine the structureof the surface oxide and the
oxide-alloy interface structure, surface rods and CTRs are measured after every oxidation
cycle. The data of one surface rod and one CTR are shown in fig.9.7. The (1,0.5) surface
rod, which is sensitive to oxide structure and the oxide coverage, is qualitatively identical
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after all oxidation cycles. All rods, measured of the oxide on the stepped CoGa surface,
have the same characteristic features as the rods, measuredof the surface oxide formed on
the flat CoGa(1,0,0) surface at similar conditions [15,40]. Therefore, the structure of the
oxide on the regularly stepped CoGa surface is identical to the oxide structure known from
the flat CoGa surface [15, 40, 169]. No large structural differences are found after oxide
formation with oxygen or water vapour.

The (1,1) CTR, which is sensitive to the structure of the oxide-alloy interface, shows
characteristic changes, depending on the oxidation conditions. Especially the structure
factor minimum, observed at L≈ 0.75, is pronounced differently. Different oxide cover-
ages could explain these observations. To model this, two type of surface fractions are
allowed which are added coherently. The oxide covered fraction is assumed to be covered
by the oxide of the flat CoGa(1,0,0) surface. The remaining clean surface fractions are
assumed to be purely metallic, with the same relaxations present like in the oxidized al-
loy. In comparison with a completely oxide covered CoGa surface the residuumχ2

norm of
the fits is improved by 20 to 50 % when applying the described fitting model on the data
recorded for O2 oxidation. The fitted CTRs are shown by solid lines in fig.9.7a. For O2
oxidation at10−9, 10−7, 10−5 and10−4 mbar oxide coverages of (55 ± 15) %, (74 ± 15),
(100± 15)and (65± 15) % are obtained, respectively. The surface oxide coveragesshows
an increase up toO2 pressures of10−5 mbar. At 10−4 mbar and 800 K Ga bulk-oxide
might start to form which reduces the surface oxide coverageagain. Applying the fitting
model on the rods recorded for the H2O oxidation did not improve the residua and always
resulted in full coverage. This contradicts the small intensities measured in the growth
curves which indicate a small surface oxide coverage. However, the rod fits, depicted in
fig. 9.7b, shows no satisfying agreement with the CTR and surface rod data. The applied
model is probably too simple. For an exact analysis the structure of the uncovered surface
fractions as well as anisotropies in the fractions of the twosurface oxide domains need to
be taken into account. However, such an analysis lies beyondthe information included in
the recorded data and goes beyond the scope of this work.

9.3 Discussion

Surface rod and CTR measurements of the regularly stepped CoGasurface with its 200
Å wide (1,0,0) terraces are carried out after oxidation withmolecular oxygen and water
vapour to determine the structure of the formed oxide. The results indicate that the sur-
face oxide has the same structure like determined by SXRD and DFT studies of the flat
CoGa (1,0,0) surface oxidized at similar conditions [15,169]. The epitaxial surface oxide
consists of an oxygen ion double layer which contains the basic building block of bulkβ-
Ga2O3 but has a higher symmetry. In consistence with the results ofthe flat CoGa surface
no formation of bulk oxide is observed on the stepped surfaceup to10−5 mbar O2 due to
a hampered dissociative oxygen chemisorption on the surface oxide.

A STM study of the surface oxide formation on a flat CoGa (1,0,0)surface shows that
the oxide islands are oriented in the [1,0,0] and [0,1,0] directions of the substrate. The sur-
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face oxide domains with their (2×1) and (1×2) reconstructions grow fast along their long
axis and slow perpendicular to it, producing stripe-like,90◦-rotated oxide islands. The is-
land formation starts mainly at the step edges of the large terraces [16]. According to this
STM results, the miscut of the CoGa (1,0,0) surface investigated in the present work was
chosen such that exclusively [0,1,0] aligned steps are present to preferentially promote the
growth of the (2× 1) domain. However, LEED and SXRD measurement clearly show no
preferential oxide domain formation despite the steps. This is in contrast to other regu-
larly stepped binary alloy surfaces like NiAl(6,7,1), NiAl(4,3,0) or NiAl(16,14,1) where
a single oxide domain growth could be triggered by the existence of periodical steps (see
chapter8). The LEED study of the clean, miscut CoGa surface at 820 K shows a large
disorder of the surface layers. This is consistent with a thermal-energy helium-atom scat-
tering (TEAS) study on the clean CoGa(1,0,0) surface which reports a complete disorder
of the surface region above 700 K [44]. A high surface disorder also affects the surface
steps, which are -in contrast to the vicinal NiAl surfaces- not well defined any more but
ragged shaped, like depicted schematically by the blue linein fig. 9.6c. This could explain
their minor influence on the oxide domain growth on the stepped CoGa surface.

