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Deutsche Zusammenfassung

Einleitung und Motivation

Die Oxidation von Metallen ist ein allgegenwärtiges Phänomen. Häufig beobachtet
man das Rosten von Stahl oder die grüne Patina auf Kupferoberflächen. Die kontrol-
lierte Oxidation von Metalloberflächen führt aber auch zu erwünschten Materialeigen-
schaften, hierbei haben passivierende Oxidschichten auf rostfreiem Stahl eine beson-
dere technische Bedeutung. Von besonderer Relevanz für dievorliegende Arbeit ist
die heterogene Katalyse, die für die industrielle Syntheseeiner Vielzahl von chemis-
chen Verbindungen verwendet wird, wobei Edukte und Produkte gasförmig vorliegen
und die Reaktionen auf der festen Katalysatoroberfläche stattfinden. Oxidationsreak-
tionen spielen dabei eine wichtige Rolle, dementsprechendgibt es große Bemühungen
in Forschung und Entwicklung, die zum Verständnis der relevanten Prozesse beitra-
gen sollen. Dies beinhaltet die Bestimmung der aktiven Sauerstoffspezies auf der
Katalysatoroberfläche und Studien zur Selektivität und Deaktivierung des Katalysators
auf atomarer Ebene.

Besonderes Augenmerk wird auf die Oxidation der 4d Übergangsmetalle Ru, Rh,
Pd und Ag bei hohen Temperaturen und hohem Sauerstoffdruck gerichtet, da diese als
Katalysator für eine Vielzahl von Oxidationsreaktionen verwendet werden [1]. Auf
der Ru(0001) Oberfläche beobachtet man die Bildung des Bulkoxids RuO2(110) [2],
während sich auf den Pd(100) und Rh(111) Oberflächen sogenannte Oberflächenox-
ide bilden [3, 4]. Ein Oberflächenoxid ist eine dreilagige ultradünne Oxidschicht, die
dem entsprechenden Bulkoxid strukturell ähnelt, wobei eine metallische Lage von zwei
Sauerstoffschichten umgeben ist, was zu einer Sauerstoff-Metall-Sauerstoff Stapelab-
folge führt.

Silber besitzt eine einmalige Stellung als Katalysator. Eswird für die Epoxidation
von Ethylen und die partielle Oxidation von Methanol zu Formaldehyd verwendet.
Diese Oxidationsreaktionen laufen bei einer Temperatur von 500 bis 900 K und at-
mosphärischem Sauerstoffdruck ab. Sowohl Ethylenoxid alsauch Formaldehyd sind
wichtige Grundstoffe der chemischen Industrie, daher ist man an einer Optimierung
dieser silberkatalysierten Reaktionen interessiert. Heutzutage versucht man die Se-
lektivität der Reaktionen aufgrund empirischer Erfahrungen durch die Beimischung
sogenannter Inhibitoren (Cl) [5] und Promotoren (Cs) zu verbessern [6, 7]. In diesem
Zusammenhang versucht man eine direkte mikroskopische Kontrolle über die auftre-

vii



viii DT. ZUSAMMENFASSUNG

tenden Oberflächenstrukturen zu erlangen und zukünftig dieDynamik der Oxidations-
und Reduktionsreaktionen in Echtzeit zu analysieren. Ein wichtiger Schritt in diese
Richtung ist die Aufklärung der sauerstoffinduzierten Oberflächenstrukturen auf atom-
arer Ebene, die sich unter hohen Temperaturen und hohem Sauerstoffdruck bilden.

Man beobachtet die Bildung ausgedehnter Ag(111) Facetten auf polykristallinem
Silber unter den industriell angewendeten Bedingungen derkatalytischen Reaktio-
nen [8]. Aus diesem Grund beschäftigten sich eine Vielzahl theoretischer und exper-
imenteller Studien mit dem Oxidationsverhalten der Ag(111) Oberfläche [8–21]. Seit
den frühen 70iger Jahren ist die Bildung einer sauerstoffinduzierten p(4×4) Rekon-
struktion bekannt [9,10]. Auf Basis von STM (Scanning Tunneling Microscopy) Mes-
sungen und DFT (Density Functional Theory) Berechnungen wurde für diese Rekon-
struktion eine dreilagige Oberflächenoxidstruktur vorgeschlagen, die auf dem Bulkoxid
Ag2O(111) beruht [15, 16]. Die Oxidation der Ag(111) Oberflächeschien daher ein
ähnliches Oxidationsverhalten, wie das der im Periodensystem benachbarten Elemente
Pd und Rh, aufzuweisen. Des Weiteren wurde die Stabilität der p(4×4) Struktur
unter industriell relevanten Bedingungen durch theoretische Berechnungen vorherge-
sagt [16,22].

Einige Fragen blieben dennoch ungelöst. Die Stabilität derp(4×4) Rekonstruk-
tion unter industriell relevanten Bedingungen wurde experimentell nicht nachgewiesen,
das Strukturmodell der p(4×4) Struktur wurde durch keine kristallographische Meth-
ode bestätigt und bis dato unbekannte sauerstoffinduzierteStrukturen könnten eine
wichtige Rolle für die katalytische Aktivität von Ag(111) Facetten spielen. Unser ex-
perimenteller Ansatz basiert auf der Anwendung von heutzutage verfügbarer hochbril-
lianter Röntgenstrahlung, die von Synchrotrons der dritten Generation erzeugt wird.
Dabei wird eine Kombination von drei oberflächensensitivenMethoden verwendet.
In-situ SXRD (Surface X-Ray Diffraction) erlaubt die Bestimmung von Rekonstruk-
tionstypen und deren Struktur mit einer Auflösung im sub-Å-Bereich. Dabei lässt sich
das sogenannte ’pressure gap’ schließen, welches die Differenz zwischen UHV Unter-
suchungen und den katalytischen Bedingungen beschreibt. HRCLS (High Resolution
Core Level Spectroscopy) ermöglicht Aussagen über die lokale chemische Umgebung
der Sauerstoff- und Silberatome. NIXSW (Normal Incidence X-Ray Standing Wave
Absorption) ist eine Kombination aus Diffraktion und Spektroskopie, die die Bestim-
mung der Atompositionen bezüglich der Ag(111) Ebenen zulässt. Des Weiteren haben
wir systematische LEED (Low Energy Electron Diffraction) Messungen durchgeführt,
wobei vormals unbekannte Rekonstruktionen der Ag(111) Oberfläche bestimmt wer-
den können.
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Theoretische Grundlagen

Oberflächenröntgenbeugung

Oberflächenröntgenbeugung (SXRD) basiert auf der elastischen Streuung von Rönt-
genstrahlen an Elektronen [23–29]. Im Gegensatz zur Streuung am Volumenkristall
führt die Präsenz der Oberfläche zu einer Unterbrechung der Periodizität entlang der
Oberflächennormalen. Dies hat zur Folge, dass die destruktive Interferenz zwischen
den Bragg Peaks entlang dieser Richtung nicht mehr vollständig ist und diffus gestreute
Intensität entlang sogenannter reziproker Gitterstäbe (Crystal Truncation Rod CTR)
beobachtet werden kann. Die gestreute Intensität ist proportional zum Betragsquadrat
des StrukturfaktorsFtotal, der durch folgende Beziehung gegeben ist

Ftotal =

Volumen
Einheitszelle∑

rj

fj(q) e iq·rj ∗ 1

1 − e i2πL
+ Θ

Oberflaechen
Einheitszelle∑

rs

fs(q) e iq·rs.

Hierbei ist f der atomare Formfaktor, q der Impulsübertrag des Streuprozesses
gegeben durch den Vektor (H,K,L), L die Komponente des Impulsübertrags parallel
zur Oberflächennormalen undΘ ist die Bedeckung der Oberfläche mit der jeweiligen
Rekonstruktion. SXRD Messungen werden normalerweise unter streifendem Einfall
durchgeführt um das Untergrundsignal zu minimieren. Die Streugeometrie eines Ober-
flächenröntgenbeugungsexperiments ist in Abbildung1 dargestellt.

Abbildung 1: Ewaldkugel für SXRD Streugeometrie unter streifendem Einfall. Die
einfallende Welle breitet sich entlang der(1̄1̄0) Richtung aus. Der Radius der Ewald-
kugel entspricht einer Photonenenergie von 10,5 keV. Die CTRs der Ag(111) Ober-
fläche sind als Stäbe dargestellt und die Bragg Peaks als Kugeln.

Es sei hier noch erwähnt, dass eine Rekonstruktion der Oberfläche zu einer Ver-
größerung der Periodizität der Einheitszelle in der Oberflächenebene führt. Eine Ver-
doppelung der Größe entlang der (100) Richtung führt zum Auftreten von Reflexen bei



x DT. ZUSAMMENFASSUNG

Vielfachen von (1/2,0,0). Wie im Fall der CTRs ist das Signalentlang der L-Richtung
auf sogenannten Oberflächenrods verteilt. Die Oberflächenrods weisen eine intrinsis-
che Oberflächensensitivität auf, da ihr Signal nur von Streuung an Atomen herrührt,
die Teil der Rekonstruktion sind.

Hoch aufgelöste Spektroskopie von Rumpfniveaus

HRCLS ist auch unter dem Namen X-ray Photoelectron Spectroscopy (XPS) bekannt
[30–32]. Man differenziert in der Namensgebung, um deutlich zu machen, dass
HRCLS Experimente an Synchrotronstrahlungsquellen durchgeführt werden. Diese
Technik basiert auf der Emission von Photoelektronen aus Rumpfniveaus durch die
einfallende Röntgenstrahlung. Die relevante Größe ist dieBindungsenergie der Elek-
tronenEbind, die folgendermaßen definiert ist

Ebind = hν − Ekin − Φ .

Hierbei isthν die Photonenenergie,Ekin die kinetische Energie der Photoelektro-
nen undΦ die Austrittsarbeit des Metalls bezüglich der Fermienergie. Obwohl die
Rumpfniveauelektronen nicht direkt an der Bindung der Silber- und Sauerstoffatome
beteiligt sind, beobachtet man in Photoelektronenspektren sogenannte chemische Ver-
schiebungen, die von der lokalen chemischen Umgebung des jeweiligen Atoms abhän-
gen. Die gemessenen Spektren lassen sich in mehrere Komponenten zerlegen und man
kann daraus z.B. Aussagen über die Anzahl der verschiedenenSauerstoffatomspezies
treffen. Diese Methode zeichnet sich durch eine hohe Oberflächensensitivität aus, da
nur Photoelektronen aus den obersten Atomlagen die Probe verlassen.

Absorption stehender Röntgenwellen unter normalem Einfall

NIXSW ist eine Kombination von Röntgenbeugung und XPS. Die beobachteten
Effekte lassen sich mittels der dynamischen Röntgenbeugungstheorie beschreiben
[23, 24, 33–35]. Die einfallende und die gestreute Röntgenwelle bilden eine ste-
hende Röntgenwelle inner- und außerhalb des Kristalls aus.Die Position des Wellen-
feldes lässt sich um einen halben Gitterebenenabstand variieren, wenn man über
den entsprechenden Bragg Peak scannt. Dies erfolgt entweder durch Änderung des
Streuwinkels oder durch Variation der Photonenenergie. Die Maxima des Wellenfeldes
bewegen sich dabei von einer Position zwischen den Streuebenen auf die Streuebe-
nen. Dementsprechend beobachtet man eine charakteristische Variation des XPS Sig-
nals, welches maximal wird, wenn die Maxima des Wellenfeldes auf den Streuebenen
liegen. Metallkristalle weisen eine große Mosaizität auf.Aus diesem Grund strahlt
man die Röntgenwelle unter normalem Einfall ein, was zu einer maximalen Breite
des Bragg Peaks führt [36], die dann größer als die Mosaizität des Kristalls ist. Die
PhotoelektronenausbeuteYH

dip, in Dipolnäherung für den Photoemissionsprozess, ist
gegeben durch
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YH
dip = 1 + R + 2 P

√
R FH cos

(
v − 2π PH

)
.

Hierbei ist H der Impulsübertrag des jeweiligen Bragg Peaks, P ist eine Korrektur,
die von der Polarisation der einfallenden Röntgenstrahlung abhängt, R die reflektierte
Röntgenintensität undv ist die Phase zwischen der einfallenden und gestreuten Rönt-
genwelle.PH ist die kohärente Position, die die Position der Atome, deren XPS Signal
man detektiert, relativ zu H angibt.FH ist die kohärente Fraktion, die ein Maß für
die Ordnung der Verteilung um die mittlere Position ist, welche durchPH gegeben ist.
SowohlPH als auchFH können Werte zwischen 0 und 1 annehmen. Die Profile der
Photoelektronenausbeute Y lassen sich fitten und man kann dann eine Aussage über die
Lage und Verteilung der Sauerstoff- und Silberatome relativ zur Position der Ag(111)
Ebenen treffen.

Beugung niederenergetischer Elektronen

LEED basiert auf der elastischen Streuung von Elektronen, wobei eine Rückstreuge-
ometrie verwendet wird [30, 32]. Typischerweise verwendetman Elektronenenergien
im Bereich von 20 bis 300 eV, wobei Elektronen einer Energie von 150 eV eine de
Broglie Wellenlänge von 1 Å aufweisen. Das Streubild wird mit einem Fluoreszen-
zschirm detektiert und erlaubt eine einfache Bestimmung des Rekonstruktionstyps.
Im Gegensatz zu SXRD Messungen sind LEED Experimente nur im UHV und nur
an leitfähigen Proben möglich. Ein Vorteil dieser Methode ist die intrinsische Ober-
flächensensitivität, da die Elektronen aufgrund ihrer starken Wechselwirkung mit Ma-
terie nur wenige Atomlagen in die Probenoberfläche eindringen.

Experimentelles

Alle Experimente wurden mit mechanisch und elektrochemisch polierten Ag(111)
Einkristallen durchgeführt, die einen Miscut von± 0,1◦ gegenüber der (111) Ebene
aufweisen. Vor den Experimenten wurden die Silberkristalle mit Hilfe von Sputter-
Heiz-Zyklen gereinigt und die Sauberkeit der Probe wurde mit Auger Elektronen Spek-
troskopie oder XPS verifiziert.

Die in-situ SXRD Experimente wurden an der MPI-MF Beamline des Synchrotron
ANKA (Angströmquelle Karlsruhe) bei einer Photonenenergie von 10,5 keV durchge-
führt [37]. Während der Messungen befand sich die Ag(111) Probe in einer mobilen in-
situ Oxidationskammer, die mit einem 2 mm starken, freistehenden Berylliumfenster
ausgerüstet ist. Die Kammer ist mit einer Probenheizung ausgestattet, die Experimente
in einem Temperaturbereich von 300 bis ca. 1000 K ermöglicht. Die Temperaturmes-
sung erfolgt mit einem Thermoelement, das an der Seite der Probe fixiert ist, wobei
die Temperatur auf±5 K bestimmt werden kann. Der Sauerstoffdruck kann vom UHV
(niedriger10−10 mbar Bereich) bis zu 2 bar eingestellt werden. Die ganze Kammer
wird auf dem Diffraktometer montiert, welches im Z-Achsen-Modus betrieben wurde.
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Das Diffraktometer besitzt 6 Freiheitsgrade (Kreise), wobei 3 dazu verwendet werden
die Probe bezüglich des einfallenden Strahls zu justieren.2 Kreise werden für die
Bewegung des Detektors benötigt und ein Kreis rotiert die Probe um die Oberflächen-
normale, um die jeweilige Streuebene richtig zum einfallenden Strahl auszurichten.
Nach erfolgter Justierung der Probe können Scans im reziproken Raum durchgeführt
werden.

Die HRCLS Experimente wurden an Beamline I311 des Synchrotrons MAX II
im MAX-lab in Lund durchgeführt [38]. Die Photonenenergie kann mit Hilfe eines
Gittermonochromators von 30 bis 1500 eV variiert werden. Die Messungen wurden
in einer UHV Kammer durchgeführt, die mit einem hochauflösenden hemisphärischen
Elektronenenergieanalysator [39] ausgerüstet ist, in derein Basisdruck von10−11 mbar
erreicht werden kann. Oberhalb der Messkammer befindet sicheine zweite UHV Kam-
mer, in der die Ag(111) Oberfläche präpariert und oxidiert wurde. Des Weiteren ist
die Präparationskammer mit einem LEED System ausgestattet. Die Probe wird mit
einem Wolframdraht fixiert und ist an der Seite mit einem Thermoelement verbun-
den. Die Heizung der Probe erfolgt resistiv über den Wolframdraht, welcher mit einem
Kupferblock verbunden ist, der mit flüssigem Stickstoff gekühlt wird. Dieser Aufbau
erlaubt HRCLS Messungen bei einer Temperatur von∼ 100 K.

Die NIXSW Messungen wurden an Beamline ID32 des Synchrotrons ESRF (Eu-
ropean Synchrotron Radiation Facility) bei einer Photonenenergie von ca. 2,6 keV
durchgeführt [40]. Die UHV Kammer ist mit einer Sputterkanone und einem LEED
System ausgerüstet. Der Probenhalter ist über ein Kupfergeflecht mit einem Kryo-
stat verbunden. Dies ermöglicht Messungen bei einer Temperatur von∼ 120 K. Die
Probenheizung erfolgt über ein Filament, wobei die Temperatur über ein Thermoele-
ment ausgelesen wird, welches sich an der Seite der Silberprobe befindet. Während
der Messungen ist die Messkammer fensterlos mit dem Speicherringvakuum verbun-
den, um starke Verluste aufgrund von Luftstreuung zu vermeiden. Die Photoelektro-
nen werden mit einem hemispärischen Elektronenenergieanalysator detektiert und die
zurückgestreuten Photonen mit einer Photodiode.

Ergebnisse

Die saubere Ag(111) Oberfläche

Die Relaxation der sauberen Ag(111) Oberfläche wurde durch die Messung von fünf
unabhängigen CTRs bei Raumtemperatur bestimmt. Der Fit an unsere Daten ergibt
eine Kompression des ersten Silberlagenabstands um 1,23 % und eine Kontraktion
von 1,17 % für den zweiten Silberlagenabstand. Die Resultate sind in Abbildung2
zusammengefasst. Die Simulation der CTRs zeigt eine gute Übereinstimmung mit
unseren Daten, was sich in einemχ2 von 1,20 widerspiegelt, wobeiχ2 ein Gütefaktor
für die Übereinstimmung von Messung und Berechnung ist. Eine optimale Anpassung
würde einχ2 von 1 ergeben. Die Debye-Waller FaktorenBi, die ein Maß für die
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Abbildung 2: a) CTRs der sauberen Ag(111) Oberfläche mit dem entsprechenden Fit,
dargestellt in reziproken Gittereinheiten (r.l.u.) der hexagonalen Oberflächeneinheit-
szelle. b) Relaxation der Ag(111) Oberfläche und Definition der Debye-Waller Fak-
toren.

Schwingungsamplitude der Atome sind, wurden ebenfalls ermittelt. Der Debye-Waller
Faktor der ersten LageB2 weist einen Wert von 1,62 Å2, für die zweite Lage ergibt
sich B1 = 1, 10 Å2 und die dritte Lage nimmt bereits den Bulkwert von 0,8 Å2 an.
Dies bedeutet, dass die Schwingungsamplitude der Atome derobersten Atomlagen
stark vergrößert ist, was ein erwartetes Verhalten für Silber ist, da es eine niedrige
Debyetemperatur aufweist. Des Weiteren stehen unsere Ergebnisse in Einklang mit
einer LEED-I(V) Studie [41].

Ungeordnet chemisorbierter Sauerstoff

Die Oxidation der Ag(111) Oberfläche bei niedrigem Sauerstoffdruck führt zunächst
zur ungeordnet, dissoziativen Chemisorption von Sauerstoff bevor sich geordnete
Überstrukturen ausbilden. Die teilweise negative Ladung der adsorbierten Sauer-
stoffatome führt zu einer abstoßenden Wechselwirkung zwischen den einzelnen Sauer-
stoffatomen, was bereits in STM Messungen beobachtet wurde[42]. Im Rahmen dieser
Arbeit wurde die mittlere Höhe der Sauerstoffatome oberhalb der ersten Silberlage mit-
tels NIXSW Messungen bestimmt. Als Resultat ergibt sich eine kohärente Position P
von 0,67, was einer mittleren Höhe von 1,57 Å entspricht. Diekohärente Fraktion
F weist einen relativ niedrigen Wert von 0,43 auf. Dies deutet auf eine breite Höhen-
verteilung hin, die durch die repulsive Wechselwirkung derSauerstoffatome verursacht
wird, was zu vielen Möglichkeiten der lokalen Bindungsgeometrie führt. Aus einerχ2-
Analyse des Standing Wave Profils ergibt sich insgesamt für die Höhe der chemisor-
bierten Sauerstoffatome1.47 ± 0.3 Å. Dieses Resultat ist mit einer Adsorption der
Sauerstoffatome an dreifach koordinierten fcc Plätzen aufder Oberfläche in Einklang,
wie es von mehreren DFT Studien vorhergesagt wurde [16, 43, 44]. Mit Hilfe von
SXRD Messungen konnten wir nachweisen, dass die ungeordnete Chemisorption zu
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zufälligen Verschiebungen der Silberatome der obersten Atomlage in der Größe von
0,12 Å führt. Dieses Ergebnis stimmt ebenfalls mit einer DFTStudie überein [43].

Die p(4×4) Rekonstruktion: Kein Oberflächenoxid
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Abbildung 3: Experimentelle und berechnete Strukturfaktoren. a) In-plane Struktur-
faktoren fürL = 0, 2, b) CTRs und c) Oberflächenrods der p(4×4) Rekonstruktion.
Die q-Werte sind in reziproken Gittereinheiten (r.l.u.) der (4×4) Zelle angegeben.

Bei Temperaturen über 420 K wandelt sich ungeordnet chemisorbierter Sauer-
stoff bei Erhöhung des Sauerstoffdrucks in die p(4×4) Rekonstruktion um [14]. Die
Struktur der Rekonstruktion schien durch eine Kombinationvon STM Messungen und
STM Simulationen und anschließenden DFT Rechnungen gelöst[15, 16]. Es wurde
ein dreilagiges Oberflächenoxidmodell mit einer Ag11O6 Stöchometrie vorgeschla-
gen, welches auf einer dreilagigen Schicht des Bulkoxids Ag2O in (111) Orientierung
beruht. Im Rahmen unserer SXRD Messungen konnten wir zeigen, dass dieses Struk-
turmodell inkompatibel mit unserem Datensatz ist. Ein Vergleich des Ag11O6 Modells
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mit unseren Messergebnissen ist in Abbildung3 a) und c) gezeigt. Ein neues Struk-
turmodell wurde durch eine Kollaboration bestimmt, dabei wurde eine Kombination
von SXRD, STM und HRCLS Messungen und DFT Berechnungen angewendet [19].
Das neue Modell der p(4×4) Rekonstruktion, das eine Ag12O6 Stöchometrie aufweist,
ist in Abbildung4 c) gezeigt. Für den simultanen Fit an unseren kompletten SXRD
Datensatz, haben wir p6mm Symmetrie verwendet, die unsere in-plane Strukturfak-
toren aufweisen. Es ergibt sich eine gute Übereinstimmung zwischen Messung und
simulierten Strukturfaktoren, die sich in einemχ2 von 3,7 widerspiegelt. Die Fitergeb-
nisse sind in Abbildung3 dargestellt. Das Ag12O6 Modell besteht aus zwei adsor-
bierten Ag6 Dreiecken, wobei sich ein Dreieck auf fcc Plätzen befindet und das an-
dere auf hcp Plätzen. Der Ag-Ag Abstand innerhalb der Dreiecke ist nur minimal
gegenüber den Bulkwerten vergrößert. Zwei Silberdreieckesind immer durch zwei
Sauerstoffatome miteinander verbunden. Dies ergibt insgesamt 6 Sauerstoffatome pro
(4×4) Zelle, was einer Bedeckung von 0,375 Monolagen (ML) entspricht. Ein typis-
ches Merkmal dieses Modells sind ’Löcher’ am Ursprung der Einheitszelle, die auch
in STM Messungen beobachtet wurden [15,19,20]. Des Weiteren zeigt diese Struktur
eine sehr gute Übereinstimmung mit unseren HRCLS und NIXSW Messungen. Insge-
samt handelt es sich also bei diesem Modell der p(4×4) Rekonstruktion um eine nanos-
trukturierte Adsorbatschicht, die keine Ähnlichkeit mit dem Bulkoxid Ag2O aufweist.

Eine Vielzahl sauerstoffinduzierter Strukturen auf Ag(111)

Im Rahmen unserer SXRD Und LEED Messungen wurden neben der p(4×4) Rekon-
struktion noch fünf weitere sauerstoffinduzierte Strukturen beobachtet, die im Folgen-
den diskutiert werden. Alle beobachteten Strukturen wiesen unter bestimmten Bedin-
gungen eine Koexistenz mit der p(4×4) Rekonstruktion auf. Eine Übersicht über die
von uns vorgeschlagenen Strukturmodelle ist in Abbildung4 gegeben.

Eine sauerstoffinduzierte Modulation der ersten Silberlage entlang der (110) Rich-
tung, die eine Wellenlänge von 10,32 Å aufweist, wurde während unserer SXRD Mes-
sungen für Temperaturen zwischen 473 und 503 K und einem Sauerstoffdruck von 5
bis 100 mbar beobachtet. Die inkommensurable Modulation wird höchstwahrschein-
lich durch Streifen chemisorbierten Sauerstoffs verursacht. In Abbildung4 a) ist die
Struktur, die eine Sauerstoffbedeckung von 0,28 ML aufweist, dargestellt. In dieser
Phase dominiert die repulsive O-O Wechselwirkung über die attraktive O-Ag Wech-
selwirkung. Aus diesem Grund beobachtet man die Inkommensurabilität entlang der
(110) Richtung, wobei die abstoßende Wechselwirkung durchdie Streifenbildung min-
imiert wird.

Im Rahmen unserer LEED Messungen wurde eine (
√

3 × 2, 28)rect R30◦ Rekon-
struktion nachgewiesen, nachdem die Ag(111) Oberfläche bei430 K und 5 bis 10 mbar
O2 oxidiert wurde. Diese Struktur weist ebenfalls eine Inkommensurabilität entlang der
(110) Richtung auf. Das vorgeschlagene Strukturmodell, welches in Abbildung4 b)
dargestellt ist, ähnelt dem der modulierten Struktur, wobei in diesem Fall die Streifen
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Normale
Stapelabfolge

Invertierte
Stapelabfolge
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Abbildung 4: Strukturmodelle aller sauerstoffinduzierterStrukturen, die von uns
beobachtet wurden. Blaue Kugeln stellen Silberatome dar und rote Kugeln Sauer-
stoffatome. a) Modulation entlang (110) b) (

√
3 × 2, 28)rect R30◦ Rekonstruktion c)

p(4×4) Struktur d) p(5×5) Überstruktur e) p(7×7) Koinzidenzstruktur f) Ag2O(111)
und Ag2O(̄11̄1̄).
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chemisorbierten Sauerstoffs einen Abstand von 6,59 Å aufweisen. Es ergibt sich eine
Sauerstoffbedeckung von 0.44 ML, die die höchste aller beobachteten Strukturen ist.
Die (

√
3 × 2, 28)rect R30◦ Rekonstruktion ist aufgrund der stark abstoßenden O-O

Wechselwirkung nur metastabil und wurde nur für relativ niedrige Temperaturen von
ca. 430 K beobachtet.

Die Oxidation der Ag(111) Oberfläche bei einer Temperatur von 423 bis 453 K und
atmosphärischem Sauerstoffdruck führt zu einer p(5×5) Rekonstruktion. Das Struk-
turmodell basiert auf dem Ag12O6 Modell der p(4×4) Rekonstruktion und ist in Abbil-
dung4 d) gezeigt. Die p(5×5) Rekonstruktion lässt sich durch zwei Ag10 Dreiecke pro
Einheitszelle erklären, wobei sich ein Dreieck auf fcc Plätzen befindet und das andere
Dreieck auf hcp Plätzen. Zwei Dreiecke sind immer durch dreiSauerstoffatome ver-
bunden. Dies führt zu einer Ag20O9 Stöchometrie und einer Sauerstoffbedeckung von
0,36 ML. Die Ausbildung adsorbierter Silberdreiecke scheint ein ’Baustein’ zu sein,
der sich auch in der c(3× 5

√
3)rect Rekonstruktion wiederfindet, die im Rahmen einer

STM Studie beobachtet wurde [20].
Des Weiteren konnten wir eine Koexistenz der p(4×4) Rekonstruktion, einer

p(7×7) Koinzidenzstruktur und des Bulkoxids Ag2O in (̄11̄1̄) Orientierung bei 523
K und atmosphärischem Sauerstoffdruck beobachten, wenn die Probe von 773 K und
1 bar O2 abgekühlt wurde [21]. Das Bulkoxid wächst in Inseln mit einer Höhe von∼
50 Å auf und weist im Vergleich zum Substrat eine invertierteStapelabfolge auf (siehe
Abbildung4 f)). Die Struktur der p(7×7) Rekonstruktion lässt sich mit einem dreilagi-
gen O-Ag-O Oberflächenoxidmodell auf Basis von Ag2O erklären, welches dieselbe
Orientierung wie das Bulkoxid aufweist. Das Modell ist in Abbildung4 e) dargestellt.
Die p(7×7) Struktur wäre somit die erste Beobachtung eines Oberflächenoxids auf der
Ag(111) Oberfläche. Außerdem schlagen wir vor, dass das Bulkoxid einen Stranski-
Krastanow Wachstumsmodus aufweist [45], wobei die Bulkoxidinseln auf der ultra-
dünnen Oberflächenoxidschicht aufwachsen.

Das Stabilitätsdiagramm des O/Ag(111)-Systems

Durch unsere in-situ SXRD Messungen des Stabilitätsdiagramms des O/Ag(111)-
Systems, welches in Abbildung5 gezeigt ist, haben wir das sogenannte ’pressure
gap’ geschlossen, welches die Diskrepanz zwischen ex-situUHV Untersuchungen und
den Bedingungen der katalytischen Reaktionen beschreibt.Das theoretisch berechnete
Phasendiagramm [16, 22] steht in Einklang mit unseren Messergebnissen, wobei auf-
grund von Ungenauigkeiten der Berechnungen im theoretischen Phasendiagramm die
Temperatur um 110 K unterschätzt wird und der O2 Druck um drei Größenordnungen
zu hoch ist [22]. Bis 503 K spielen kinetische Effekte eine wichtige Rolle, was die
relativ großen Abweichungen zwischen Theorie und Messung in diesem Bereich erk-
lärt. Oberhalb von 523 K sind ungeordnet chemisorbierter Sauerstoff und die p(4×4)
Rekonstruktion im thermodynamischen Gleichgewicht mit der umgebenden Gasphase,
was sich in einer instantanen Bildung oder Zersetzung der Strukturen widerspiegelt,
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Abbildung 5: Stabilitätsdiagramm des O/Ag(111)-System, bestimmt durch in-situ
SXRD. Die schwarze Linie markiert die berechnete Phasengrenze von 1/16 ML
chemisorbiertem Sauerstoff [22]. Die rote Linie stellt dieberechnete Phasengrenze
des Ag12O6 Modells dar, wobei die van der Waals Wechselwirkung berücksichtigt
wurde [19].

wenn man die Phasengrenzen passiert. Bis zu einer Temperatur von 503 K wurde
die modulierte Struktur beobachtet, wobei sie sich mit steigendem Sauerstoffdruck
in die p(4×4) Rekonstruktion umwandelt. Die Modulation entlang der (110) Rich-
tung scheint eine metastabile Struktur zu sein, die bis zu einer Temperatur von 503 K
’eingefroren’ ist und sich bei höheren Temperaturen sofortin die p(4×4) Rekonstruk-
tion umwandelt. Die modulierte Struktur, die (

√
3 × 2, 28)rect R30◦ Rekonstruktion

und die p(5×5) Struktur scheinen keine Bedeutung für die Epoxidation von Ethylen
zu haben, da sie nicht unter den Bedingungen der katalytischen Reaktionen (500-600
K und atmosphärischer Sauerstoffdruck) beobachtet wurden. Ein wichtiges Ergebnis
unserer Messungen ist, dass die p(4×4) Rekonstruktion unter den katalytischen Be-
dingungen der Epoxidation von Ethylen stabil ist (523 K und 2bar O2). Es wird aber
noch kontrovers diskutiert, ob die p(4×4) Struktur in Mischungen von Ethylen und
Sauerstoff stabil ist [46]. Abschließend sei noch angemerkt, dass nicht nur die p(4×4)
Rekonstruktion sondern auch energetisch entartete Strukturen wie Ag2O(̄11̄1̄) und das
p(7×7) Oberflächenoxid eine wichtige Rolle für die katalytischen Eigenschaften von
Ag(111) Facetten spielen können.



Chapter 1

Introduction

The oxidation of metals plays an outstanding role in everyday life. Typical phenomena
are the formation of rust on steel or oxide scales on copper, showing up as a green
patina. The formation of metal oxides is not always an unwanted process. The func-
tionality of many materials is directly related to their controlled oxidation. The most
prominent examples are passivating oxide layers on stainless steel. Relevant for this
thesis are industrially applied heterogeneous catalytic reactions for the synthesis of
many chemical products, where gaseous reactants are in contact with the solid surface
of the catalyst. Oxidation reactions are very important in this context, leading to a big
need of understanding of these processes in research and development. Thereby, the
active oxygen species on the surface and selectivity and poisoning of the catalyst have
to be studied on an atomic scale.

The high temperature and high pressure oxidation of the 4d transition metals Ru,
Rh, Pd and Ag is a matter of particular interest, because these metals are widely used
as oxidation catalysts [1]. On Ruthenium one observes the formation of RuO2(110)
bulk oxide islands at elevated temperatures and oxygen pressure [2]. In the case of the
Pd(100) and Rh(111) surface oxidation can lead to the formation of so-called surface
oxides [3,4]. These oxides are structurally related to the bulk oxide of the respective el-
ement. Furthermore, surface oxides are ultra thin oxides containing one metallic layer
surrounded by two oxygen layers, giving rise to an oxygen-metal-oxygen sequence
perpendicular to the surface plane.

A future vision is to get a direct microscopic control of the emerging surface struc-
tures and ultimately of the real-time oxidation/reductiondynamics allowing one to
tailor such catalytic reactions to better performance. A necessary prerequisite to the
microscopic control is the full atomistic understanding ofthe surface structures which
form at high temperature and at high oxygen pressures.

Silver plays a unique role in heterogeneous catalysis. Supported Ag catalysts are
used for the selective oxidation (’epoxidation’) of ethylene and for the partial oxidation
of methanol to formaldehyde. Ethylene oxide and its derivates are basic chemicals for
industry, used in a many technologies with a world-wide production of more than 10

1
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million tons as in medicine for disinfection, sterilization, or fumigation, or in transport
and energy technologies for engine antifreeze and heat transfer. Because of its ability
to kill most bacteria, formaldehyde is extensively used as disinfectant and as preserva-
tive in vaccinations. Therefore, the optimisation of thesetwo Ag-supported catalytic
reactions is of paramount importance. Current strategies employed in the industrial
process to enhance selectivity include the empirical use ofinhibitors (Cl) [5] and pro-
moters (Cs) [6,7], however, on the way to a knowledge-based control of these reactions
one has first to understand the surface structure of oxidizedsilver under relevant con-
ditions in full detail.

The formation of extended Ag(111) facets is observed on polycrystalline silver dur-
ing the above industrial catalytic oxidation reactions [8], in turn fundamental research
(experiment and theory) has been devoted to the detailed understanding of oxidation
of this surface [8–21]. The formation of an oxygen induced p(4×4) reconstruction
on the Ag(111) surface is known since the early 70s [9, 10]. A surface oxide trilayer
model, based on a three-layer slab of Ag2O(111), was proposed [15,16]. Accordingly,
the Ag(111) surface seemed to show a similar behaviour like Pd and Rh, being neigh-
bours in the periodic table. Further theoretical calculations predicted the stability of
this reconstruction under industrially relevant conditions [16,22].

Nevertheless, several questions remained unsolved: the stability of the p(4×4) re-
construction under industrially relevant conditions was not checked experimentally, the
structural model of the p(4×4) structure was not proven by a crystallographic method
and previously unknown structures might play an important role for the catalytic activ-
ity of Ag(111) facets. Our experimental approach is based onthe nowadays routinely
available highly brilliant x-ray radiation produced by third generation synchrotron light
sources. This radiation is used by us in three surface sensitive x-ray techniques. In-situ
surface x-ray diffraction (SXRD) allows the identificationand determination of struc-
tural models of surface reconstructions under industrially relevant conditions. This
technique is combined with high resolution core level spectroscopy (HRCLS) and nor-
mal incidence x-ray standing wave absorption (NIXSW), giving insight into the local
binding geometry of the oxygen and silver atoms.

Outline of the Thesis

In chapter 2 all results, concerning the oxidation of Ag(111), which are relevant for this
thesis, are summarised. The theoretical background of the experimental techniques is
explained in chapter 3. The sample treatment and the experimental setup are described
in chapter 4. Chapter 5 deals with the structure and stability of the p(4×4) reconstruc-
tion. The formation of oxygen induced structures, which were observed besides the
p(4×4) structure, is described in chapter 6. Chapter 7 gives a summary of all results
and an outlook.



Chapter 2

Interaction of Oxygen with Ag(111)
Surfaces

In the last decades, many studies on the oxidation of Ag(111)surfaces were performed.
The results, which are relevant for this thesis, are summarised in the following sections.

2.1 Silver and Ag2O

Silver is a noble metal, crystallising in the fcc structure (cf. sectionA.1), showing a
lattice constant of 4.0853 Å and a melting temperature of 1234.93 K [47]. Silver shows
the highest thermal and electrical conductivity of all elements.

Silver is used as heterogeneous catalyst in two different oxidation reactions, which
are applied industrially to produce ethylene epoxide and formaldehyde. These oxida-
tion reactions are carried out at temperatures from 500 to 900 K and atmospheric oxy-
gen pressure [8, 13]. The formaldehyde production, which isalso called the ’BASF
process’, and the production of ethylene epoxide are of major interest, since both
compounds act as basic materials in chemical industry to produce a variety of sub-
stances [8, 13]. The epoxidation of ethylene takes place at 500 to 600 K and atmo-
spheric oxygen pressure and is described by the following reaction

C2H4 +
1

2
O2 ↔ C2H4O Epoxidation. (2.1)

The partial oxidation of methanol formaldehyde is described by two possible reac-
tions which are carried out at a temperature of 800 to 900 K andatmospheric oxygen
pressure

CH3OH ↔ CH2O + H2 Dehydrogenation (2.2a)

CH3OH +
1

2
O2 ↔ CH2O + H2O Oxydehydrogenation (2.2b)

3
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A detailed description of a reactor layout and the peculiarities of the BASF process
can be found in [13].

The most stable silver oxide is Ag2O. The unit cell is shown in figure2.1a). Ag2O
crystallises in the cuprite structure, showing a lattice constant of 4.72 Å. Ag is trans-
formed to Ag2O by incorporation of oxygen atoms on one quarter of the tetrahedral
sites. The transformation is accompanied by an expansion ofthe fcc lattice by 15.5 %.

Figure 2.1: a) Cuprite structure of Ag2O. Blue coloured smaller atoms are silver atoms.
b) Three layer slab of Ag2O(111).

In (111) orientation Ag2O can be described by a hexagonal unit cell with lattice
constantsa = b = 6.675 Å and c = 8.175 Å. Along the c-axis oxygen and silver
layers are alternating. A three layer slab of Ag2O(111) is shown in figure2.1b). Once
formed Ag2O is not stable in air. At atmospheric oxygen pressure Ag2O decomposes at
503 K [13]. Correspondingly, tarnished silver is not causedby the presence of Ag2O,
but Ag2S is the reason for this observation. The atmospheric corrosion occurs mainly
due to reactions with H2S [48].

2.2 Oxidation of Ag(111) Surfaces

In industrial applications, silver particles supported onAl 2O3 are used for the catalytic
reactions [6]. Important questions are, why is a noble metalcatalytically active [17] and
which facets of the nano particles are mostly present? A scanning electron microscopy
image of Al2O3 supported silver nano particles is shown in figure2.2.

The Ag(111) surface is used as model system, since it is known[8], that polycrys-
talline silver forms mainly (111) facets, which have the lowest surface energy, if the
catalytic conditions are applied. Furthermore, it is widely accepted, that chemisorbed
oxygen is responsible for the catalytic activity of silver.The bonding of chemisorbed
oxygen to the Ag surfaces is not very strong, since silver is anoble metal. It is as-
sumed, that the chemisorbed oxygen atoms act as a reservoir of atomic oxygen for the
chemical reactions.
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Figure 2.2: Scanning electron microscopy image of Al2O3 supported silver nano parti-
cles. From [6].