The results of the temporal evolution of the oxide coverage show that the growth pro-
cess can be described by two steps of an exponentially sloweddown growth for the O2
oxidation. In the first stage of the growth, characterized bya fast rate, the fast growing
oxide stripes with their90◦ rotated domains grow on each terrace until they block each
other from growing further. The coverage reaches a first saturation level at2/5 of the full
coverage. In the second stage of the growth, characterized by a low rate, the oxide island
continue growing along the slow growth direction until fullcoverage is reached. On the
flat CoGa (1,0,0) surface only a single step, exponentially slowed down growth is observed
at similar conditions [15]. Table9.1shows the growth rates of the flat surface which agree
well with the growth rates of the first growth step on the stepped surface. The initial oxide
growth on both surfaces, which takes place along the fast growth direction of the surface
oxide, is probably the same for both surfaces. However, the surface steps seem to prevent
a further oxide growth like on the flat surface as they block oxide growth across the steps.
The new two-stage growth model is consistent with the imagesrecorded from oxide do-
mains near a surface step in the aforementioned STM study of the flat CoGa surface. The
growth experiments of the this work show that approximately750 L are needed for a full
coverage of the surface. This value is of the same order of magnitude than the 200 L ex-
posure for total coverage, resulting from the aforementioned STM study on the oxidation
of CoGa (1,0,0) [16]
. The results of the evolution of the oxide islands width during the growth show that
the initial oxide domains are approximately 10 Å broad in thedirection of slow growth.
This is consistent with the 10-20 Å found for the flat CoGa surface and corresponds to 2
unit cell wide oxide stripes [15,16]. The final island width increases with decreasing O2

pressures on both, the flat and stepped CoGa (1,0,0) surface. This indicates that the ini-
tial island density is set by the heterogeneous nucleation probability. For higher pressures
the density of diffusing oxygen atoms is higher to form critical oxide nuclei on the CoGa
terraces and at the steps. More islands nucleate next to eachother. These nearby islands
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can block each other from growing further as one oxide islandgrows into the other and
stops growing. This model could explain the smaller island width at higher pressures. The
observed final size of the approximately 30 Å long oxide stripes on the stepped surface is
much smaller compared to the over 1000 Å long domains on the flat surface [15]. This
shows that the oxide domains cannot grow across the steps, consequently forming many
square-like oxide patches like shown in fig.9.6c.

During H2O oxidation higher vapour pressures are needed for oxide formation. The
oxidation rate is much smaller compared to O2 oxidation. A hampered dissociation of the
water molecules and reduced rate of O atom diffusion could explains this behaviour as
less nucleation takes place. H atoms or H2O molecules might also block the steps edges
as favourite nucleation sites.

9.4 Conclusions

In the present chapter the onset of the oxidation on a regularly stepped CoGa surface
with 200 Å wide (1,0,0) terraces was investigated in real time and on an atomic length
scale. Despite the terrace-step structure the ultra-thin Ga surface oxide known from the
flat CoGa (1,0,0) surface is formed during O2 and H2O oxidation. The existence of surface
steps along a dedicated direction could not trigger the expected preferential formation of
one out of two90◦-rotated oxide domains, probably due to a high, temperaturerelated sur-
face and step disorder. For O2 and H2O oxidation the oxide growth evolves via epitaxial
growth modes by 2D nucleation of oxide islands. Thereby, thegrowth is characterized by
two stages. In the initial, low oxygen-exposure growth the fast growing90◦-rotated oxide
domains block each other from growing further on the terraces, producing a unsystematic
grid of oxide islands. In the following growth after longer oxygen exposure, the existing
oxide island continue growing along their slow growth direction until the clean surface
parts in the grid are fully covered by oxide. An oxygen pressure dependent transition in
the growth behaviour is observed, accompanied by an increase of the mean oxide island
width and a decrease in the initial nucleation rate for lowerpressures. This is interpreted
as a transition from heterogeneous oxide island nucleationon terraces to mainly step edge
nucleation. In comparison with the flat CoGa surface, the formed oxide domains are much
smaller on the stepped surface. This shows that an oxide growth across the step is not
possible. Investigating the temporal surface oxide formation during water vapour oxida-
tion shows tha higher pressures are needed for oxide formation and slower growth rates
are observed. H2O dissociation and O atom diffusion are probably hampered while water
molecules block the steps which are favourite nucleation sites for oxide islands.