It is still under debate, which oxygen species is responsible for the catalytic activity
of Ag(111) facets. In the following sections, the main results obtained for the oxygen
induced p(4×4) reconstruction of the Ag(111) surface, adsorption of disordered oxy-
gen and the bulk oxide Ag2O are summarised. (An explanation of the classification
scheme of surface reconstructions is given in sections3.1.1andA.2.) The p(4×4) re-
construction of the silver surface could be responsible forthe catalytic activity, as will
be shown in section2.2.5.

2.2.1 Results from LEED and TPD

The oxygen induced p(4×4) reconstruction of the Ag(111) surface (O-p(4×4)-
Ag(111)) was observed for the first time in the 70ies by low energy electron diffraction
(LEED) measurements [9,10]. The Ag(111) surface was oxidized with molecular oxy-
gen. In a pressure range from10−3 to 10 torr and temperatures between 373 and 523
K the formation of O-p(4×4)-Ag(111) was observed. The presence of the p(4×4) re-
construction was monitored by ex-situ LEED measurements under UHV conditions.
Temperature programmed desorption (TPD) measurements of the oxidized Ag surface
show an oxygen peak at 553 K, which is an indication, that oxygen atoms are involved
in the structure of the p(4×4) reconstruction. Furthermore, it was shown, that the
p(4×4) structure is stable under UHV conditions.

It was realised, that the diagonal of the hexagonal Ag2O(111) unit cell fits almost
perfectly on 4 substrate unit cells. The lattice mismatch isonly ∼ 0.1 %. Correspond-
ingly, a structural model was proposed, consisting of a Ag-O-Ag three layer slab of
Ag2O(111), rotated by thirty degree with respect to the substrate unit cell, showing an
epitaxial relationship to the substrate [10].

In 1985 a similar model was proposed on the basis of a combinedLEED, TPD
and x-ray photoelectron spectroscopy (XPS) study [11], consisting of an O-Ag-O three
layer slab of Ag2O(111) rotated by 30◦, which is shown in figure2.1 b). A charac-
teristic feature of this structure are linear O-Ag-O chains, showing a Ag-O distance of
2.05 Å. The oxygen coverage of this structure is 0.375 monolayers (ML), which is in
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agreement with the value of 0.41 ML determined by means of TPD[11].
A five times higher oxygen desorption in TPD was observed after oxidizing the

Ag(111) sample at 443 K and 1400 Torr O2 for 640 seconds. This peak corresponds
to an oxygen coverage of 2.0 MLs, which is an indication for a thin layer of Ag2O on
Ag(111) with a thickness of∼ 14 Å [11].

2.2.2 XPS Measurements

The oxidation of the Ag(111) surface was investigated by several XPS experiments
[11,12,14]. The main results are shown in figure2.3.

a)

b)

c)

Figure 2.3: O 1s spectra of oxidized Ag(111) surfaces. a) O 1sspectrum of the p(4×4)
reconstruction prepared by molecular oxygen from [11], showing a peak at 528.1 eV.
b) O 1s XPS spectrum of chemisorbed oxygen, showing a peak at 530 eV and O 1s
spectrum of the p(4×4) reconstruction showing a peak at 528.2 eV from [14]. c) O 1s
spectrum of chemisorbed NO showing a peak at 530.8 eV and p(4×4) reconstruction
showing a peak at 528.2 eV from [12].



2.2. OXIDATION OF AG(111) SURFACES 7

All O 1s spectra of the p(4×4) reconstruction show a single peak at a binding en-
ergy of ∼ 528.2 eV, independent of the oxidation procedure. In reference [11] the
p(4×4) reconstruction was prepared by dosing 5 torr O2 for 20 seconds at a tempera-
ture of 490 K. In reference [14] a different procedure was applied. 1 mbar of molecular
oxygen was dosed at a temperature of 300 K and in the O 1s spectrum a peak at a bind-
ing energy of 530.0 eV was observed, due to the presence of disordered chemisorbed
oxygen. Upon heating the sample to 420 K the peak jumps to a binding energy of 528.2
eV, corresponding to the formation of the p(4×4) structure. In reference [12] NO2 was
used for the first time for the oxidation procedures. Dosing NO2 at room temperature,
leads to dissociative adsorption of NO, showing an O 1s peak at 530.8 eV, due to the
presence of NO on the surface. A dose of only∼ 10 Langmuir (1 Langmuir = 1 L =
10−6 torr∗s) at 508 K is enough to form the p(4×4) reconstruction, which was veri-
fied by LEED and the typical O 1s spectrum is shown in figure2.3 c). The usage of
NO2 avoids the dosage of oxygen at high pressures, due to the low dissociative sticking
coefficient of10−6 for O2 on Ag(111) surfaces [11,12].

The O 1s spectrum of the p(4×4) reconstruction does not resemble the one of
Ag2O. The O 1s spectrum of Ag2O shows a binding energy of 528.9 eV [49]. Fur-
thermore, it was already mentioned in [11], that one would expect 2 peaks in the O
1s spectrum for a trilayer structure, like the O-Ag-O Ag2O(111) model of the p(4×4)
reconstruction. This topic will be discussed further in sections5.3and5.4.

2.2.3 STM Measurements and DFT Calculations

a) b)

c)

Figure 2.4: a) Scanning tunneling microscopy image of the clean Ag(111) surface. The
STM images of the p(4×4) reconstruction show a honeycomb structure. b) Structural
model of the p(4×4) structure from [11]. c) Silver deficient Ag1.83O model proposed
in [15].

The first atomically resolved scanning tunneling microscopy (STM) images of the
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p(4×4) reconstruction are shown in figure2.4 a) [15]. The p(4×4) structure was pre-
pared by the NO2 procedure proposed in [12], which was discussed in the preceding
section. The STM images are shown in figure2.4 a). The structural model was op-
timised by means of STM image simulations. A silver deficientsurface oxide layer,
showing a Ag1.83O (or Ag11O6) stoichiometry, was proposed and is shown in figure2.4
c). The structure is based on the O-Ag-O trilayer model proposed in [11], shown in
figure2.4b). The structure consists of hexagonal O-Ag-O rings, whichare build up by
linear O-Ag-O chains. Every third central Ag atom, situatedin the middle of the O-Ag
rings, was removed. The removal of these Ag atoms is motivated by their unfavourable
on top position with respect to the Ag(111) substrate.

The structure of the Ag11O6 model was optimised by density functional theory
(DFT) calculations [16]. An introduction to DFT is given in sectionB.1. It was shown,
that the silver deficient model is by 0.6 eV per unit cell more favourable, than the model
Ag12O6 shown in figure2.4b). This can be explained by the removal of the central Ag
atoms located at unfavourable on top positions, as can be seen in figure2.4b) and c).

Figure 2.5: DFT optimised structural models of the p(4×4) structure. From [18].

Further DFT calculations and STM image simulations were performed [50]. The
oxidation and reduction behaviour of the Ag11O6 model was studied, resulting in sev-
eral modifications of the structural model, which are also inagreement with the STM
measurements shown in figure2.4a).

We could show by in-situ SXRD measurements, that all models of the p(4×4)
reconstruction related to a three layer slab of Ag2O(111) cannot be correct (cf. chapter
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5). Furthermore, we observed a p6mm symmetry of our x-ray data, giving rise to strong
constraints for the construction of structural models of the p(4×4) reconstruction.

Subsequently, further DFT calculations were performed [18], resulting in several
models of the p(4×4) structure, which are shown in figure2.5. The most stable struc-
ture, showing p6mm symmetry, is the so-called Ag1.33O model, which has a Ag9O6

stoichiometry. The Ag9O6 model is obtained from the Ag11O6 model by removing all
central Ag atoms as can be seen in figure2.5c).

2.2.4 Disordered chemisorbed oxygen

The formation of disordered chemisorbed oxygen was observed by STM measure-
ments, after oxidizing the Ag(111) surface at 470 K by NO2 [42]. The results of the
STM measurements are shown in figure2.6a). An oxygen coverage of 0.05 MLs was
observed. The minimal distance between oxygen atoms was determined to be on the
order of 10 Å, due to the repulsive interaction of the partialnegatively charged oxygen
adatoms.

a)                                            b)

Figure 2.6: a) STM image of disordered chemisorbed oxygen. From [42]. b) DFT
optimised structural model of chemisorbed oxygen at an fcc site. From [16].

The most favourable adsorption site for chemisorbed oxygenwas determined by
DFT calculations [16, 43, 44]. It was shown, that oxygen adsorbs at fcc sites on the
surface for oxygen coverages up to 0.25 MLs, which is shown infigure2.6 b). STM
image simulations for the chemisorption of atomic oxygen atoms at fcc sites were
performed [16], which are in agreement with the STM measurements from [42]. The
height of the oxygen atoms above the first substrate layer wasdetermined to be in the
range of 1.21 to 1.32 Å for a coverage of 0.25 ML [16,43,44].

It was predicted, that for oxygen coverages higher than 0.25ML additional oxygen
atoms occupy tetrahedral sites between the first and second substrate layer [51,52]. The
formation of subsurface oxygen becomes favourable due to the repulsive interaction of
the oxygen atoms, leading to an enhanced binding energy of the oxygen atoms on
the surface. The formation of onsurface and subsurface oxygen species at the same
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time, can be regarded as a transient precursor state for the formation of the p(4×4)
reconstruction [51].

2.2.5 Phase Diagram of the O/Ag(111)-System

The extension of DFT calculations to finite temperatures andoxygen pressure by so-
calledab initio thermodynamics results in a phase diagram of the O/Ag(111)-system,
shown in figure2.7[22]. This theoretical approach is explained in sectionB.2.

a) b)

Figure 2.7: a) Phase diagram of the O/Ag(111)-system in terms of the surface free
energyγ vs. oxygen chemical potentialµO. From [22]. b) Same phase diagram in
terms of temperature and oxygen pressure. From [22].

The surface free energy in terms of the oxygen chemical potential µO is determined
from total energies calculated by DFT for all relevant oxygen induced structure. The
structure showing the lowest surface free energy is thermodynamically stable. For the
case of the O/Ag(111)-system four stability regions are observed, as can be seen fig-
ure 2.7 a) and b). The stability borders result from the intersections of the straight
lines defining the surface free energy of the different structures. The higher the oxy-
gen content per unit cell, the steeper the slope of the line. The stability diagram in
terms of temperature and oxygen pressure can be calculated from the position of the
intersections, shown in figure2.7a), via the ideal gas equation (cf. sectionB.2).

The clean silver surface is stable for low temperatures and low oxygen pressures.
An increase in oxygen pressure leads to the formation of disordered chemisorbed oxy-
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gen with different oxygen coverage. The p(4×4) reconstruction is stable, if the oxygen
pressure is increased further. The stability of the bulk oxide Ag2O is predicted for
low temperatures and high oxygen pressure. The error of the calculations can be es-
timated from the stability border of the bulk oxide at atmospheric oxygen pressure,
which shows a value of 350 K. Experimentally, it is known, that Ag2O decomposes at
460 K at atmospheric oxygen pressure. In the calculated phase diagram, the bulk oxide
is not stable for pressures lower than103 bar at 460 K. Correspondingly, the tempera-
ture is underestimated by 110 K and the oxygen pressure is 3 orders of magnitude too
high.

The most important result is, that the Ag11O6 model is stable at temperatures of
500 to 600 K and atmospheric oxygen pressure, which are the catalytic conditions
of the epoxidation of ethylene. The partial oxidation of methanol to formaldehyde
takes place at 900 K and atmospheric oxygen pressure. Under these conditions it was
predicted, that the clean silver surface is stable. It was suggested, that oxygen atoms
bound to undercoordinated silver sites (e.g. defect and kink sites) are responsible for
the catalytic activity of Ag(111) surfaces.

It is important to note, that only structures, which are included in the total energy
calculations, appear in the calculated phase diagram. Furthermore, kinetic effects are
not included inab initio thermodynamics calculations.

2.3 Motivation for our Experiments

All proposed models of the p(4×4) reconstruction can be checked by our SXRD,
HRCLS and NIXSW measurements and as the case may be a new modelof the p(4×4)
reconstruction can be determined. By HRCLS the O 1s spectrumof the p(4×4) recon-
struction can be measured with higher resolution than in previous studies, allowing us
to determine the number of oxygen species present in the p(4×4) structure. By NIXSW
the position of the oxygen atoms along the (111) direction can be determined.

Furthermore, the so-called ’pressure gap’, which describes the discrepancy between
ex-situ UHV studies and the catalytic conditions, can be closed by in-situ SXRD mea-
surements, since all previous studies on the oxidation of Ag(111) surfaces were ex-situ
measurements. In-situ SXRD allows the determination of thestability diagram of the
O/Ag(111)-system up to an oxygen pressure of 2 bar. The measured stability diagram
can be compared with the calculated phase diagram.

Additionally, the stability and the adsorption geometry ofdisordered chemisorbed
oxygen can be determined by means of SXRD and NIXSW measurements, which can
be compared with the DFT calculations and STM measurements.

Finally, reconstructions of the Ag(111) surface and the formation of the bulk oxide
Ag2O, which have not been observed before can be detected by systematic SXRD and
LEED studies.
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Chapter 3

Theoretical Background

The oxidation of Ag(111) surfaces was studied by three surface sensitive x-ray tech-
niques, based on the utilisation of highly brilliant synchrotron radiation:SurfaceX-
Ray Diffraction (SXRD), High ResolutionCore Level Spectroscopy (HRCLS) and
Normal IncidenceX-Ray Standing Wave Absorption (NIXSW). In addition,Low
EnergyElectronDiffraction (LEED) andAugerElectronSpectroscopy (AES) were
applied to characterise the oxidation state of the Ag(111) surface and to monitor the
cleanliness of the samples.

SXRD is a powerful tool to determine the properties of reconstructions and re-
laxations of single crystal surfaces on an atomic scale withsub-Å resolution. The
low scattering cross section of hard x-rays allows in-situ measurements of oxidation
processes under industrial relevant conditions. Furthermore, kinematical diffraction
theory can be applied, for the same reason, to calculate scattered intensity distributions
for a given surface structure. This allows a straightforward determination of structural
models of oxidized silver surfaces.

HRCLS as a spectroscopic method is well-suited to determinethe oxidation state,
chemical surrounding and the number of different species ofa certain element on the
surface. This method is element specific and the measured photoelectron spectra can
be decomposed by the use of special line shapes, including final and initial state effects.
Due to the strong interaction of the emitted photoelectronswith matter, UHV condi-
tions are a necessary prerequisite for this technique. Thisdrawback is compensated by
the high sensitivity to adsorbed oxygen atoms.

Finally, NIXSW is a combination of x-ray diffraction and core level spectroscopy.
The observed effects can be described by the theory of dynamical x-ray diffraction. The
position of atoms can be determined in a direction perpendicular to the used scattering
planes in units of the lattice plane spacing. Due to the detection of photoelectrons this
technique is also sensitive to the position of oxygen atoms.NIXSW is as HRCLS an
ex-situ method, but in combination with in-situ SXRD and HRCLS measurements a
deeper understanding of oxidation processes can be obtained by these complementary
techniques.

13
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LEED and AES are standard tools of surface science, which were used for the
characterisation of the Ag(111) samples. The presence of different reconstructions on
Ag(111) can be easily monitored by LEED. In addition, AES wasused during the
sample preparation to check for present contaminations on the silver surface.

In the following, the theoretical background of the experimental techniques will be
explained, which is necessary to understand the results presented in this thesis.

3.1 X-Ray Diffraction

Surface x-ray diffraction is based on elastic scattering ofx-rays by electrons. An intro-
duction to the theory of x-ray diffraction can be found in references [23, 24]. In kine-
matical diffraction theory, which is used to describe SXRD,the effect of primary ex-
tinction of x-rays due to multiple scattering and refraction effects are neglected. These
effects turn out to be crucial for the theory of dynamical diffraction by perfect crystals,
presented in section3.3.1, which is used to describe the properties of x-ray standing
waves. Furthermore, inelastic processes like Compton scattering or the photo effect
are not taken into account.

The wavelengthλ of hard x-rays is typically∼ 1 Å, which is in the order of lattice
spacings of crystals, making x-ray diffraction from crystalline objects possible. The
measured diffracted intensity I(q) equals|A(q)|2. The scattering amplitude A(q) is
given by

A(q) ∝ r0

unit cell structure factor
︷ ︸︸ ︷
∑

rj

fj(q) e iq·r j

lattice sum
︷ ︸︸ ︷
∑

Rn

e iq·Rn (3.1)

The I(q) distribution is experimentally accessible, the phase information contained
in the scattering amplitude cannot be measured. This is known as themissing phase
problem of crystallography. The determination of the crystal structure relies on a trial
and error procedure, using structural models to calculate I(q) (see also section3.1.1).
Equation3.1 is derived by use of the translational symmetry of the crystal which is
given by theRn, describing the crystal lattice. Each lattice point is occupied by one
unit cell. The distribution of atoms at positionsr j within this cell is described by the
unit cell structure factor F(q), which is the effective electron concentration at the origin
of the unit cell. The electron density distribution of the atoms is included in the atomic
form factorfj , which is derived from results obtained for scattering by a free electron.
The Thomson scattering length or the classical electron radiusr0 is the ability of a free
electron to scatter x-rays. The correct superposition of the scattered x-rays is included
in the phase factore iq·r . One important quantity is the wave vector transferq defined
by the wave vectors of the incident waveki and the scattered wavekf
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q = kf − ki (3.2a)

|kf | = |ki| =
2π

λ
(3.2b)

|q| = 4π ∗ sin ϑ

λ
(3.2c)

whereϑ is the scattering angle, which is also found in Bragg’s lawλ = 2d sinϑ
[53]. The lattice sum shows maxima, given by the number of illuminated unit cells N,
if the Laue condition is fulfilled [54]

q = G Laue Condition (3.3)

G = Ha∗
1 + Ka∗

2 + La∗
3 is a reciprocal lattice vector, defined byaia∗

j = 2πδij . The
ai are the unit cell vectors in real space. H, K and L are called Miller indices. The
fulfilment of the Laue condition is a necessary condition forthe observation of a Bragg
peak in the direction ofkf . Normally, not all points of the reciprocal lattice give rise
to allowed Bragg reflections. Only, if the structure factor of the unit cell F(q) is not
vanishing for a set of (HKL), the reflection is allowed. The selection rules for Ag(111)
surfaces represented in a hexagonal coordinate system are given in appendixA.1.

The theory of kinematical x-ray diffraction as described sofar can be applied to the
study of imperfect crystalline bulk samples. In the following section this approach will
be extended to explain surface x-ray diffraction measurements.