For applications of ultra-thin Ga oxide films the temperature related step-disorder pre-
vents a tailoring towards a single domain oxide film. Furthermore, the presence of many
steps and small terraces leads to the formation of only smalloxide domains. Both ob-
servations lead to many domain boundaries and therefore many, undesirable defects in the
oxide film. Thus, for producing a large ultra-thin homogeneous Ga oxide film a atomically
flat substrate could be favourable. However twin domain formation cannot be avoided.
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Figure 9.8: The oxide growth curves of the top part of fig.9.5on a linear scale.
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Chapter 10

Conclusions and Outlook

Binary alloys like NiAl and Fe3Al possess ordered intermetallic phases up to high tem-
peratures. This order evokes a high mechanical stability upto elevated temperatures. To
prevent the ordered alloys from further oxidation thin oxide layers are formed on the alloy
surfaces. Thus, NiAl and Fe3Al are used as basis for structural materials like light-weight
steels which can be used under highly reactive conditions. Furthermore, it is known that
during low-pressure oxidation of single crystal surfaces like CoGa(1,0,0) or NiAl(1,1,0)
thin surface oxides are formed. In scientific research thesefilms are often used as nan-
otemplate to study catalytic reactions or the electronic and vibrational features of organic
molecules [17,18]. Conclusively, a detailed understanding of the initial oxidation process
is necessary to further improve the quality of oxide films on alloy surfaces. In former
studies the oxidation of low-index binary alloy surfaces like NiAl(1,1,0), FeAl(1,1,0) or
CoGa(1,0,0) has been studied in detail. Based on these resultsthis thesis has continued
the research of the initial oxidation process on atomic scale by increasing the complexity
of the investigated systems.

The role of steps and kinks in the oxidation process is studied by SXRD for the regu-
larly stepped NiAl (4,30) and the NiAl(6,7,1) surface as well as for a miscut CoGa (1,0,0)
surface with 200 Å wide terraces. In addition, the interplaybetween intermetallic order-
ing and oxidation is investigated for the Fe3Al(1,1,0) surface. While the (1,1,0) surface is
flat and possesses only a small amount of surface steps, the complexity of the system is
increased by investigating the oxidation of the highly ordered D03 phase of Fe3Al. A short
conclusion for every investigated system is given at the endof the corresponding chapters.
In the following two sections the question raised in chapter2 will be answered briefly by
summarizing the results of this thesis.

10.1 Oxidation Induced Surface Disorder

The conducted SXRD study has shown that the clean Fe3Al (1,1,0) surface possesses
nearly perfect bulk-like D03- order. Only the order of the first atomic layer is disturbed
due to Al segregation and exhibits B2-type order. CTR measurements on the clean vicinal
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NiAl and CoGa surfaces show perfect bulk-like B2 order up to thetopmost layer. This
intermetallic order within the surface region is reduced upon oxidation for the NiAl and the
Fe3Al system while it is maintained for the CoGa surface, probably due to the significantly
higher diffusion constants in case of CoGa. In Fe3Al and NiAl the expansion of the oxygen
induced disorder into the crystal is pronounced differently. Oxidation of the vicinal NiAl
surfaces at 550 K and10−6 mbar O2 induces a preferential oxidation of Al. Consequently
Al is drawn to the interface and Al and Ni vacancies and Ni anti-sites are formed up to a
depths of around 1 nm. The B2 order of the surface is disturbed only slightly. For the Fe3Al
(1,1,0) surface the effect of oxygen induced surface disorder is much more pronounced
after oxidation at 650 K and10−6 mbar O2. Up to a depth of 30 Å the D03- and B2-type
order is destroyed. Directly at the oxide-alloy interface only the fundamental lattice is
present while the order increases smoothly towards the bulk. D03-type ordered alloys like
Fe3Al have smaller bulk-diffusion constants for Al compared toB2-type ordered alloys
like NiAl. This reduced diffusion rate probably prevents a sufficient Al supply from the
bulk and therefore a reordering of the surface region, especially for the Fe3Al system.
Furthermore, it leads to the formation of a mixed Fe and Al oxide layer at high oxidation
rates (10−6 mbar O2). For slow oxidation rates at oxygen pressures of10−8 mbar and
temperatures above 470 K pure Al oxide films are formed on Fe3Al (1,1,0). These smooth,
pure alumina scales are important as protective layers in structural materials. As the high
structural stability of the investigated alloy arises fromthe presence of intermetallic order,
the surface region of Fe3Al (1,1,0) might be more brittle compared to the investigated NiAl
surfaces.

10.2 Oxidation of Regularly Stepped Alloy Surfaces

The investigated NiAl (6,7,1) and (4,3,0) surfaces both consist of14 Å wide, (1,1,0) ter-
races while the steps runs along two different low-energetic directions. The CTR mea-
surements carried out on the clean vicinal NiAl surfaces show that the regular terrace-step
structures are thermodynamically stable in UHV up to high temperatures of at least 1350
K. No faceting is observed for the clean surfaces. For both surfaces a characteristic inward
relaxation of the step atoms and an outward relaxation of thecorner atoms below the steps
could be detected, together with a rumpling of the Al and Ni atoms in the topmost ter-
races. Oxidation at550 K and10−6 mbar O2, followed by a 1120 K annealing procedure
lifts the initial terrace-step structure of both investigated surfaces and leads to the forma-
tion of large (1,1,0) facets which are up to 50 and 4 times larger then the original terraces
of the (6,7,1) and (4,3,0) surface, respectively. For the oxidized (6,7,1) and (4,3,0) surface
a (1,1,0)-oriented oxide-alloy interface is thermodynamically stable.

No large differences of oxygen induced Al segregation alongthe surface normal are
observed, while comparing the vicinal with the flat, oxidized (1,1,0) surface. This indi-
cates that the role of the steps as diffusion channels is small. However, two major effects of
surface steps are observed in the experiments. The temperature dependence of the faceting
of the oxidized surfaces is different. For the (6,7,1) surfaces the formation of (1,1,0) facets
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starts at 1100 K while on the oxidized (4,3,0) surface small facets are already observed at
550 K. This indicates the presence of different kinetic barriers. The intralayer diffusion
steps might be different due to the differently oriented steps. Surprisingly, also different
oxide structures are observed after the annealing procedure of the two oxidized surfaces.
LEED and SXRD experiments show that a complex, ultra-thin surface oxide is formed on
the facets of the (6,7,1) surface. This complex oxide is known from the NiAl (1,1,0) sur-
face where it grows in two twin-domains. On the (6,7,1) surface the preferential growth of
one of the two twin domains is observed. This is most likely caused by strain release along
Al rows at the oxide-alloy interface. The strain release happens preferentially along the
weaker bound step atoms and triggers the formation of one domain where the Al rows are
aligned in the direction of the steps. On the oxidized and annealed (4,3,0) surface with its
(1,1,0) facets stripe-like domains ofθ-Al 2O3-like oxide are observed. Again strain release
at oxide-alloy interface along the steps probably triggersθ-Al 2O3 formation as the oxide
and the alloy have a very little lattice mismatch in this direction.

These results nicely show the large influence of interfacialstrain on the oxide forma-
tion and how weaker bound step atoms can release this strain in preferential directions.
Thus, vicinal surfaces can be used to tailor the growth of different oxide structures or to
form single-domain oxides. However, the steps need a certain temperature-stability to tai-
lor the oxide growth. On a regular stepped CoGa surface with 200 Å wide (1,0,0) terraces a
single oxide domain formation could not been tailored by distinctively oriented steps. The
two 90◦-rotated domains, known to form on the flat CoGa (1,0,0) surface under oxidation
at 700 K and10−7 mbar O2, are also observed on the stepped surface. LEED experiments
indicate that the clean CoGa surface is disordered at temperatures around 700 K. Thus the
surface steps are not well defined at the oxidation temperature and cannot tailor single-
domain growths any more.

A investigation of the time-dependence of the oxide formation on CoGa at low oxida-
tion pressures showed a exponentially slowed-down oxide growth which could be divided
into two stages. In a stripe-like, fast growth process of thedomains along their fast growth
direction the terraces are covered by a grid of oxide domains, blocking each other from
growing further. Then the uncovered parts within the oxide grid are filled by a slow oxide
growth process. Comparing molecular oxygen and water vapouroxidation of the CoGa
surface shows the formation of the same oxide structure. However, the oxide formation
is retarded when using water vapour. Water molecules seem toblock the step sites and
therefore the oxide formation.