3.1.1 Surface X-Ray Diffraction

The presence of the surface in combination with an absorption ε per atomic layer of
the x-rays leads to diffuse scattered intensity profiles between all Bragg peaks in a
direction perpendicular to the surface. These profiles are called Crystal Truncation
Rods(CTR) [25]. The incomplete destructive interference between the Bragg peaks
can be explained by missing lattice planes due to the presence of the surface. The
technique of SXRD is reviewed in references [25–29]. Normally, theai are chosen in
such a way, thata3 anda∗

3 are parallel to the surface normal. The truncation of the
crystal due to the presence of the surface is reflected in a change in the lattice sum,
introduced in equation3.1. The lattice sumSsurf of the semi-infinite crystal can be
written as [24,26,55]

Ssurf =
∞∑

n=0

e ia
∗

3a3n e−εn =
1

1 − e i2πL e−ε
(3.4)

The effect ofε is most pronounced at the positions of Bragg peaks, the shapeof
the CTR itself remains mainly unaffected [24, 28]. For typical energies of hard x-rays
ε can be neglected. Consequently, the structure factor of a CTR FCTR is given by
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FCTR = Funit cell ∗ Ssurf (3.5a)

FCTR =
∑

r j

fj(q) e iq·rj ∗ 1

1 − e i2πL
(3.5b)

The truncation of the crystal has only an effect on the L direction, in the surface
plane the Laue condition must be fulfilled furthermore

q‖ = G‖ (3.6)

The surface of a crystal may be either relaxed or reconstructed. In the case of a
relaxation the surface shows the same in-plane periodicityas the bulk. A reconstruction
changes the size of the in-plane surface unit cell. The primitive in-plane surface unit
cell may be rotated with respect to the substrate lattice. The signal scattered from the
surface unit cell is calculated by the structure factorFsurf . The amount of reconstructed
surface area is included in the coverageΘ

Fsurf = Θ

surface
unit cell∑

rs

fs(q) e iq·rs (3.7)

In any case, the structure factor on the CTRsFtotal is given by a coherent superpo-
sition of the bulk and the surface contribution

Ftotal = FCTR + Fsurf (3.8a)

Ftotal =

bulk
unit cell∑

rj

fj(q) e iq·rj ∗ 1

1 − e i2πL
+ Θ

surface
unit cell∑

rs

fs(q) e iq·rs (3.8b)

SXRD is very sensitive to small changes of the surface structure, this is demon-
strated in figure3.1, where the effect of relaxations of a Ag(111) surface and thesur-
face contribution for different surface terminations is shown. A contraction of the first
interlayer spacing shifts the minimum of the CTR to larger values ofqz, the opposite
is observed for an outward relaxation of the first silver layer (see figure3.1a)). The
surface contribution of one monolayer is a constant inqz, which is only reduced in
intensity due to the q-dependency of the atomic form factorfs(q) [23,24,26]. A mod-
ulation ofFsurf is observed for the case of two monolayers, due to the interference of
x-rays scattered from the first and second layer. It is important to note, that the shape
of the CTRs, which is given by|Ftotal|, is independent of the termination of the lay-
ers, since the silver layers used for the calculations, werenot relaxed. All plots in this
thesis, where the structure factor F is included, are strictly speaking graphs of|F|, but
they are labeled by ’F’ for the sake of simplicity. The use of synchrotron radiation is a
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Figure 3.1: Surface sensitivity of SXRD exemplified on the shape of the (0,1,L) and
(1,0,L) CTRs of the Ag(111) surface. Theqz value L is given in reciprocal lattice units
(r.l.u.) of the primitive Ag(111) unit cell in hexagonal coordinates. a) The effect of a
contraction and expansion of the first Ag(111) layer by±10% is compared to a bulk
terminated surface. b) Surface contribution of one and two monolayers (MLs) silver
on a Ag(111) surface.

prerequisite for SXRD measurements, since the scattered intensityI(q) ∝ |Ftotal(q)|2
along the CTRs varies within 5 orders of magnitude, as can be seen in figure3.1.

A reconstruction of the surface leads to the appearance of scattered intensity at
non-integer values of H and K along the L direction, which arecalled surface rods.
This observation is related to the enlargement of the surface unit cell in the surface
plane, resulting in bigger lattice plane spacings. The H andK values associated to
the reconstruction are consequently smaller than the bulk values. The signal on the
surface rods isonly induced by scattering from atoms within the reconstructed part of
the surface and is given byFsurf defined in equation3.7. Consequently, surface rods
feature anintrinsic surface sensitivity. Generally, reconstructions are defined by their
in-plane unit cell vectorsb1 andb2, which are related toa1 anda2 in the following
way [56]

b = M · a (3.9a)

Mp(4×4) =

(
4 0
0 4

)

example of a p(4 × 4) reconstruction (3.9b)

A short introduction to 2D Crystallography and the classification of reconstructions
is given in appendixA.2.
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Surface X-Ray Diffraction under Grazing Incidence

The penetration depth of hard x-rays in solid materials is normally on the order of
severalµm. Surface sensitivity is enhanced due to total external reflection of x-rays at
an interface. The index of refraction for x-rays is given by

n = 1 − δ − iβ δ and β > 0 (3.10a)

|n| ≤ 1 = nvacuum (3.10b)

The dispersive partδ = λ2r0̺/2π is on the order of10−5, where̺ is the electron
density. The dissipative partβ ∼ 10−6. Total external reflection can be observed, since
|n| < nvacuum. The critical angleαc for total external reflection can be derived from
Snell’s law.

αc ≅
√

2δ (3.11)

By convention, the angle is measured with respect to the surface plane. For silver
αc = 0.34 ◦ at a photon energy of 10.5 keV. For an incident angle of the x-raysαi ≤ αc

the component ofki parallel to the surface normalkz is exponentially damped, resulting
in a so-called evanescent wave travelling in the surface plane [29].

Figure 3.2: Ewald sphere for SXRD scattering geometry undergrazing incidence.
The incident angle of the incoming wave is set to0 ◦ and the wave travels along the
(1̄1̄0) direction. The radius of the Ewald sphere corresponds to a x-ray energy of 10.5
keV. CTRs of the Ag(111) surface are shown as rods and Bragg peaks are marked by
spheres.

The penetration depth of the evanescent wave is typically∼ 50 Å, giving rise to
a drastic reduction of the background, if SXRD measurementsare performed withαi
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close toαc. The transmissivity shows a maximum of 4 forαi = αc, enhancing addition-
ally the scattered signal. A full treatment of thedistorted wave Born approximation,
which is used to describe these effects, can be found in [29].In figure3.2the scattering
geometry is shown for a SXRD experiment under grazing incidence.

Debye-Waller Factor

The theory of kinematical x-ray diffraction presented so far, applies to rigid atom po-
sitions. Lattice vibrations modify the structure factor ofthe unit cell [23,24,57]

Fu.c. =
∑

r j

fj e
iq·rj (3.12)

The instantaneous position due to lattice vibrations is given byrn + δδδn. rn is the
time-averaged mean position of the atom n and the displacement is given byδδδn. Since
we are dealing with harmonic oscillations, the time averageof the displacement is
given by〈δδδn〉 = 0. The important value is the time average of the scattered intensity

I(q) =
〈∑

m

fm(q) e iq·(rm+δδδm)
∑

n

f ∗
n(q) e−iq·(rn+δδδn)

〉

(3.13a)

=
∑

m

∑

n

fm(q) f ∗
n(q) e iq·(rm−rn) 〈e iq·(δδδm−δδδn)〉 (3.13b)

Only relevant are the componentsδqm and δqn perpendicular to the scattering
planes. The last term in equation3.13bis rewritten as

〈e iq·(δδδm−δδδn)〉 = 〈e iq(δqm−δqn)〉 (3.14)

Further simplification of equation3.13is obtained by the relation

〈e ix〉 = e−
1
2
〈x2〉, (3.15)

which is valid for a Gaussian distribution of x or if x is smalland has equal proba-
bility of being positive or negative [23]. Applying relation 3.15to equation3.13bgives
the intensity distributionI(q), modified by harmonic lattice vibrations

I(q) =
∑

m

∑

n

fm(q) e−
1
2
q2〈δ 2

qm〉 e iq·rm f ∗
n(q) e−

1
2
q2〈δ 2

qn〉 e−iq·rn DWF (3.16a)

+
∑

m

∑

n

fm(q) e iq·rm f ∗
n(q) e−iq·rn

{

eq2〈δqmδqn〉 − 1
}

TDS (3.16b)

The intensity distribution is split into two parts. The firstterm contains theDebye-
Waller factor(DWF) and the second term explains the observation ofthermal diffuse
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scattering(TDS). The TDS contribution is governed by the correlations〈δqmδqn〉, re-
sulting in streaks of diffuse scattered intensity. An impressive example of TDS is given
in [58]. An introduction to TDS and to diffuse x-ray scattering in general can be found
in [59, 60]. For the x-ray diffraction studies presented in this thesis, TDS is a part of
the background, which has to be subtracted.

The structure factorF(q ,T) can be rewritten using equation3.16a

F(q ,T) =

unit
cell∑

r j

fj(q) e−Mj(q
2,T) e iq·rj (3.17)

The exponential functione−Mj(q2,T) in equation3.17is the Debye-Waller factor.

Mj(q
2,T) =

1

2
q2〈δ 2

qj(T)〉 =
Bj(T)q2

16π2
(3.18a)

Bj(T) = 8π2〈δ 2
qj(T)〉 Bj, isotropic(T) =

8π2

3
〈δ 2(T)〉 (3.18b)

The factor of16π2 is necessary, sinceBj(T) is defined in units ofsin ϑ/λ, which
is the crystallographic definition of the wave vector transfer. The Debye-Waller factor
decreases the scattered intensity, but does not change the width of the reflections. In
addition, aq2-dependency is observed and as the amplitude of the vibrations is temper-
ature dependent, the Debye-Waller factor decreases with increasing temperature. For
the case of silverBAg(T = 300 K) = 0.82 Å2 [61].

Patterson Function

The electron density̺(x, y, z) is simply given by the Fourier transform of the structure
factor [23,62]

̺(x, y, z) =
1

V

∑

HKL

FHKL e
−2πi [H(x/a)+K(y/b)+L(z/c)], (3.19)

where V is the volume of the unit cell, and a, b and c are the lattice constants.
The electron density may be projected on any lattice plane. Important for SXRD is
a projection of the cell content along the c-axis. The corresponding electron density
distribution̺′(x, y) is given by [23,62]

̺′(x, y) =
1

Aab

∑

HK

FHK0 e
−2πi [H(x/a)+K(y/b)] (3.20)

The area of the unit cell in the surface plane is given byAab. Experimentally, only
|FHKL| can be determined. To overcome this problem, Patterson introduced an auto
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correlation function of the electron densityP(X, Y, Z) [62], which only depends on
|FHKL|2.

P(X) =

∫∫∫

V

̺(x) ∗ ̺(x + X)
V

abc
dx (3.21a)

P(X) =
1

V

∑

HKL

|FHKL|2 cos 2π

(

H
X

a
+ K

Y

b
+ L

Z

c

)

(3.21b)

Applying equation3.20, we obtain the Patterson functionP(X, Y ) for the relevant
case of̺ ′(x, y)

P(X, Y ) =
1

Aab

∑

HK

|FHK0|2 cos 2π

(

H
X

a
+ K

Y

b

)

(3.22)

A maximum in the Patterson function corresponds to a distance between two atoms
or a sum or a difference of distances respectively, only in this case̺ (x)∗̺(x+X) 6= 0.
Even though,P(X, Y ) is not a measure of the electron density̺, it delivers important
information about interatomic distances, which are used tobuild a structural model.
Subsequently, the model is refined by a least square fitting procedure. In figure3.3a)
a topview of the hexagonal Ag(111) unit cell is shown. In figure 3.3b) and c) the
corresponding Patterson function is plotted in a contour diagram for different intervals
of the summation over H and K.

b) c)

a)

a

b

a

b

a

b

Figure 3.3: a) Topview of the Ag(111) unit cell. b) Pattersonfunction calculated for
H,K ∈ [−2, 2]. c) Patterson function calculated forH,K ∈ [−10, 10].

The more Fourier components are included in the summation, the finer the details
visible in P(X, Y ). The situation shown in figure3.3b), corresponds to typically ac-
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cessible values of q, if SXRD experiments are performed at a photon energy of∼ 10
keV.

The heavy atom methodcan be applied, if there is a big difference in̺ for the
different types of atoms in the unit cell [63]. In this case, the Patterson function is
dominated by the contribution of the heavy atoms. This condition is fulfilled by the
contrast in electron density of silver and oxygen atoms. Consequently, the heavy atom
method can be used to build a structural model of oxygen induced reconstructions
of silver surfaces, keeping in mind, that the maxima ofP(X, Y ) are projected along
a3 ≡ c, onto the(a1, a2)-plane.

Determination of Structure Factors

In kinematical diffraction theory the crystal is thought tobe built up of small mosaic
blocks. The diffracted signal is an incoherent superposition of the signal scattered by
each block, which is shown in figure3.4.

Figure 3.4: Illustration of scattering from an imperfect crystal, which is built up by
mosaic blocks. The mosaicity of a metal crystal is typicallyon the order of0.1 ◦. For
the sake of simplicity, only oneki is shown. In a SXRD experiment the integrated
intensity is measured by rocking the crystal around the surface normal. The rocking
angle is usually labelled asθ or ω.

The structure factor is determined from the integrated intensity of rocking scans,
measured by SXRD, which are performed at constantqz. For this purpose, the sample
is rotated (respectivelyrocked) by an angleθ around the surface normal at fixed detec-
tor position. The integrated intensity can be calculated byintegration of thedifferential
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scattering cross sectiondσ/dΩ [64].

dσ

dΩ
= r 2

0

A

Aab

|F(q)|2 P u(q) (3.23a)

Iint =
Φ0

ω0

∫
dσ

dΩ
dγ dΨ dθ (3.23b)

A is the illuminated surface area, P is dependent on the polarisation of the x-rays,
u(q) is a normalised function describing the line shape,Φ0 defines the incident photon
flux, ω0 is the angular velocity of the rocking scan andγ and Ψ are related to the
angular acceptance of the detector. Integration of equation 3.23bresults in

Iint = CExperiment ∗ |F(q)|2 ∗ Ctot (3.24a)

CExperiment =
Φ0 r

2
0 A0 λ

2 ∆γ

A2
ab ω0

(3.24b)

Ctot = P L Crod Carea (3.24c)

A0 is a geometrical constant defined by the in-plane widths of the incoming x-ray
beam and the detector slits and∆γ is the out-of-plane angular acceptance of the detec-
tor. The terms ’in-plane’ and ’out-of-plane’ are always referred to the surface plane.
Ctot depends on the scattering geometry. The corrections listedin equation3.24c, due
to the polarisation of the x-rays P, the Lorentz factor L, a correction for the active
surface areaCarea and the rod interceptionCrod, are derived for a z-axis diffractometer
in [64]. The z-axis geometry, shown in figure4.3, was used for our SXRD experiments.
CExperiment is a constant during an experiment, so,|F(q)| is determined by

|F(q)| =

√
Iint

Ctot
. (3.25)

Within this thesis|F(q)| was calculated from measured rocking scans with the soft-
ware ANA by E. Vlieg [65].

Determination of Surface Structures

The 3D surface structure can be determined by SXRD with sub-Åresolution. For
this purpose, a given structural model is refined by a least square fitting routine. In
each iteration step the|F(q)|-distribution is calculated, by the scheme presented in the
preceding sections, for all measured data points. The agreement between calculation
and measurement is improved by moving the atoms along predefined directions. In this
procedure constraints due to the symmetry of the diffraction pattern are included. The
goodness of the fit is expressed in terms ofχ2
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χ2 =
1

M − p

∑

q

|Fcalc(q)|2 − |Fexp(q)|2
ς(q)

(3.26)

M is the number of data points, p the number of fitting parameters andς(q) is
the sum of statistical errors and systematical errors, due to the misalignment of the
sample. The refinement procedures were accomplished with the software ROD by E.
Vlieg [65].

3.2 High Resolution Core Level Spectroscopy

HRCLS is also known asX-Ray PhotoelectronSpectroscopy (XPS) orElectron
Spectroscopy forChemicalAnalysis (ESCA) [30–32]. The term HRCLS is used for
measurements, which are performed at synchrotron light sources. In this experimental
technique a core hole is created by an incident photon and a photoelectron is emitted,
showing a kinetic energyEkin. The definition of the energy levels is shown in figure
3.5. The important quantity is the binding energyEbind of the electron defined by

Ebind = hν − Ekin − Φ , (3.27)

whereΦ is the work function of the metal surface andhν the energy of the incident
photon. Core level spectroscopy can be applied for all elements besides H and He,
since at least one electron must occupy the L-shell.
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Creation of a core hole
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Binding
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Figure 3.5: Emission of a photoelectron from a core level.

XPS spectra are element specific and are tabulated [66,67]. In addition, photoelec-
tron spectroscopy is highly surface sensitive, due to the low inelastic mean free path of
electrons with a kinetic energy in the range of 10 to 1000 eV [32, 68]. Typical values
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for the inelastic mean free path are 5 to 20 Å and can be described by a ’universal
curve’ [68].

Even though, core levels are not directly involved in the chemical bonds, so-called
chemical shifts of the binding energy due to the chemical surrounding can be observed.
These effects are caused by the local electronic structure,which is for example depen-
dent on the oxidation state of the element. Furthermore, different adsorption sites
correspond to different adsorption geometries, introducing also chemical shifts, which
can be used as a fingerprint for the respective binding geometry.

HRCLS has two major advantages compared to the use of laboratory x-ray sources.
The use of synchrotron radiation allows measurements with variable x-ray energy and
the high brilliance of the synchrotron source results in a higher resolution of the spec-
tra. Energy dependent measurements can be applied to distinguish between bulk and
surface components of the substrate material. The higher the photon energy the lower
is the relative photoelectron yield of the surface signal, due to the energy dependency
of the inelastic mean free path of the electrons.

3.2.1 Doniach-Šunjíc Line Shape

The line shape of the photoemission process is affected by many different effects,
which are commonly divided into initial and final state effects [30–32].
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Figure 3.6: Doniach-Šunjić line shape convoluted with a Gaussian and a Lorentzian.
The high energy side of the peak shows a higher photoelectronyield. By convention,
the direction of the energy axis is inverted.

In a metal the escaping photoelectron creates many low energy electron hole pairs.
The number of these pairs is dependent on the density of states at the Fermi level. This
process is accompanied by a loss of kinetic energy of the photoelectrons, resulting in
an asymmetric line shape, showing more intensity on the highbinding energy side of
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the peak. The first complete theoretical treatment of this issue was done by Doniach
and Šunjíc (DŠ) [69] and a typical example is shown in figure3.6. The singular DŠ line
shape is convoluted with a Lorentzian, showing a full width at half maximum (FWHM)
γ, due to the lifetime of the core hole. The yield function Y(∆E) of the photoemission
process is given by [69]

Y(∆E) =
Γ
(
1 − α

)

(
∆E2 + γ 2

)(1−α)/2
cos

{

π α

2
+ Θ(∆E)

}

(3.28a)

Θ(∆E) =
(
1 − α

)
tan−1(∆E/γ) . (3.28b)

∆E is the energy offset with respect to the line shape without lifetime broadening
andΓ is the gamma function.α is the asymmetry parameter of the DŠ line shape,
giving also rise to a shift of the peak. Typical values forα are on the order of 0.1.
Additionally, the DŠ line shape is convoluted with a Gaussian, due to instrumental
resolution and unresolved vibrations of the atoms.

Inelastic processes of the escaping photoelectron involving other electrons are clas-
sified in shake-up and shake-off processes. In a shake-up process an electron is excited,
but does not leave the solid. A typical example are plasmon losses in metals giving rise
to characteristic peaks on the high energy tail of the photoemission peak. In a shake-off
process the excited electron leaves also the metal. Correspondingly, the DŠ line shape
is a low energy shake-up excitation.

In this thesis HRCLS spectra of the substrate atoms and atomsof reconstructed
parts of the surface are decomposed using DŠ line shapes. Thefitting routines were
performed with the software FitXPS by D.L. Adams. The decomposition reveals the
number of different types of atoms of one element, due to the splitting of the spectrum
by chemical shifts.

3.3 Normal Incidence X-Ray Standing Waves

X-Ray Diffraction by perfect crystals is described by dynamical diffraction theory.
Multiple scattering effects, giving rise to primary extinction, and effects due to refrac-
tion are included in this theoretical description. The mostprominent result is the finite
width of the Bragg peaks [23, 24, 33, 70–74]. Important for NIXSW, is the occurrence
of a x-ray interference field (XIF) in and outside the crystal[34, 35]. Normally, pho-
toelectrons, excited by the XSW, are recorded by means of XPS. The XSW can be
moved with respect to the lattice planes, by changing the Bragg angleϑ. Combining
the ability to move the XSW with XPS, allows the determination of atomic positions in
a direction perpendicular to the scattering planes. The method is element specific and
shows surface sensitivity due to XPS.
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3.3.1 Dynamical X-Ray Diffraction Theory

The effect of anomalous transmission of x-rays through a crystal in Laue geometry
observed by Borrmann [33], can only be explained by solving Maxwell’s equations
for a medium showing periodic electron density, by using Bloch waves. The main
results obtained for the Bragg case (incident and scatteredwave on the same side of
the crystal), are presented in the following sections.

Darwin’s Theory of Dynamical X-Ray Diffraction

A description of this theory can be found in [23, 24, 70, 71]. The scattering process
is described by a semi-infinite slab of scattering planes, each showing a transmissivity
and reflectivity. A wave which is scattered once, can be rescattered by the ’backside’
of a diffraction plane, so that the wave, which was scatteredtwice, moves along the
direction of the incoming wave field. Waves, which pass through an even number of
scattering processes, contribute to the extinction of the incoming x-rays. The total
scattered intensity is determined by summing up all the contributions from all layers,
including the correct phase factors.

All results of this description are included in the approachdeveloped by Ewald
and von Laue, which is presented in the following section. Furthermore, a complete
understanding of the splitting of the incident wave in the crystal and the energy flow
can only be obtained by the full electrodynamic treatment ofthe diffraction process.

Ewald’s and von Laue’s Description of Dynamical X-Ray Diffraction

The approach presented in this section, was mainly developed by Ewald and von Laue
[72–74]. The complete description can be found in the reviewarticle by Batterman and
Cole [33]. The notation by Batterman and Cole is used in this section. In this notation
the wave vector is given byK and |K | = 1/λ. The wave vector transfer is given by
H and |H| = 1/d, whereasd is the lattice plane spacing. The scattering processes,
fulfilling Bragg’s law, are described by

K H = K 0 + H (3.29)

The problem is to solve Maxwell’s equations for a medium showing a periodic
electron density̺ (r ) (see also equation3.19), which can be described by a complex
dielectric constantκ(r).

κ(r) = 1 − r0λ
2

π
∗ ̺(r) (3.30)

Using the abbreviationΓ, we can expressκ(r ) in terms of the complex structure
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factorFH.

Γ =
r0λ

2

πV
=

(
e2

4πε0mc2

)

∗ λ2

πV
(3.31a)

κ(r) = 1 − Γ
∑

H

FH exp(−2πi H · r) (3.31b)

FH =
∑

rn

(
f(H) + f ′(~ω) + if ′′(~ω)

)

n
e2πiH·rn (3.31c)

f ′(~ω) andf ′′(~ω) are the dispersion corrections tof(H), due to resonance and
absorption [24]. They must be included, to calculate the correct shape of the Bragg
peaks. The dispersion corrections for any element can be found in [75, 76],f(H) can
be calculated by approximation parameters listed in [77].

It can be shown [33,74], that Bloch waves can be used as Ansatzto obtain a set of
waves, which satisfy Bragg’s law (see3.29) and Maxwell’s equations at the same time:

AAA =
{∑

H

AAAH e
−2πiH·r

}

e−2πiK0·r e2πiνt Bloch wave (3.32a)

∇×××EEE = −µ0
∂HHH

∂t
(3.32b)

∇×××HHH = ε0
∂ (κEEE)

∂t
, (3.32c)

whereAAA is eitherEEE orHHH and the wave vectors inside the crystal are complex num-
bers. This Ansatz describes the elastic scattering of wavesby a periodic charge density,
which is given by the Fourier transform ofFH. The result is the following pair of equa-
tions for the field amplitudes of the incident and the scattered wave vector.

{

k2(1 − ΓF0) − (K0 · K0)
}

E0 − k2 P Γ FH̄ EH = 0, (3.33a)

−k2 P Γ FH E0 +
{

k2(1 − ΓF0) − (KH · KH)
}

EH = 0. (3.33b)

k is the value of the incident wave vector outside the crystaland P is a factor de-
pending on the polarisation state of the incoming x-ray beam. For the sake of simplicity
we assume thatP = 1, which is true forσ polarisation (EEE0 perpendicular to the plane
defined byK0 andKH). A nontrivial solution is obtained, if the determinant of the
pair of linear homogeneous equations of the field vectors equals zero. Introducing the
abbreviationsξ0 and ξH, one obtains the fundamental equation, which describes the
hyperbolic dispersion surface (comparable to the electronic band structure of a solid),
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which defines the loci of allowed wave vectorsK 0 andKH inside the crystal.

ξ0 =
√

K 0 · K0 − k (1 − 1

2
ΓF0) , (3.34a)

ξH =
√

KH · KH − k (1 − 1

2
ΓF0) and (3.34b)

ξ0ξH =
1

4
k2 Γ2 FH FH̄ . Dispersion Surface (3.34c)

Keeping in mind, that|K0| = |KH|, one can show, that equation3.34cdescribes a
hyperboloid, which is shown in figure3.7.
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Figure 3.7: Illustration of the dispersion surface and the construction of incident and
scattered wave vectors. In Bragg geometry, the blue coloured parts of the dispersion
surface are active, due to the boundary conditions.

The scattering occurs in the plane defined byK0 andKH. A coordinate transforma-
tion is always possible in a way, that the dispersion surfaceis given by two hyperbolae,
as it is shown in figure3.7. Since|K0| < k the Ewald sphere construction is modified.
The Laue point L, which is shown in figure3.7, is the centre of the Ewald sphere valid
in kinematical diffraction theory. In dynamical x-ray diffraction theoryK is a complex
number and the centre of the Ewald sphere is defined by the point Q, shown in figure
3.7. The distanceLQ ≪ k. The spheres about (000) and (HKL) can be approximated
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linearly in the vicinity of Q and show an asymptotic behaviour with respect to the dis-
persion surface. The offset of the centre of the Bragg peak given by the distance LQ,
can be calculated by [24]

ς0 =
2d2 |F0|
πmV

r0 , (3.35)

where m is the order of the reflection. Important for x-ray diffraction is the complex
ratio of the field amplitudes, which is given by

EH

E0
= −kΓFH

2ξH
(3.36)

At the diameter points of the hyperbolae the ratio of the fieldamplitudes tends to
EH/E0 → ±1. The width of the area of total reflection, for the case of no absorption, is
correspondingly given by the distance of the diameter points D. For this caseℜ(K 0) =
0 and the phenomenon of total external reflection is observed.

D = kΓ |FH| sec ϑB (3.37)

The boundary conditions, given by the scattering geometry,select the active parts
of the dispersion surface. In figure3.7 the active part is shown in blue colour, for the
relevant case of the Bragg geometry. It can be shown [33], that the reflected intensity
R of a Bragg peak in Bragg geometry, is given in terms of the complex variableη =
η′ + iη′′, by

R =
|EH|2
|E0|2

=
∣
∣
∣η −

√

η2 − 1
∣
∣
∣

2

for η′ ≥ 1 , (3.38a)

R =
|EH|2
|E0|2

=
∣
∣
∣η − i

√

1 − η2

∣
∣
∣

2

for |η′| ≤ 1 , (3.38b)

R =
|EH|2
|E0|2

=
∣
∣
∣η +

√

η2 − 1
∣
∣
∣

2

for η′ ≤ 1 , (3.38c)

η′ =
(
−∆ϑ sin 2ϑ+ ΓF′

0

)
/|P|ΓF′

H and (3.38d)

η′′ = −
(
F′′

H/F
′
H

)(
η′ − 1/|P|F′′

H/F
′′
0

)
. (3.38e)

The shape of the Bragg peak, the so-called Darwin-Prins curve, defined by the slope
of the reflectivityR = |EH|2/|E0|2 is shown in figure3.8. The asymmetric shape of
the Darwin-Prins curve, can be explained by the coherent superposition ofEH andE0,
leading to a standing wave field in and outside the crystal. For η = 1 the maxima of the
x-ray interference field (XIF) lie in the middle of the Ag(111) planes, where no atoms
are present. The absorption, described byf ′′(~ω), shows consequently a minimum
for η = 1, leading to a maximum in the reflected signal. In the whole range, given by
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Figure 3.8: Darwin-Prins curve for the Ag(111) reflection ata photon energy of 10 keV.
Additionally, the phase betweenEH andE0 is shown. The complex structure factor is
given byF111 = 4 ∗ (37.435 + 0.054 − i ∗ 2.924). Without absorption (Darwin curve)
the reflectivity R equals 1 for|η| ≤ 1.

|η| ≤ 1, total external reflection of the impinging plane wave is observed. Nevertheless,
the reflected intensity shows a minimum forη = −1, due to a shift of the XIF by half
a lattice plane spacingd/2, which corresponds to the phase shift ofπ betweenEH and
E0, shown in figure3.8. Forη = −1 the antinodes of the XIF lie on the lattice planes,
accordingly the absorption of the x-rays shows a maximum at this position. The Bragg
peak is a resonant excitation of the periodic charge densityby the x-rays, consequently
the phase shift ofπ betweenEH andE0 is observed along the Darwin-Prins curve.
It is important to note, that scattering by a free electron introduces a phase shift of
π between the incident plane wave and the scattered wave [24, 78]. The sides of the
Bragg peaks pass into the CTRs, which are described by kinematical diffraction theory.
Without absorption (f ′′(~ω) = 0) the reflectivity equals 1 for|η| ≤ 1. The shape of
the Bragg peak is then described by the flat top shaped Darwin curve [24,33].

The angular full width at half maximum (FWHM) of a Darwin curvewFWHM
D (with-

out absorption) is given by [24]

wFWHM
D =

6

π
√

2

(

d

m

)2
r0|F|
V

∗ tanϑ . (3.39)

For the case of the Ag(111) reflection at 10 keV, one obtains a value of∼ 0.002 ◦.
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As can be seen from equation3.39, wFWHM
D becomes smaller for higher photon ener-

gies, sinceϑ gets smaller.

3.3.2 Standing Wave Technique

The x-ray standing wave technique [34, 35] is a combination of x-ray diffraction in
Bragg geometry (cf. preceding section) combined with spectroscopy. The choice of
the spectroscopic technique depends on the intention of theexperiment, either fluo-
rescence or Auger electrons or photoelectrons excited by the x-ray interference field
are measured. Batterman realised the first XSW experiment, by measuring the fluores-
cence of a perfect Ge crystal excited by MoKα radiation [79].

An extension of this principle are XSW experiments under normal incidence of the
x-ray beam. This allows measurements of metal crystals, showing a mosaicity on the
order of0.1 ◦, which is 2 to 3 orders of magnitudes larger than typical Darwin widths.
Under normal incidenceϑ equals90 ◦, correspondingly, equations3.38and3.39cannot
be applied. Ifϑ = 90 ◦ is approachedwFWHM

D → ∞ since the termtanϑ diverges. The
theory of dynamical x-ray diffraction was modified for this case and the width of the
region of total external reflection (RTR) can be calculated by [36]

wRTR = 2 ∗ |χH|0.5 = 2 ∗
√

Γ |FH| . (3.40)

χH is the Fourier component to the wave vector transfer H of the susceptibility.
The Darwin curve shows a width of∼ 0.32 ◦ for the Ag(111) reflection, being slightly
bigger than typical values of the mosaicity of Ag crystals.

Under normal incidence, the photon energy cannot be chosen arbitrarily, but is
given by the Bragg equation forϑ = 90 ◦

2 d = m λ (3.41a)

EPhoton =
m h c

2 d
(3.41b)

For the Ag(111) reflection one obtains a photon energy of 2.6283 keV for2 ϑ =
180 ◦. The Darwin curve, which is also called rocking curve, can either be measured
by changingϑ or by scanning the photon energy E.

The x-ray interference field is given by the coherent superposition of the incoming
and the Bragg reflected wave, the total electric fieldE(r) and the intensityI(r ) are
given by [34,80]

E(r) =
(

e0 E0 e
iK0·r + eH EH e

iKH·r
)

e−iωt (3.42a)

I(r) = |E0|2
[

1 + R + 2 P
√

R cos
(
v + H · r

)
]

, (3.42b)
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wheree0 andeH are the polarisation unit vectors.v is the phase defined byEH/E0 =√
R exp(iv).

Equation3.42bdescribes the XSW in and outside the crystal. The rocking curve is
measured experimentally. Along the Bragg peak the phasev is changed byπ, accord-
ingly, the XSW is moved by half a lattice plane spacing. At each point of the rocking
curve the element specific yield of photoelectrons, Auger electrons or the fluorescence
is measured. In this work the photoelectron yield was measured by means of XPS. The
advantage of XPS is the possibility to detect chemical shifts of adsorbates and the high
surface sensitivity. The decomposition of the XPS spectra allows the determination of
standing wave profiles for each type of oxygen atom adsorbed on the Ag(111) surface.

The photoelectron yield is determined by time-dependent perturbation theory [34,
80–82], resulting in matrix elementsMfi for the transition of the electron from the
bound state|i〉 to the unbound final state|f〉, whereMfi is given by

Mfi = 〈f |exp(ikr )(ep̂)|i〉 |k| =
2π

λ
(3.43)

e is the polarisation vector of the electric field andp̂ = −i~∇ the momentum
operator. In a multipole expansion theexp(ikr ) term is approximated by its Taylor
series1 + ikr − 1/2(kr )2 − · · · . In the dipole approximation, which is valid for large
wavelengths of the x-rays compared to the size of the orbitals of the electrons, only
the first term of the expansion is used. The photoelectron yield YH

dip for the Bragg
reflection with wave vector transfer H is then given by [34]

YH
dip = 1 + R + 2 P

√
R FH cos

(
v − 2π PH

)
. (3.44)

PH andFH are the phase and amplitude of the Fourier coefficients of thedistribution
function of the atoms, showing both values between 0 and 1 [34]. PH andFH are
called coherent position and coherent fraction respectively. In dipole approximation a
standing wave profile is completely described byPH andFH, wherePH is a measure
of the position of the atom in a direction parallel toH in units of the lattice spacing d.
FH is a measure of the local order of the atoms. The smaller the coherent fractionFH

the wider is the distribution of atoms around the mean position determined byPH.
In figure3.9simulated XSW profiles are shown forFH = 0.69. The profiles show

a big difference in their shape in dependency ofPH. For the case of a high coherent
fraction, as shown here, a straightforward fit of the profilesis possible. IfFH tends
to zero, the yield function is dominated by R and the XSW profiles show only slight
differences.

It was realised, that non-dipole effects may play an important role for NIXSW
measurements. A complete description of these effects can be found in [80, 81]. For
the emission of photoelectrons the matrix element connected to the incoming x-rays
and the one connected to the scattered x-rays, which are coupled coherently, must
be evaluated. In the following, the effect of electric quadrupole transitions is also
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Figure 3.9: Simulated XSW profiles for the Ag(111) Bragg reflection in terms of the
offset to the Bragg angle. In the lower part, a Ag(111) rocking curve measured under
normal incidence is shown. All XSW profiles are calculated for FH = 0.69.

considered. Magnetic transitions can be neglected. The result is a generalised yield
functionYH in terms ofs0 = k0/|k0| andsH = kH/|kH|.

YH = 1 + SR R + 2 |SI|
√

R FH cos
(
v − 2π PH + ψ

)
(3.45a)

SR =
SHH

S00

, SI = |SI| e iψ =
S0H

S00

(3.45b)

S00 = 〈|Mfi(s0)|2〉 (3.45c)

SHH = 〈|Mfi(sH)|2〉 (3.45d)

S0H = 〈Mfi(s0) ∗ Mfi(sH)〉 (3.45e)

The analysis of the measured rocking curves and the fits of thestanding wave pro-
files with the generalised yield function were done with the software DARE by J. Ze-
genhagen within this thesis.

3.4 Low Energy Electron Diffraction

Diffraction of electrons was observed for the first time by Davisson and Germer [83].
The wave length of electrons is related to their momentum p via the de Broglie relation
λ = h/p. Electrons with a kinetic energy of 150 eV have a de Broglie wave length of
1 Å.
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LEED is based on elastic scattering of electrons in back scattering geometry, typical
electron energies are in the range of 20 to 300 eV [30,32]. A typical feature of LEED is
the intrinsic surface sensitivity, due to the strong interaction of electrons with matter, as
already mentioned in section3.2. The scattering process in reciprocal space is shown
in figure 3.10. Modern LEED systems are equipped with a fluorescence screen, to
monitor the diffraction pattern. This is an advantage compared to SXRD measurements
with a point detector, since all intersections of the Ewald sphere with the rods are
monitored at the same time. The higher the electron energy the closer are the reflections
to the (00) reflection. A complete structure determination of the surface unit cell is
possible by so-called LEED-I(V) measurements. In this technique the intensity I of the
rods is measured versus the acceleration voltage V of the electrons. The simulation of
the measured profiles is done by dynamical electron scattering theory, which is feasible
for small surface unit cells. Furthermore, LEED measurements can be performed only
under UHV conditions and only for non-charging systems. In this thesis the structure
of surface reconstruction is determined by in-situ SXRD measurements (cf. section
3.1.1).

ki
kf

q

(20) Reflexion

(00) (10) (20) (30)( 0)1( 0)2( 0)3
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2q

Figure 3.10: Scattering geometry of a LEED experiment. The surface normal is parallel
to ki. The (20) reflexion is observable in the direction ofkf .

Nevertheless, LEED is a versatile tool to determine the typeof reconstruction on
the surface and the quality of the substrate surface is reflected in the spot size of the
reflections. Additional information can be gained by examination of the background
signal.
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3.5 Auger Electron Spectroscopy

Auger electron spectroscopy is based on the Auger process [30, 32, 84]. The Auger
process is a radiationless transition competing with the emission of characteristic x-
rays. A core hole, which is either produced by photoemissionor by incident electrons
with kinetic energies in the range of 3 keV, is occupied by an electron from a higher
shell. The energy release is transferred to a third electron, which is emitted with a
characteristic energy. The emission of Auger electrons canbe observed for all elements
besides H, He and Li. A typical Auger transition is shown in figure3.11.
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Figure 3.11: TheKL1L3 Auger transition.

Auger electrons show a kinetic energy up to 1000 eV, giving rise to the intrinsic
surface sensitivity of this technique. AES spectra of all elements are tabulated [85]
and can be compared with experimental results. Within this thesis, AES was applied to
monitor the cleanliness of the silver samples. AES is very sensitive to small amounts
of carbon and sulphur, which are characteristic contaminations of silver surfaces.
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Experimental Details

Well-defined experiments are only possible with polished silver single crystals show-
ing a small miscut with respect to the (111) planes. The sample preparation and the
experimental setup, which was used for the experiments performed at the different
synchrotron light sources, is described in the following sections.

4.1 Sample Preparation

The silver samples have a disk like shape with a diameter of 10mm. The samples were
aligned by x-ray diffraction. The accuracy obtained by thismethod is on the order of
0.1◦. After the alignment, the sample is lapped with Al2O3 suspensions in three steps,
showing a grain size of 20, 9 and 3µm. Afterwards, the Ag(111) samples are polished
in three steps. First with a diamond polishing suspension with grain sizes of 3 and 1
µm. The final polishing step is performed with an Al2O3 suspension with a grain size
of 0.05µm.

The polishing procedure leads to a destruction of the crystallinity of the surface.
The depth of this disordered layer is two to three times the grain size of the polishing
grains used in the last step of the polishing procedure. Additionally, polishing grains
are incorporated in the defective surface layer. The topmost silver layers were removed
by an electrochemical polishing procedure, using a solution containing acetic acid,
sulphuric acid, methanol and thiourea. This preparation results in an almost defect free
Ag(111) surface.

The final cleaning procedure is performed under UHV conditions, applying re-
peated sputter and annealing cycles. The sample is sputtered by Argon ions with a
kinetic energy of 0.5 to 1 keV. The sputtering procedure removes contaminations from
the surface, but at the same time the crystallinity of the topmost silver layers is de-
stroyed. The crystallinity of the sample surface is restored by an annealing cycle with
a temperature well below the melting point. For Ag a temperature of 873 to 923 K is
applied, which leads to a mobilisation of the silver atoms atthe surface, leading to a
recrystallisation of the topmost silver layers. The annealing of the sample may lead to
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the segregation of contaminations from the bulk to the surface, which is controlled by
AES. The sputter anneal cycles are repeated until the LEED image shows sharp spots
and no impurities are visible in the AES spectra. This situation is shown in figure4.1.
Typical contaminations of silver surfaces are sulphur and carbon.

(1,0)

(0,0)
(0,1)

( ,1)1

a) b)

Figure 4.1: a) AES spectrum of the clean Ag(111) surface. No Cor S impurities are
present. b) LEED image of the clean Ag(111) surface recordedat an electron energy
of 140 eV. The threefold symmetry of the Ag(111) surface is clearly visible.

The AES spectrum of the clean silver surface shows only the silver peaks at 260,
266, 301, 304, 351 and 356 eV [85]. Furthermore, no oxygen is present, which would
show up as a line at∼ 500 eV.

The sputter anneal cycles are routinely performed in our home laboratory or in the
UHV chambers used at the different synchrotron light sources. In the case of the SXRD
experiments the clean Ag(111) sample is transferred to our mobile x-ray diffraction
chamber. During the transfer the sample gets in contact withair for a short time and it
is enough to heat the sample to 823 K at an oxygen pressure of10−5 mbar to obtain a
clean Ag(111) surface again.

During all oxidation experiments the sample was heated to 873 K in UHV to re-
move all oxygen species from the surface. The p(4×4) reconstruction decomposes for
example at∼ 520 K under UHV conditions (cf. section2.2.1). After the annealing
cycle the surface is clean again and a new oxidation procedure can be performed.

4.2 Surface X-Ray Diffraction

The SXRD experiments were performed at the dedicated Max-Planck beamline at the
2.5 GeV synchrotron ANKA (Angströmquelle Karlsruhe) in Karlsruhe, Germany [37].
The beamline is located at a bending magnet, which produces the white x-ray beam.
The beamline consists of optical components interconnected by evacuated flight tubes,
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to reduce intensity losses due to air scattering of the x-rays. An engineering drawing
of the beamline layout is shown in figure4.2.