10.3 Outlook

The results of this thesis clearly show that the presence of highly ordered intermetallic
phases and the existence of surface steps on binary alloy surfaces further complicate the
initial oxidation process. In case of the Fe3Al system detailed information on the interplay
between intermetallic order and oxide layer formation could be achieved by combining
several experimental techniques like SXRD and HRCLS. To understand the driving forces
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for the oxygen induced Al segregation accompanying theoretical calculation are desir-
able. Combining quantum mechanics and statistical physics via DFT, cluster expansion
and Monte Carlo simulations could be one important approach to reveal segregation pro-
cesses in binary alloys [27]. For applications of Fe3Al as structural material additives like
Ti or Mn play an important role to increase the ductility of the alloys. Therefore, similar
experiments like conducted in this study would be interesting for these ternary systems
to understand the oxidation process. A pre-deposition of Alon the alloy surfaces could
promote the desired formation of pure alumina on the surfaceand would be interesting to
study. In case of the vicinal NiAl surfaces experimental methods like STM or AFM could
provide additional information on the oxide structures. Especially for theθ-Al 2O3-like
oxide stripes on the NiAl (4,3,0) surface a STM image could behelpful. DFT calculations
of the clean, vicinal NiAl surfaces could be interesting to confirm our results on the relax-
ation of the step and corner atoms. In further experiments metallic nanoparticles could be
grown on the single-domain surface oxide films on NiAl(6,7,1) to study their catalytic be-
haviours. Furthermore, the oxidation and catalytic behaviour of NiAl nanoparticles could
be studied in future experiments. Thereby, the results of this work could provide first
fundamental insights on processes at the edges and facets ofthe nanoparticles.



Appendix A

Abbreviations and Acronyms

AES AugerElectronSpectroscopy
AFM Atomic ForceM icroscope
ANKA ANgströmquelleKA rlsruhe
APDB Anti PhaseDomainBoundary
ANKA ANgströmquelleKA rlsruhe
bcc bodycenteredcubic
BM BendingMagnet
CCD ChargeCoupledDevice
CTR CrystalTruncationRod
DFT DensityFunctionalTheory
DS DoniachSunjic
DWBA DistortedWaveBornApproximation
DWF DebyeWallerFactor
ESRF EuropeanSynchrotronRadiationFacility
fcc facecenteredcubic
FWHM Full Width of Half Maximum
GID GracingIncidenceDiffraction
HREELS High ResolutionElectronEnergyLossSpectroscopy
L Langmuir
LEED Low EnergyElectronDiffraction
LEIS Low EnergyIonScattering
MAX-Lab Synchrotron in Lund, Sweden
MD MolecularDynamic
MPI MF MaxPlanckInstitute forMetalsResearch
SEM ScanningElectronM icroscopy
SLS SwissL ight Source
STM ScanningTunnelingM icroscopy
SXRD SurfaceX RayDiffraction

159



160 Abbreviations and Acronyms

TDS ThermalDiffuseScattering
TEM TransmissionElectronM icroscopy
UHV Ultra High Vacuum
VdW VanderWaals
XAS X-rayAbsorptionSpectroscopy
XPS X-rayPhotoelectronSpectroscopy
XRD X-RayDiffraction
XRR X-RayReflectivity



Appendix B

Symbols used in Equations

Elementary constants

CODATA internationally recommended values of the fundamental physical constants
where taken from NIST [170].

e = 1.6022 · 10−19 C elementary charge
~ = 1.0546 · 10−34 Js Planck constant/2π
kB = 1.3807 · 10−23 JK−1 Boltzmann constant
r0 =

e2

4πǫ0mec2
= 2.8179 · 10−15 m classical electron radius

Symbols

αc ≈
√
2δ critical angle of total reflection

αf exit angle
αi incidence angle
β optical constant (imaginary part) or
- occupancy parameter in roughness model
χ2 deviation between fitted and experimental data
δ optical constant (real part)
E energy
fj atomic form factor

in forward scattering
in forward scattering

F (q) structure factor
Φ Work function
I intensity
~ki incidence wave vector
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162 Symbols used in Equations

~kf final wave vector
λ = hc

E
x-ray wavelength

Λ information depth
m mass
µmaterial mass attenuation coefficient of the specified material
n = 1− δ + iβ complex optical constant or refractive index
p pressure
P = 1

2
[1 + cos2 2ϑ] polarization factor for non polarized x-rays

P‖ = 1 polarization factor for parallel polarization
P⊥ = cos2 2ϑ polarization factor for perpendicular polarization
~q = ~kf − ~ki scattering vector
qc maximal wave vector transfer for total reflection
;qmax maximum momentum transfer achieved in an experiment
qz z-component of the scattering vector
R2 (qz) x-ray reflectivity
ρe electron density
t time
T temperature
Θ coverage
2ϑ scattering angle
Z atomic number
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