Figure 4.2: Beam optics of the dedicated Max-Planck beamline at the synchrotron
ANKA.

The white x-ray beam hits a water cooled Rh coated Si mirror. The mirror can
be bent allowing a vertical focussing of the x-ray beam. Furthermore, higher photon
energies are be cut off, due to total external reflection of the white x-ray beam. The IR
and UV part of the light, emitted by the bending magnet, is absorbed by a water cooled
Beryllium window in front of the double crystal monochromator. The monochromator
is composed of two (111) cut silicon crystals. The energy E ofthe x-rays is selected
by rotation of the crystals with respect to the incident beam, according to Bragg’s law.
A resolution∆E/E = 3 · 10−4 is obtained. The first crystal has to be water cooled
for stable performance, due to the high power deposition of the white beam. The
second monochromator crystal can be bent, allowing a stronghorizontal focussing of
the beam at the sample position. The measurements were performed at a photon energy
of 10.5 keV. Accordingly, the cut-off energy at the mirror was selected to be∼ 16 keV,
resulting in an effective suppression of higher harmonics at λ/2 andλ/3, which could
pass the monochromator and falsify the experimental results. The beam size at the
sample position is defined by a pair of horizontal and vertical slits and is typically
2 × 0.3 mm respectively. The intensity of the incoming monochromatised beam is
monitored by an ionisation chamber. This allows a correction of the data acquisition
time, since the incident beam intensity varies, due to variations of the electron beam
current in the storage ring.

The Ag sample was mounted horizontally in our portable in-situ oxidation x-ray
diffraction chamber. The whole chamber is then fixed to the diffractometer, which is
shown in figure4.3a). The oxidation chamber is equipped with a gas system allowing
operation from a base pressure on the order of10−10 mbar up to an oxygen pressure
of 2 bar. The x-rays enter and leave the chamber through a 2 mm thick freestanding
beryllium window, allowing full access to reciprocal spacefor scattering in the surface



40 CHAPTER 4. EXPERIMENTAL DETAILS

a) b)

Detector

Oxidation chamber

Incoming x-rays

Figure 4.3: a) View in the experimental hutch at ANKA. The oxidation chamber is
mounted on the diffractometer. b) Diffractometer setup used at ANKA.

plane. The scattered x-rays can leave the chamber up to an exit angle of∼ 50 ◦ for the
case of out of plane scattering. The sample holder is connected to a heating station.
The sample temperature can be varied between room temperature and∼ 1000 K. The
temperature of the Ag surface is measured by a thermocouple,attached to the side of
the Ag sample, with a precision of±5 K. The cleaning of the sample is performed by
sputter-anneal cycles, with the sputter gun connected to the top of the chamber, as can
be seen in figure4.3a).

The used diffractometer setup, shown in figure4.3b), resembles a six-circle diffrac-
tometer. Measurements were performed in z-axis mode with fixed incident angle. The
whole diffractometer is mounted on a table to align it with respect to the incident beam.
The differences between a normal z-axis diffractometer andthe setup used at ANKA
are described in [37]. The measurements were performed under grazing incidence with
a fixed incident angle close to the critical angle of total external reflection, which re-
sults in an optimal signal to noise ratio. The anglesχ andφ are used to align the surface
normal parallel to the z-axis of the diffractometer. As the incident angle, defined by the
angleµ, χ andφ are fixed during the experiment. The diffractometer is controlled by
the software spec [86]. An orientation matrix is defined by the angular positions of all
circles for at least two Bragg peaks. A properly defined orientation matrix allows scans
in reciprocal space by moving the motorsθ, δ andγ of the diffractometer.θ turns the
crystal around the surface normal, until the selected scattering planes are in the correct
position with respect to the incident beam. The motorsδ andγ move the detector in
and perpendicular to the surface plane, until the chosen momentum transfer is set. Fi-
nally, the x-rays are detected with a scintillation point detector, which is equipped with
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detector slits, to define the angular acceptance of the detector.

4.3 High Resolution Core Level Spectroscopy

The HRCLS experiments were performed at beamline I311 at the1.5 GeV synchrotron
MAX II at MAX-lab in Lund, Sweden. The VUV and soft x-ray radiation is produced
by an undulator. Several mirrors are used to focus the radiation on the sample position.
A detailed description of the optical layout can be found in [38]. The heart of the
beamline is a plane-grating monochromator. Photon energies from 30 to 1500 eV can
be used. The monochromator resolution varies from 4 meV at 30eV photon energy to
1.4 eV at 1500 eV. The beamline is shown in figure4.4a).

Figure 4.4: a) Beamline I311 at MAX-lab. b) Experimental endstation of beamline
I311. c) Ag(111) sample fixed by a tungsten wire, in front of the LEED system. The
thermocouple is attached to the side of the sample.

The experimental end station, shown in figure4.4 b), is build up by two UHV
chambers which are connected by a valve. The preparation chamber, containing a
LEED system, a sputter gun and the gas system is located on topof the analysis cham-
ber. The analysis chamber is equipped with a high resolutionhemispherical electron
energy analyser [39] for the photoelectron spectroscopy measurements. A base pres-
sure on the order of10−11 mbar is routinely obtained in the analysis chamber. The
sample is mounted by a tungsten wire to the vertical transferrod, allowing a transfer of
the sample from the preparation chamber to the analysis chamber. The sample holder
is shown in figure4.4c). The sample is cooled by a liquid nitrogen reservoir inside the
transfer rod, connected to the tungsten wire by a copper block, visible in the upper part
of figure4.4 c). The sample is directly heated by an electric current, flowing through
the tungsten wire. The HRCLS measurements are performed at asample temperature
of ∼ 100 K, to minimise contributions to the line width, due to phonons.
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4.4 Normal Incidence X-Ray Standing Wave Absorp-
tion

The NIXSW experiments were performed at beamline ID32 at the6 GeV synchrotron
ESRF (European Synchrotron Radiation Facility) in Grenoble, France. Beamline ID32
is equipped with three undulators, which can be used at the same time, depending on
the desired photon energy. The design of the beam optics is similar to the MPI beamline
at ANKA. The white beam is monochromatised by a double crystal monochromator,
whereas the first crystal is cooled by liquid nitrogen. A detailed description of the
beamline layout can be found in [40]. During the NIXSW measurements the XSW
chamber is connected windowless to the storage ring vacuum by evacuated flight tubes.
This is indispensable due to the low photon energy used for the NIXSW measurements,
which is on the order of 2.6 keV. The incident photon flux is monitored by a metallic
mesh in front of the XSW chamber. This allows a normalisationof the measured
standing wave profiles. The XSW chamber is shown in figure4.5a).

Figure 4.5: a) XSW chamber at beamline ID32 at the ESRF. b) Sample holder with
Ag(111) sample inside the XSW chamber.

The XSW chamber is operated at a base pressure on the order of10−10 mbar. It is
equipped with the standard tools of surface science: a LEED system, a sputter gun and
a gas system for sample preparation and characterisation. The sample holder, shown in
figure4.5b) is connected by a copper netting to a cryostat, cooled by liquid nitrogen.
The sample temperature is raised by a filament heater. The sample temperature is mea-
sured by a thermocouple fixed to the side of the silver sample.NIXSW measurements
were performed at a sample temperature of∼ 120 K. The chamber is equipped with
a hemispherical electron energy analyser, to measure the photoelectron spectra during
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the XSW measurements. The backscattered x-ray signal is detected by a photodiode
inside the UHV chamber.
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Chapter 5

Structure of O-p(4×4)/Ag(111)

The structural model of the oxygen induced p(4×4) reconstruction O-p(4×4)/Ag(111)
will be discussed in this chapter. A new model was developed by a collaborative work
combining results from SXRD, STM, HRCLS and NIXSW measurements and DFT
calculations [19]. In this chapter we will focus on our results obtained by in-situ SXRD,
HRCLS and NIXSW. At first, the preparation procedure of the p(4×4) reconstruction
by O2 and NO2 is presented. In the following it will be shown, that previously proposed
models of the p(4×4) structure can be ruled out by our SXRD results. The new model
of O-p(4×4)/Ag(111) is discussed in detail and finally the stability diagram of the
O/Ag(111)-system, as determined by our in-situ SXRD measurements, is presented.

5.1 Preparation by O2 and NO2

The preparation of the p(4×4) reconstruction by molecular oxygen was optimized by
means of in-situ SXRD measurements. For this purpose a strong in-plane reflection
of the p(4×4) reconstruction was measured as a reference in dependencyof sample
temperature and oxygen pressure.

The integrated intensity of the reference scan is proportional to the coverage of the
surface with the p(4×4) reconstruction, whereas the width of the scan is a measureof
the mosaicity of the layer. The optimal preparation conditions result in a maximum
of the integrated intensity at a minimal width of the rockingscan. In a first step the
temperature was varied at an oxygen pressure of 2 mbar, showing an ideal growth
temperature of 553 K. The effect of a stepwise increase of theoxygen pressure at a
temperature of 553 K on the integrated intensity of the reference scan is shown in figure
5.1. A saturation of the signal was observed for oxygen pressures higher than 100 mbar,
which means, that almost the whole surface is covered by the p(4×4) reconstruction.
At an oxygen pressure of 200 mbar the reference scan showed a minimal full width at
half maximum (FWHM) of 0.32◦. A more detailed view on the initial growth of the
p(4×4) reconstruction is given by the sequence of reference scans measured between
1 and 10 mbar at 553 K, shown in the inset of figure5.1. At an oxygen pressure of 1
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Figure 5.1: Evolution of the integrated intensity of a strong in-plane reflection of the
p(4×4) reconstruction at a q-value of (0.25, 0.75, 0.3) for increasing oxygen pressure.
A saturation of the signal was observed for pressures higherthan 100 mbar. b) Se-
quence of rocking scans measured at (0.75, 0.25, 0.3) for an oxygen pressure between
1 and 10 mbar and a temperature of 553 K. The growth of the p(4×4) reconstruction
with increasing oxygen pressure is accompanied by a reduction of the mosaicity of the
domains.

mbar the p(4×4) reconstruction starts to form, showing a mosaicity of 0.5◦. This value
has to be compared with the one of the substrate of 0.27◦. Initially, small islands of
the p(4×4) reconstruction are formed, which show a mosaicity almosttwice as large as
the one of the substrate. The small size of the domains at the initial stage of the growth
results in a rather loose alignment of the islands of the p(4×4) reconstruction. With
increasing oxygen pressure the size of the domains is increased, which is reflected in a
large reduction of the mosaicity to 0.34◦ at 10 mbar, reaching almost the lowest value
of 0.32◦, which was observed at 200 mbar of oxygen. According to this,the mosaicity
of the p(4×4) reconstruction is limited by the perfection of the substrate. The small
difference between the mosaicities of the substrate and thep(4×4) reconstruction is
in line with STM measurements, where domain sizes of the p(4×4) reconstruction of
hundreds of nanometers were observed [19].

The p(4×4) reconstruction can be either prepared by O2, as already described, or
by dosing NO2 at temperatures around 500 K. The crucial question, which had to be
solved, is, if the structure of the p(4×4) reconstruction is independent of the oxidation
procedure? The preparation by NO2 was introduced in [12]. NO2 decomposes into NO
and O on the Ag(111) surface and under appropriate conditions NO desorbs, resulting
in a sufficient high coverage of atomic oxygen to form the p(4×4) structure. This
method has the advantage, that the p(4×4) reconstruction can be grown in a standard
UHV chamber, because a NO2 pressure on the order of only 10−6 mbar has to be
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applied. This preparation recipe was used for all STM measurements [15, 19, 42] and
for our HRCLS and NIXSW measurements. The preparation with O2 is carried out at
oxygen pressures of at least 1 mbar, due to the low dissociative sticking probability of
10−6 for molecular oxygen on Ag(111) [12]. For our in-situ SXRD measurements we
have used molecular oxygen, since it is used for the industrial applications of silver as
a catalyst.
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Figure 5.2: a) in-plane data set; preparation with O2. H and K values are given in
units of the p(4×4) unit cell. The dashed line marks the mirror plane of the observed
p6mm symmetry. The box marked by the dotted line is the range in which the mea-
surements for the case of the preparation with NO2 were performed. b) in-plane data
set; preparation with NO2. c) Patterson function calculated from the in-plane structure
factors obtained with O2. The p(4×4) unit cell is marked by the black line. d) Patterson
function for the case of the NO2 preparation.

For the purpose of comparison, we used both preparation methods and measured
the in-plane structure factors. For the preparation with NO2 we have dosed 600 Lang-
muir NO2 at a temperature of 500 K. The data set was measured at 300 K andunder
UHV conditions. In the other case, the p(4×4) structure was prepared by dosing 200
mbar of oxygen for 30 minutes at 553 K and maintaining 5 mbar ofoxygen during
the measurements, which were performed at 300 K. The in-plane structure factors for
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the O2 preparation are shown in figure5.2a). The dashed line marks the mirror plane
of the observed p6mm symmetry. The box marked by the dotted line is the range of
q-values for which the in-plane structure factors for the case of the NO2 preparation
were measured, which are shown in figure5.2b). A fast decomposition of the p(4×4)
reconstruction prepared by NO2 during the experiment prevented a measurement of
the complete in-plane data set and explains the observed differences in the structure
factors. Nevertheless, both data sets show the same symmetry and the same features.
Further confirmation for this observation is given by the Patterson functions [62] shown
in figure5.2c) and d), which were calculated from the in-plane structurefactors, using
only the superstructure reflections. The Patterson function P(X, Y )

P(X, Y ) =
1

Aab

∑

HK

|FHK0|2 cos 2π

(

H
X

a
+ K

Y

b

)

(5.1)

is an auto correlation function of the electron density projected onto the surface
(cf. section3.1.1). The Patterson function is a function in real space and a maximum at
(x0, y0) means, that there is a vector(x0, y0) between two atoms in the surface unit cell,
or a sum / difference of vectors. Both Patterson functions show the same main maxima
and the one obtained for the preparation with NO2 shows fewer details, since the struc-
ture factors with large in-plane momentum transfer were notmeasured in this case.
Finally, we could show, that the structure of the p(4×4) reconstruction is independent
of the oxidation procedure.

For the HRCLS and NIXSW measurements an oxidation and annealing cycle was
used to prepare the p(4×4) structure. In the first step the clean Ag(111) sample was
oxidized by 600 L NO2 (5 · 10−7 mbar NO2 for 20 minutes) at a sample temperature
of 500 K. Afterwards, the sample was cooled down to∼ 100 K, maintaining the NO2
pressure until 300 K. At 300 K the NO2 is pumped down, restoring UHV conditions.
Examination of the sample by LEED results in a faint (1×1) pattern, shown in figure
5.3 a). The corresponding O 1s HRCLS spectrum is shown in figure5.3 b). The
O 1s spectrum can be decomposed by three components: the p(4×4) reconstruction
shows up at binding energy of 528.1 eV, the component at 530.0eV is attributed to
chemisorbed oxygen [14] and the component 531.3 eV is related to the presence of
NO on the surface [12]. At 500 K NO2 decomposes into NO and O on the Ag(111)
surface. At this temperature NO desorbs and above 420 K chemisorbed atomic oxygen
transforms into the p(4×4) reconstruction [14]. Under these conditions small islands
of the p(4×4) structure are formed, which is shown in the first part of figure 5.3 c).
Cooling down to 300 K under NO2 atmosphere leads to the adsorption of NO and O
in between the small islands of the p(4×4) reconstruction, resulting in the faint LEED
pattern and the already discussed O 1s spectrum. Heating under UHV conditions to 500
K leads to the desorption of NO and the chemisorbed oxygen is transformed into the
p(4×4) reconstruction, which is shown in figure5.3 c). Correspondingly, the typical
LEED pattern of the p(4×4) reconstruction can be observed and is shown in figure5.3
d). The (0,0) reflection is visible below the shadow of the electron gun, since the silver
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Figure 5.3: a) LEED image of the Ag(111) surface after oxidizing with 600 L NO2

with subsequent cooling to∼ 100 K. b) Decomposed O 1s spectrum of the oxidized
Ag(111) surface, as shown in a). c) Sketch of the oxidation procedure with NO2.
d) LEED image of the p(4×4) reconstruction after complete oxidation procedure as
described in c). Details to this figure are explained in the text.
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sample was slightly tilted during the measurements. The O 1sspectrum of the p(4×4)
reconstruction, showing only one component at a binding energy of 528.2 eV, is plotted
in figure5.10b).

5.2 Decomposition of the p(4×4) reconstruction

The SXRD data set of the p(4×4) reconstruction, consisting of CTRs, superstruc-
ture rods and in-plane structure factors, was measured after a fresh preparation of the
p(4×4) structure at 200 mbar of oxygen and 553 K for 30 minutes. Themeasurements
were performed at 300 K and 5 mbar of oxygen. The elevated oxygen pressure prevents
a fast decomposition of the p(4×4) structure during the measurements. Nevertheless,
a reduction of the p(4×4) reconstruction was observed, which is attributed to reactions
of the p(4×4) structure with reducing gases, like CO or H2. The decomposition of
the p(4×4) reconstruction was monitored by measuring a reference scan at (0.25, 0.75,
0.2) in between the rod measurements.
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Figure 5.4: Evolution of the integrated intensity of a reference scan at q = (0.25, 0.75,
0.2) measured at 300 K and 5 mbar of oxygen. The reduction of the signal of the
p(4×4) reconstruction can be described by an exponentially increasing decomposition.

The evolution of the integrated intensity of the reference scan, which is proportional
to the coverage of the Ag(111) surface with the p(4×4) structure, is shown in figure
5.4. The decomposition of the p(4×4) reconstruction increases exponentially and can
be described by using the relationI = I0 − et/τ for the integrated intensity (Fit results:
I0 = 135 andτ = 1017 min). After a fresh preparation almost the whole surface is
covered by the p(4×4) reconstruction, exhibiting only few defects. We suggest, that the
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reduction of the p(4×4) reconstruction by reducing gases is only possible at defect sites
at room temperature. In the early stage of the decompositionthe reduction events are
restricted to domain boundaries, step edges and to the few defects within the domains.
Every reduction step creates a new defect, which explains the observed exponential
decomposition behaviour.

The square root of the integrated intensity is proportionalto the amplitude of the
structure factor, so a correction of the data set is straightforward. The corrections were
applied to the in-plane data set and to the superstructure rods, since their signal is only
caused by scattering from atoms of the p(4×4) reconstruction. The measured CTRs
cannot be corrected for the decomposition of the p(4×4) reconstruction, because the
signal of the CTRs is caused by a coherent superposition of scattered intensity from
the bulk and from the reconstructed surface. The CTRs were measured in the plateau
region visible in figure5.4for t< 2400 min, so the missing correction of the CTRs has
a negligible influence on the results and is taken into account by the error bars.
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Figure 5.5: a) Evolution of O 1s spectra of the p(4×4) reconstruction under CO dosage.
b) Fitted peak area of the O 1s component of the p(4×4) structure in dependency of
CO coverage.

The ability of CO to reduce the p(4×4) reconstruction was verified by a sequence
of HRCLS measurements, shown in figure5.5a). The p(4×4) structure was prepared
by the recipe described in section5.1. Some residual contaminations by O and NO are
visible in the O 1s spectrum and show binding energies of 530 and 531 eV respectively.
At first the p(4×4) reconstruction was additionally oxidized by 10 L of O2, which had
no effect on the O 1s spectrum. Subsequently, CO was dosed in 5steps up to a total
coverage of 402 L. A strong reduction of the signal of the p(4×4) is visible upon the
CO treatment. All spectra are shown in figure5.5a), for the sake of simplicity only the
fitted components of the p(4×4) structure are plotted. The fitted peak area is shown in
figure 5.5 b), showing a strong decrease after dosing 2 L of CO. This is attributed to
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the decomposition of small islands of the p(4×4) reconstruction in the beginning of the
CO treatment. Further CO dosage leads to a rather linear reduction of the O 1s signal
of the p(4×4) structure. Additionally, we have measured the C 1s spectrum during the
CO treatment. No peak was observed in the C 1s spectra. This implies, that CO reacts
with oxygen atoms from the p(4×4) reconstruction and leaves the Ag(111) surface as
CO2. Finally, we could show, that the CO fraction in the residualgas can explain the
decomposition of the p(4×4) reconstruction during our SXRD measurements.

5.3 Comparison with previously discussed Models

The structure of Ag(111)-p(4×4)-O, which was made responsible for the catalytic ac-
tivity of silver regarding the epoxidation of ethylene [16,22], seemed to be solved
by a combination of STM measurements, STM image simulationsand DFT calcula-
tions [15,16,18,50]. The models, which were proposed, are based on a three-layer slab
of the bulk oxide Ag2O in (111) orientation, rotated by 30◦ relative to the Ag(111) sur-
face normal, resulting in an O-Ag-O trilayer, as it was put forward by LEED and XPS
measurements [10, 11]. The Ag11O6 model (referred to as ’Ag1.83O’ model in [15]),
which was optimized by means of DFT calculations [16], is shown in figure5.6 a)
and consists of hexagonal O-Ag-rings, which are build up by straight O-Ag-O blocks.
Compared to a pristine Ag2O(111) trilayer every third Ag atom within the O-Ag-rings
is missing.

a) b)

Figure 5.6: a) Two structural models of the p(4×4) reconstruction. Blue (large) spheres
represent Ag atoms within the oxide layer, whereas the oxygen atoms are shown as
red (small) spheres. The Ag11O6 model of the p(4×4) structure comprises all shown
atoms. In the case of the Ag9O6 model the central Ag atoms, marked by the crosses, are
omitted. b) Patterson function of the Ag11O6 model, computed from the calculated in-
plane structure factors of the Ag11O6 model, using only the superstructure reflections.

Further investigation of the Ag11O6 model by means of DFT revealed, that remov-
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ing all Ag atoms within the O-Ag-rings results in a model withAg9O6 stoichiometry
(referred to as ’Ag1.33O’ model in [18]), which is energetically more favourable than
the formerly proposed structure [18]. The silver atoms, which were removed from the
Ag11O6 model are marked by the crosses in figure5.6a).

The Patterson function of the Ag11O6 structure, plotted in figure5.6 b), shows
a completely different behaviour than the one which was calculated from our in-plane
data set shown in figure5.2c). The same is true for the Patterson function of the Ag9O6

model, showing exactly the same features as figure5.6b). The position of the maxima
of the Patterson function for the case of the Ag11O6 model coincide with the position
of the Ag atoms within the unit cell, besides the maximum in the centre of the unit
cell. This observation can be explained by a so-called ’Heavy Atom Approach’ [63].
For the calculation of the Patterson function the structurefactor is used, as can be seen
in equation5.1. The structure factor is proportional to the atomic form factor, which
is much higher for silver atoms than for oxygen atoms, due to the big difference in
the atomic number of the two elements. In this approach Ag atoms are located at
the positions of the strongest maxima of the Patterson function. The difference in the
Patterson functions is a strong indication, that the hitherto discussed models of the
p(4×4) reconstruction are not correct, which will be corroborated by a comparison of
structure factors of the Ag11O6 model with our SXRD data set, shown in figure5.8.

5.4 Structural Model of O-p(4×4)/Ag(111)

The ’Heavy Atom Approach’ was used for the determination of anew model of the
p(4×4) reconstruction. Placing silver atoms at the positions ofthe strongest maxima
of the Patterson function, leads to a Ag-Adatom-Trimer model, shown in figure5.7b).
The model is built up by two Ag trimers, whereas one half of theAg atoms occupy fcc
sites and the others are located on hcp sites. This model is a part of the Ag12O6 model
proposed on the basis of STM measurements, shown in figure5.7b) [19]. The number
of Ag atoms per (4×4) unit cell was determined, by reducing the p(4×4) structure
by CO. The reduced surface was probed by STM, resulting in12 ± 1 Ag atoms per
(4×4) unit cell (A more detailed description of this experimental approach can be found
in [19].). The most prominent feature of the STM images of thep(4×4) reconstruction,
besides the imaged honeycomb structure, are up to∼ 2 Å deep ’corner holes’ [15, 19,
20]. The only physically reasonable possibility to arrange12 atoms in the (4×4) cell
results in 2 closely packed Ag6 triangles located on fcc and hcp sites respectively.
This structure shows free area at the origin of the unit cell,which can explain the
observed corner holes. The position of the oxygen atoms was determined by DFT
calculations [19,20]. Each pair of Ag6 triangles is connected by 2 oxygen atoms, which
are located in the furrows between the silver adatoms, resulting in 6 oxygen atoms per
unit cell. All interatomic distances within the p(4×4) reconstruction, as determined by
the Patterson function shown in figure5.7 a), are reproduced by the Ag12O6 model.
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a) b)

Figure 5.7: a) Patterson function calculated from the in-plane superstructure reflec-
tions. The strongest maxima, which are used for the ’Heavy Atom Approach’ are
marked by crosses. All relevant vectors connecting the maxima of the Patterson func-
tion and the origin of the unit cell are marked by the dashed and solid lines. b) Struc-
tural models of the p(4×4) structure. Blue (large) spheres represent Ag atoms, whereas
the oxygen atoms are shown as red (small) spheres. Ag-Adatom-Trimer model, built up
by the Ag atoms marked by crosses and Ag12O6 model containing all shown atoms. All
interatomic distances arising from the Patterson function, marked by the corresponding
lines, are in agreement with the Ag12O6 structure.

The corresponding distances are marked in figure5.7b). Not all interatomic distances
occurring in the first substrate layer are visible in the Patterson function calculated
from our in-plane data set. This can be explained by the fact,that the in-plane structure
factors of the CTRs were not used for the calculation, since the signal on the CTRs
is a coherent superposition of scattered intensities from the bulk and the reconstructed
surface. The missing Fourier components lead to the absenceof some maxima of the
Patterson function corresponding to interatomic distances in the first substrate layer.

The complete set of measured structure factors of the p(4×4) reconstruction is
shown in figure5.8. The first result of our SXRD measurements is, that all previous
models of the p(4×4) structure from [15, 18, 50] can be ruled out. As an example,
the calculated structure factors of the Ag11O6 model are compared with the measured
in-plane data and the superstructure rods, shown in figure5.8 a) and b). The model
cannot describe our SXRD measurements and further relaxation of the model leads to
unphysical structures.

DFT calculations, obtained at 0 K, revealed an energy gain of0.2 eV per (4×4)
cell, if the p6mm symmetry of the Ag12O6 model is broken [19]. The energetic most
favourable structure, shows small rotations of the Ag6 triangles in the surface plane.
The clockwise and counterclockwise movement of the Ag6 triangles leads to an al-
ternating up and down movement of the oxygen atoms in the furrows. Our SXRD
measurements are in good agreement with the Ag12O6 structure and in a first step both
rotational orientations of the Ag6 triangles were used with equivalent probability to
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Figure 5.8: Experimental and calculated structure factors. a) In-plane structure factors
measured atL = 0.2, b) crystal truncation rods and c) surface rods of the p(4×4)
reconstruction. q-values are given in reciprocal lattice units (r.l.u.) of the (4×4) cell.
The shown error bars are a combination of statistical and systematic errors.

calculate the structure factors, whereas p3m1 symmetry wasapplied. The result of
the fit is a vanishing rotation of the Ag6 triangles, giving rise to a similar height of
the oxygen atoms in the furrows.Ab initio Molecular Dynamics (MD) simulations
showed, that the Ag12O6 structure is rather soft, resulting in a very small energy barrier
between the two rotational configurations [19]. This is in agreement with the large
vibrational amplitudes of the Ag6 triangles obtained from the SXRD refinement with
p3m1 symmetry. The SXRD measurements were performed at 300 K, so the mean po-
sition between the two rotational configurations was probed. For the final fit to our data
set p6mm symmetry was used for the adatoms and the first substrate layer, resulting
in 13 independent positional fit parameters, thereof 5 in-plane positional parameters
and 1 z displacement parameter for the second substrate layer. The fit was performed
simultaneously to all in-plane data, superstructure rods and CTRs, giving a total of 576
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data points.

Figure 5.9: Ag12O6 model of the p(4×4) reconstruction, as determined by our SXRD
fit using p6mm symmetry. The mirror planes of the p6mm symmetry are marked by
the yellow planes.

The in-plane data set, used for the final fit, was symmetrised according to p6mm
symmetry. The coverage of the Ag(111) surface with the p(4×4) structure, was used
as a fit parameter, giving a result of 80 %. The result of the fit,shown in figure5.8,
is χ2 = 3.7 (χ2 = 2.6 for the in-plane data), showing a reasonable agreement with
our measurements. One scale factor was used for the in-planestructure factors and
the surface rods, leading to a systematic offset for the calculated in-plane data, due to
the decomposition of the p(4×4) reconstruction during the measurements of the su-
perstructure rods. The effect of the decomposition is also visible on the superstructure
rods, since the shape of almost all calculated rods reproduces the measurements and
only an offset between measurement and calculation is observed, as for the(0, 6) and
the (1, 4) rod. In the case of the CTRs a remarkably good agreement between ex-
periment and calculation is obtained. The signal on the CTRsis very sensitive to the
amount of silver atoms in the unit cell and to their position,giving a strong support for
the proposed Ag12O6 structure, which also agrees with a study including STM mea-
surements and DFT calculations [20]. The rotational averaged structure of the p(4×4)
reconstruction, which was probed by our SXRD measurements,results in a planar ar-
rangement of the oxygen atoms. The structural model obtained from the SXRD fit is
shown in figure5.7 b) and figure5.9. Other O arrangements were also checked by
means of DFT, but none of them is energetically favourable, especially the formation
of subsurface oxygen atoms below the Ag6 triangles can be ruled out [19]. A lifting
of the Ag6 triangles due to subsurface oxygen can also be excluded by our SXRD
measurements, which would lead to a completely different shape of the CTRs.

Further confirmation for the Ag12O6 model comes from our HRCLS measurements.
The main results are shown in figure5.10. The Ag 3d5/2 spectrum can be decomposed
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Figure 5.10: a) Decomposition of the Ag 3d5/2 spectrum, in presence of the p(4×4)
reconstruction. b) O 1s spectrum of the p(4×4) reconstruction. The O 1s binding
energy of the bulk oxide Ag2O is labelled by the red line.

using four components, showing the following binding energies: bulk Ag has a bind-
ing energy of 368.2 eV, silver atoms in the furrows bellow theoxygen atoms show a
binding energy of 368.0 eV, silver atoms in the Ag6 triangles have a binding energy
of 367.6 eV and the small component at 367.1 eV is attributed to contaminations due
to NO and O on the surface. This assignment is in agreement with core level shifts
calculated from the model, as determined by DFT calculations [19]. The calculated
binding energies are shown as black lines in figure5.10a). The splitting of the binding
energy of the corner and side atoms of the Ag6 triangles cannot be resolved experimen-
tally. Our HRCLS measurement of the Ag 3d5/2 spectrum was the first study, where
the surface contribution of the p(4×4) reconstruction could be completely resolved.
Interestingly, the binding energies of the Ag 3d5/2 surface components are shifted to
lower values, which is a rather unexpected behaviour for an oxidized system. Nor-
mally, oxygen atoms attract a part of the charge of the metal atoms, due to their high
electronegativity, resulting in a less screened metal atomic core, giving rise to a higher
binding energy of the core electrons of the metal atoms. Thisobservation is still not
completely understood and is also observed in XPS measurements of the bulk oxide
Ag2O [49]. The O 1s spectrum of the p(4×4) reconstruction, plotted in figure5.10b),
shows only a single nonbroadened peak at a binding energy of 528.2 eV. This observa-
tion is in agreement with several XPS studies [11, 12, 14]. This is also consistent with
the proposed Ag12O6 model, which bears no resemblance to Ag2O, showing an O 1s
binding energy of 528.9 eV [49]. For comparison, the O 1s binding energy of Ag2O is
shown in figure5.10b) by the red line. DFT calculations give a similar result forthe
binding energy of the O 1s spectrum [19]. The calculated splitting of the O 1s spectrum
by 0.12 eV, due to the different height of the oxygen atoms in the Ag12O6 model, is
experimentally not resolved.
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The small energy barrier for the rotations of the Ag6 triangles is reflected by the
fact, that the fitted Debye-Waller factor (DWF) of the corneratoms of the Ag6 triangles
is twice as large as the DWF of the Ag atoms in the centre of the Ag6 triangles. The best
SXRD fit result was obtained with isotropic DWFs. All fitted DWFs are on the order
of the bulk Ag value of 0.8 Å2, except for the DWF of the Ag atoms at the corners
of the Ag6 triangles, showing a value of 1.73 Å2. Accordingly, the rms vibrational
amplitude of the corner Ag atoms in the surface plane is on theorder of 0.15 Å, which
is ∼ 1.4 times the value of the vibrational amplitude of the Ag atoms in the centre of
the triangles.

The presence of the p(4×4) reconstruction leads to a pronounced rumpling of the
first substrate layer. The mean inward displacement of the first substrate layer is equal
to 0.06 Å, showing a buckling with an amplitude of 0.12 Å. The highest lying silver
atoms of the first substrate layer are located at the bottom ofthe furrows in the middle of
the oxygen atoms and the lowest lying silver atoms are the corner hole substrate atoms.
The silver adatoms reproduce the buckling of the substrate,giving rise to an enhanced
height of the silver adatoms in the centre of the Ag6 triangles. The interatomic distance
of the Ag adatoms is expanded with respect to the bulk value of2.89 Å up to 2.94 Å.
The second substrate layer shows an inward relaxation of 0.02 Å. The mean height of
the oxygen atoms above the first substrate layer is 2.28 Å, whereas they are located
∼ 0.11 Å below the Ag6 triangles. Giving rise to a Ag-O distance of∼ 2.2 Å. The
proposed structural model of the p(4×4) reconstruction is a planar nano-structured
adsorbate layer, which bears no resemblance to the bulk oxide Ag2O. Correspondingly,
the p(4×4) structure is not a prototype of a trilayered surface oxide[1].
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Figure 5.11: Standing wave profile of the oxygen atoms of the p(4×4) reconstruction,
showing a coherent position P of 0.85 and a coherent fractionF of 0.69.

The height of the oxygen atoms of the p(4×4) reconstruction with respect to the



5.5. STABILITY DIAGRAM OF THE P(4×4) STRUCTURE 59

bulk Ag(111) planes was determined in addition by NIXSW measurements. The stand-
ing wave profile of the oxygen atoms of the p(4×4) structure was determined from the
oxygen species showing a component in the XPS spectrum at a binding energy of 528.2
eV. One spectrum of the measured data set is shown in figure6.3. The preparation con-
ditions for the p(4×4) structure will be described in section6.2. The result of the fit
to the XSW profile is a coherent positionP = 0.85 and a coherent fractionF = 0.69,
which is shown in figure5.11. The XSW result agrees with a planar oxygen arrange-
ment at a height of 2.00 Å above the bulk Ag(111) planes. The coherent fraction F of
0.69, can be explained by the rotations of the Ag6 triangles, leading to a distribution
of the oxygen position around the mean value. The position ofthe oxygen atoms rel-
ative to the bulk Ag(111) planes, as determined by our SXRD measurements, is equal
to 2.23 Å, corresponding to a coherent position P of 0.94. In addition, SXRD is not
very sensitive to the position of the oxygen atoms, due to thelow atomic number of
oxygen compared to silver. The position of the oxygen atoms determined by SXRD
and NIXSW agree well, if the error bars are taken into account.

5.5 Stability Diagram of the p(4×4) structure

For a profound understanding of the catalytic activity of silver it is indispensable to
determine the stable phases under industrial relevant conditions. The phase diagram of
the O/Ag(111)-system was calculated byab initio atomistic thermodynamics [16, 22].
It was predicted, that the p(4×4) reconstruction is stable under the catalytic conditions
of the epoxidation of ethylene (temperatures around 500 K and atmospheric oxygen
pressure). We have determined the stability diagram of the O/Ag(111)-system by in-
situ SXRD measurements. For this purpose scans, which are characteristic for the
different phases, are measured against sample temperatureand oxygen pressure. The
presence of chemisorbed oxygen for example was monitored bya comparison of the
signal in the minimum of a CTR at a certain oxygen pressure compared to the clean
state under UHV conditions (cf. section6.2). Three different phases were observed:
the clean Ag(111) surface, disordered chemisorbed oxygen and the p(4×4) reconstruc-
tion. The measured stability diagram is shown in figure5.12a).

We have measured the stability diagram from UHV up to 2 bar andfrom 473 to 723
K, so we closed the so-called ’pressure gap’, which describes the discrepancy between
ex-situ measurements and the catalytic conditions, by our in-situ SXRD measurements.
The theoretically predicted phase diagram [16, 22] is in agreement with our results, if
the errors of the calculations are taken into account. The error is estimated from the
calculated decomposition temperature of Ag2O at atmospheric oxygen. In the theoreti-
cal phase diagram the temperature is underestimated by 110 Kand the oxygen pressure
is 3 orders of magnitude too high (cf. section2.2.5). At low temperatures and low oxy-
gen pressures the clean Ag(111) surface is stable. An increase in oxygen pressure leads
to dissociative chemisorption of oxygen. From DFT calculations it is known, that oxy-
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Figure 5.12: a) Stability diagram of the O/Ag(111)-system measured by in-situ SXRD.
Black line is the calculated stability border of1/16 ML chemisorbed oxygen, as de-
termined in b). The blue line is the stability border of the Ag11O6 model determined
in [22]. The red line is the stability border of the Ag12O6 model including effects due
to van der Waals interaction [19]. b) Calculated phase diagram in terms of surface en-
ergyγ and oxygen chemical potentialµO. The values for the Ag9O6 model are taken
from [18]. The values for1/16 ML chemisorbed oxygen are from [22].

gen coverages higher than 0.25 ML lead to a strong repulsion of the partially negative
charged oxygen atoms [22, 43]. A further increase of the oxygen pressure results in
the formation of the p(4×4) reconstruction, if the temperature is high enough to over-
come kinetic barriers, since a considerable rearrangementof silver atoms takes place,
when the p(4×4) reconstruction is formed. For example, excess silver atoms must be
transported away from the area were the p(4×4) structure grows. The calculated phase
diagram in terms of surface energyγ and oxygen chemical potentialµO is shown in
figure5.12b). The theory ofab initio atomistic thermodynamics is explained in sec-
tion B.2. The structure showing the lowest value ofγ is stable for the corresponding
values of the oxygen chemical potential. The stability borders in terms of oxygen pres-
sure and temperature are calculated by use of the ideal gas equation. The clean surface
acts as a reference and is stable forγ = 0 eV/Å2, which is the horizontal line figure
5.12b). The clean surface is stable up to an oxygen chemical potential of -0.78 eV,
for higher values ofµO disordered chemisorbed oxygen with a coverage of1/16 ML
becomes stable [22]. The calculated stability border of chemisorbed oxygen is shown
as black line in figure5.12a). The result is in agreement with our measurements, if
the error bars of the calculations and our measurements are included. These are 2-3
orders of magnitude in the oxygen pressure for the calculations [22] and∼ 1 order of
magnitude in the oxygen pressure for our measurements. Including van der Waals-like
interactions between the Ag atoms, the Ag12O6 model is by 0.8 eV per unit cell more
stable, than the Ag9O6 model, which is the most stable structure in regular DFT calcu-
lations [19]. The energy gain is explained by the fact, that the Ag atoms in the Ag12O6
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model have bulk like Ag-Ag distances. In the Ag9O6 model, which is related to the
bulk oxide Ag2O, the Ag-Ag distances are expanded by a factor of 1.2. The Ag12O6

and the Ag9O6 structures have the same amount of oxygen atoms per unit cell, result-
ing in parallel lines of the surface energy, shown in figure5.12b) (cf. sectionB.2). The
p(4×4) reconstruction is stable for values of the oxygen chemical potential higher than
-0.65 eV. The corresponding stability border of the Ag12O6 including van der Waals
interactions is shown in figure5.12a) as red line. For comparison, the stability border
of the Ag11O6 model, as determined in [22], is shown by the blue line in figure 5.12
a). The calculated stability border of the Ag12O6 model, shown in figure5.12a), is
in agreement with our SXRD measurements, giving a more consistent result, than the
previously proposed Ag11O6 model.
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Figure 5.13: Reversible formation and decomposition of thep(4×4) reconstruction
monitored by in-situ SXRD. a) Variation of oxygen pressure at 623 K. b) Variation of
sample temperature at 2 mbar of oxygen.

Once formed, the p(4×4) reconstruction is stable in UHV up to a temperature of
523 K. This is in agreement with several Temperature Programmed Desorption (TPD)
measurements, reporting desorption peaks associated withthe decomposition of the
p(4×4) structure between 560 and 580 K [10, 11, 14]. The onset of the desorption
during the TPD experiments agrees with the value of 523 K observed by our SXRD
measurements. At elevated temperatures (T > 523K) in-situ measurements are indis-
pensable, due to the decomposition or desorption of the different phases if the oxygen
pressure is reduced. An extrapolation from ex-situ measurements is not possible in this
temperature region. For temperatures≥ 523 K chemisorbed oxygen and the p(4×4)
structure are in thermodynamic equilibrium with the surrounding gas phase. The varia-
tion of the oxygen pressure in this temperature region leadsto an instantaneous decom-
position or formation of the p(4×4) reconstruction, which can be followed by in-situ
SXRD. Figure5.13shows two series of temperature and oxygen pressure scans cross-
ing the phase boundary of the p(4×4) reconstruction, where the reversible growth and
decomposition of the p(4×4) structure was observed in-situ. The formation and de-
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composition of the p(4×4) reconstruction is completely reversible under the conditions
shown in figure5.13.

Another important result is the fact, that the p(4×4) reconstruction is stable under
the catalytic conditions of the epoxidation of ethylene (523 K and an oxygen pressure
of 2 bar), which can be seen in figure5.12a). This might be an indication, that the
p(4×4) reconstruction plays an important role for the catalyticactivity of silver for the
epoxidation of ethylene. The structure of the p(4×4) reconstruction remains unaffected
by changing temperature and oxygen pressure, which was proven by measuring an in-
plane data set of the p(4×4) reconstruction at 553 K and 80 mbar of oxygen, showing
the same behaviour as the one measured at room temperature, shown in figure5.8a).

Further theoretical input including DFT andab initio atomistic thermodynamics
calculations on the basis of the new Ag12O6 model is needed to determine possible
reaction pathways for the epoxidation of ethylene in the presence of the p(4×4) re-
construction. Thereby, it is most likely that the p(4×4) structure acts as a reservoir of
atomic oxygen facilitating the oxidation reactions.



Chapter 6

A Zoo of Oxygen Induced Structures

The interaction of oxygen with the Ag(111) surface was studied by systematic SXRD
and LEED measurements, revealing several previously unknown oxygen induced struc-
tures. The results presented here, range from the determination of the relaxation of the
clean Ag(111) surface to the formation of the bulk oxide Ag2O. The chapter is struc-
tured as follows: at first the results for the clean surface are presented, the formation of
disordered chemisorbed oxygen was studied by SXRD and NIXSW, in the following
we will focus on oxygen induced structures, involving ordered chemisorbed oxygen,
then three reconstructions built up by Ag triangles will be presented, the formation
of the bulk oxide in (̄11̄1̄) orientation will be discussed, showing a coexistence with
a p(7×7) reconstruction, which is most likely a surface oxide and finally the stability
diagram of the O/Ag(111)-system will be presented.

6.1 The clean Ag(111) Surface
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Figure 6.1: Measured CTRs of the clean Ag(111) surface and the corresponding fit.
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The relaxation of the clean Ag(111) surface was determined by a simultaneous fit
of five independent CTRs, which were measured under UHV conditions and room tem-
perature. The CTRs and the corresponding fit are shown in figure6.1. For the structure
refinement 7 independent parameters were used: 2 scale factors, 3 z-displacement pa-
rameters of the first 3 layers and the Debye-Waller factors ofthe first and second layer
B2 and B1. The Debye-Waller parameter B0 of the third layer was fixed to the bulk
value of 0.8 Å2. The agreement between the fitted and the measured CTRs is very
good, as can be seen in figure6.1, which is reflected in aχ2 of 1.20. The result of the
fit is a reduction of the first interlayer spacing by 1.23 % and acontraction by 1.17 %
of the second interlayer spacing, which is shown in figure6.2.
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Figure 6.2: Relaxation and Debye-Waller factors of the clean Ag(111) surface deter-
mined by SXRD.

From the fit one obtains a value of 1.62 Å2 for the Debye-Waller factor B2 of the
topmost silver layer and a value ofB1 = 1.10 Å2 for the second substrate layer. This
means, that the vibrational amplitude of the atoms of the first silver layer is strongly
enhanced, which is an expected behaviour for a material showing a low Debye tempera-
ture. The results are in agreement with a LEED-I(V) study [41] and serve as a reference
for the studies of the oxidized Ag(111) surface. The resultsof the LEED-I(V) study
are a contraction of the first interlayer spacing by(0.5 ± 0.8)% and(0.4 ± 1.2)% for
the second interlayer spacing.

6.2 Disordered chemisorbed Oxygen

For low temperatures and low oxygen pressure, disordered dissociative chemisorption
of oxygen on Ag(111) can be observed [14, 42]. The chemisorption of oxygen was
studied by STM at a coverage of 0.05 monolayers (ML) [42]. A repulsive interaction
of the partially negative charged oxygen atoms was observed, resulting in a minimum
distance of∼ 10 Å between two oxygen atoms. The presence of this oxygen species
can be observed by XPS, showing an O 1s component at a binding energy of 530
eV [14]. In this work the height of oxygen atoms above the firstsubstrate layer was
determined by a fit of the x-ray standing wave profile of the O 1scomponent at a
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binding energy of 530 eV. The height of the oxygen atoms abovethe first substrate layer
can be extracted from the fitted coherent position P. The clean Ag(111) surface was
oxidized by 600 Langmuir (1 Langmuir = 10−6 mbar· seconds) NO2 at a temperature
of 518 K. A coexistence of three different oxygen species wasobserved by measuring
the O 1s photoelectron spectrum, which is shown in figure6.3.
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Figure 6.3: XPS spectrum of the oxidized Ag(111) surface. The p(4×4) reconstruction
shows a component at 528.2 eV, the component at 529.7 eV is assigned to chemisorbed
oxygen and the one at 531.3 eV is due to the presence of NO on thesurface.

The presence of the p(4×4) reconstruction was proven by LEED measurements
(not shown here). The p(4×4) reconstruction shows a component at 528.2 eV,
chemisorbed oxygen gives rise to the component at 529.7 eV and the presence of NO
on the surface is reflected in the component at 531.3 eV. The observed values of the
binding energies are in agreement with other XPS measurements [12, 14]. The mea-
sured XPS spectrum was decomposed using a Gaussian/Lorentzian product form line
shape for the three components and a Shirley-type background to take the observed
asymmetry into account. The standing wave profile for chemisorbed oxygen with the
fit is shown in figure6.4.

The result is a coherent position P of 0.67, which corresponds to an oxygen height
of 1.57 Å above the first substrate layer. The value of the coherent fraction of 0.43 is
rather low, which is an indication for a broad distribution of the oxygen position around
the mean value of 1.57 Å due to static and dynamic displacements. This implies,
that small changes in P only lead to small variations of the standing wave profile,
which means that a wide range of P values is in agreement with the experimentally
observed standing wave profile. This fact is shown in figure6.5, where the value ofχ2



66 CHAPTER 6. A ZOO OF OXYGEN INDUCED STRUCTURES

-1.0 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

2.5

 

 

 Rocking Curve

 XSW Profile 

I_
n

o
rm

a
liz

e
d

 [
a

rb
. 
u

n
it
s
]

∆E [eV]

Chemisorbed Oxygen

P=0.67

F=0.43

Figure 6.4: Standing wave profile of disordered chemisorbedoxygen on Ag(111),
showing a coherent position P of 0.67 and a coherent fractionF of 0.43.

of different fits is plotted against a range of P values, whereas F was kept constant at
0.43.

The result of theχ2-analysis is, that the simulated standing wave profiles are in
sufficient agreement with the data set for values of the coherent position between 0.5
and 0.75, which corresponds to a height of the oxygen atoms above the first substrate
layer of1.47 ± 0.3 Å. By means of DFT the energetically most favourable adsorption
site was determined to be the on-surface fcc hollow site [16,43, 44]. The calculated
height of the oxygen atoms above the first substrate layer varies between 1.21 and
1.32 Å, depending on the oxygen coverage and the details of the calculation. DFT
calculations from [16] predict a height of 1.21 to 1.32 Å for an oxygen coverage of
0.06 to 0.25 ML, the results of a second DFT study [43] are oxygen heights of 1.24 to
1.22 Å for an oxygen coverage of 0.11 to 0.25 ML and in [44] a height of 1.32 Å was
determined for an oxygen coverage of 0.25 ML. Our results agree with an on-surface
adsorption of the oxygen atoms at fcc sites.

In a STM study the adsorption of single oxygen atoms on Ag(111) was observed,
but at the same time aggregates of up to three oxygen atoms were also present [42].
These structures show a slightly different appearance in the STM. We propose, that this
observation is caused by the repulsive interaction of the chemisorbed oxygen atoms,
leading to changes in the local binding geometry at the fcc site, depending on the
surrounding of the individual oxygen atom. The disordered nature of the adsorption
process gives rise to different possibilities of the local binding geometry of the oxygen
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Figure 6.5:χ2 values for a constant coherent position of 0.43 for different P values.
The standing wave profile shows sufficient agreement with thedata set for P values
between 0.5 and 0.75, which corresponds to heights of the oxygen atoms above the
first substrate layer between 1.18 Å and 1.77 Å.

atoms at the fcc site, resulting in a broad height distribution of the oxygen atoms, which
is in agreement with the observed coherent fraction of 0.43.

Further insight into to the adsorption process of oxygen atoms on the Ag(111)
surface is provided by our in situ SXRD measurements. In the case of the SXRD mea-
surements the clean Ag(111) surface was oxidized by molecular oxygen at elevated
sample temperatures. Rocking scans were performed at a q-value of (1, 1, 1.2) in the
minimum of a CTR of the silver surface at a temperature of 573 K. At this so-called
"Anti-Bragg"-position of the CTR the signal is very sensitive to small changes of the
position of the silver atoms within the surface. The signal of the clean surface was
measured as a reference under UHV conditions. For oxygen pressures between 0.01
and 0.1 mbar a loss of intensity was observed, which can be seen in figure6.6. Further
exploration of reciprocal space showed, that no ordered superstructure was present on
the surface under these conditions. The decrease of the signal is caused by chemisorp-
tion of atomic oxygen in a disordered state. The bonding of the oxygen atoms to the
silver surface leads to displacements of silver atoms within the first substrate layer.
Disordered chemisorption leads to random displacements ofsilver atoms with respect
to their mean positions in the clean state. The reduction in the integrated intensity of
the rocking scans, which is proportional to the structure factor, can be described by
a Debye-Waller factor, since we are dealing with random displacements with respect
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Figure 6.6: Rocking scans measured in the minimum of a CTR fordifferent oxygen
pressures at a temperature of 573 K. The loss of intensity is caused by static displace-
ments of the silver atoms of the first substrate layer, due to the disordered chemisorp-
tion of oxygen atoms at an oxygen pressure of 0.01 and 0.1 mbar.

to the mean position of the clean state. The result is a root mean square (rms) dis-
placement

√

〈ux
2〉 = 0.12 Å of the silver atoms in the surface plane. This result is in

agreement with DFT calculations [43], where in-plane displacements of silver atoms
between 0.03 and 0.11 Å were determined, for oxygen coverages of chemisorbed oxy-
gen between 0.11 and 0.75 MLs.

In summary, we have determined a height of1.47 ± 0.3 Å of chemisorbed oxygen
atoms above the first substrate layer of the Ag(111) surface.The low coherent fraction
of 0.43 of the standing wave profile reflects the disordered adsorption geometry of the
oxygen atoms, resulting in a broad height distribution of the adsorbates. Our results
are in line with an adsorption of the oxygen atoms at the fcc hollow site, as predicted
by DFT calculations [16, 43, 44], leading to random in-planedisplacements of the sil-
ver atoms on the order of 0.12 Å, as determined by our in situ SXRD measurements.
Further reciprocal space exploration by SXRD proved the disordered nature of the dis-
sociative chemisorption process of molecular oxygen on theAg(111) surface, as it was
observed by STM measurements [42].
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6.3 Periodic Structures induced by chemisorbed Oxy-
gen

6.3.1 Oxygen induced modulation along (110)

Extensive reciprocal space exploration revealed the occurrence of satellite peaks close
to the (1,0) and (0,1) CTR at an oxygen pressure of 15 mbar and asample temperature
of 473 K. Two peaks were observed near the (0,1) CTR. One peak in the (̄11̄) direction
at (-0.14,0.86,0.3) and a second peak in the (12̄) direction at (0.14,0.72,0.3). The corre-
sponding satellite peaks were also observed close to the (1,0) CTR. At (0.72,0.14,0.3)
in the (̄21) direction and at (0.86,-0.14,0.3) in the (1̄1̄) direction. An in-plane scan
along the (1,1) direction through the (1,0) CTR, including the satellite peak at (0.86,-
0.14,0.3), is shown in figure6.7a).
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Figure 6.7: a) In-plane Scan along the (110) direction through the CTR at (1,0,0.3).
The satellite peak from the modulated structure is visible at (0.86,-0.14,0.3). b) Sur-
face rod measured along (-0.14,0.86,L), compared with the surface contribution of an
undistorted silver monolayer (solid line). The position ofthe satellite peaks in the
HK-plane is shown in the inset of b).

Satellite peaks are observed, if a modulated structure is present [24]. In this case,
the diffraction pattern consists of the Bragg peaks of the mean lattice and the satellite
peaks caused by the modulation of the lattice. The wave vector of the modulation,
given byqm = 2π/λm, defines the distance between the Bragg peaks and satellite
peaks in reciprocal space.λm defines the period length of the modulation in real space
and the direction of the modulation is given by the directionof qm. The distance to the
CTRs is equivalent for all satellite peaks. The value ofλm can be determined from the
position of the satellite peaks. For the determination ofλm the length of the reciprocal
lattice a∗

1 vector is needed, which is given by|a∗
1| = 2π/

√
3

2
a1. a1 = 2.89 Å is the
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lattice constant of the hexagonal Ag(111) surface in the surface plane. The result for
λm is obtained by

qm =
4π√
3a1

·
√

3

2
· 0.28 =

2π

λm
(6.1)

λm =
a1

0.28
. (6.2)

The satellite peaks can be explained by an oxygen induced modulation of the
Ag(111) surface along the (110) direction, showing a periodlength of 10.32 Å. Further
exploration of reciprocal space showed, that the modulatedstructure is only periodic
along the (110) direction.

The surface rods of the modulated structure were measured, providing more insight
into the structure of the modulation. All surface rods show the same behaviour and
as an example the (-0.14,0.86,L) rod is shown in figure6.7 b). The surface rod is
compared to the calculated signal of an undistorted silver monolayer. The signal of the
modulated structure is similar to the calculated monolayercontribution and shows a
stronger decrease of the signal for large values of L. The most important result is, that
no oscillations can be observed along the surface rod, whichmeans, that the modulation
is restricted to the topmost silver layer. Furthermore, we know, that the period length of
the modulation is incoherent with respect to the substrate lattice. This implies, that the
repulsive oxygen-oxygen interaction dominates over the oxygen-substrate interactions,
resulting in arbitrary oxygen positions with respect to thesubstrate. The construction
of a model is straightforward and the result is shown in figure6.8.

Figure 6.8: Oxygen induced modulation of the first substratelayer along the (110)
direction with a period length of 10.32 Å. Chemisorbed oxygen atoms are shown as
red spheres. The unit cell of the p(4×4) reconstruction is shown as reference.
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Even though the modulation is only periodic along the (110) direction, we have
chosen a

√
3 R30◦ periodicity perpendicular to the (110) direction for the illustration

of the structure in figure6.8. This assumption is in agreement with our measurements,
if the domain size of the modulated in the direction perpendicular to the (110) direc-
tion is very small, or if the adsorption of oxygen does not lead to distortions of the
silver substrate in this direction. This choice is also based on the results which were
obtained for the (

√
3 × 2.28)rect R30◦ reconstruction, which will be presented in the

following section. In the model shown in figure6.8 two chemisorbed oxygen atoms
are placed on two of the four possible fcc sites in the unit cell, resulting in an oxygen
coverage of 0.28 ML, which can be compared to the value of 0.375 ML for the p(4×4)
reconstruction. The modulation of the first silver layer is produced by the stripes of
chemisorbed oxygen, which result in a periodic distortion of the first substrate layer.
In figure6.8only one of three possible domains is presented, which are rotated by 120
◦ with respect to each other.

The modulated structure was observed up to a sample temperature of 503 K in coex-
istence with the p(4×4) structure. Furthermore, we observed an increase of the signal
of the p(4×4) reconstruction with increasing oxygen pressure, accompanied by a de-
composition of the satellite peaks (cf. section6.6). This observation is an indication,
that the modulated structure is a transient state transforming into the p(4×4) recon-
struction. Up to a temperature of 503 K this metastable stateseems to be ’frozen’, for
temperatures higher than 503 K the formation of the modulation could not be observed.
The formation of a metastable precursor of the formation of the p(4×4) reconstruction
was studied by means of DFT calculations [51]. It was suggested, that for an oxygen
coverage higher than 0.24 ML a transient state, built up by on-surface and sub-surface
oxygen, should form. From our measurements, we cannot conclude that sub-surface
oxygen is present, since the deformation of the silver lattice upon adsorption of oxy-
gen below the first substrate layer, would lead to oscillations on the surface rods, which
were not observed for the modulated structure. We suggest, that the repulsive interac-
tion of the partially negative charged oxygen atoms leads tothe formation of the stripes
with a distance of 10.32 Å and the repulsive interaction seems to be not strong enough
to give rise to a strong deformation of the first silver layersdue to the formation of
sub-surface oxygen. The oxygen coverage of 0.28 ML for the model of the modulation
is midway of the formation of disordered chemisorbed oxygenwith a coverage of 0.05
ML, as it was observed during STM measurements [42], and the p(4×4) reconstruction,
showing an oxygen coverage of 0.375 ML. This is in agreement with the assumption,
that the modulated structure is a metastable state, transforming into the p(4×4) recon-
struction with increasing oxygen pressure and instantaneously for temperatures higher
than 503 K.
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6.3.2 (
√

3 × 2.28)rect R30◦ Reconstruction

Systematic LEED measurements revealed the formation of an oxygen induced (
√

3 ×
2.28)rect R30◦ reconstruction, after oxidizing the Ag(111) sample at a temperature of
∼ 430 K and oxygen pressures between 5 and 10 mbar for 30 minutes. An inverted
LEED pattern, measured at an electron energy of 48 eV, and a calculated LEED pat-
tern of a (

√
3 × 2.28)rect R30◦ reconstruction are shown in figure6.9. All measured

reflections can be explained by three domains of a (
√

3×2.28)rect R30◦ reconstruction
rotated by 120◦ with respect to each other, as it is shown in figure6.9b).

a1

*
= (1,0)

a2

*
= (0,1)

b1

*

b2

*

a) b)

Figure 6.9: a) Inverted LEED image of the oxygen induced (
√

3 × 2.28)rect R30◦

reconstruction, measured at an electron energy of 48 eV. b) Calculated LEED image,
reproducing all observed reflections.

The structure has a rectangular unit cell, which is commensurate along the (11̄0)
direction with a period length of

√
3a1 = 5.01 Å, being two times the substrate lattice

plane spacing along this direction, and incoherent along the (110) direction with a
period length of 6.59 Å. The incoherent superstructure is either described by the Wood
notation as (

√
3× 2.28)rect R30◦ reconstruction or in matrix notation by the following

matrixMincoherent relating the in-plane unit cell vectors of the reconstructionb1 andb2

to the in-plane unit cell vectors of the substratea1 anda2 (cf. sectionA.2).

b = M · a (6.3a)

Mincoherent =

(
1 −1

2.28 2.28

)

(6.3b)

The construction of the simplest model is related to the modulated structure, which
was discussed in the preceding section. The incoherent (

√
3 × 2.28)rect R30◦ recon-
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struction has no common periodicity with respect to the substrate along the (110) direc-
tion, as it is the case for the modulated structure. This is anindication, that the repulsive
oxygen-oxygen interaction dominates over the oxygen-substrate interaction. Further-
more, the formation of sub-surface oxygen should occur theoretically at tetrahedrally
coordinated sites between the first and second substrate layer below the on-surface fcc
hollow site, as it was determined by DFT calculations [16,51,52]. Such an incorpora-
tion would lead to a periodic arrangement of the oxygen atoms, which is not observed
experimentally. We suggest, that two chemisorbed oxygen atoms are present per unit
cell. In the model, shown in figure6.10, they are positioned at two of four fcc hol-
low sites within the unit cell. This oxygen arrangement results, like for the modulated
structure, in oxygen stripes, which are 6.59 Å apart. The oxygen atoms are located on
arbitrary positions with respect to the substrate, due to the incommensurability along
the (110) direction. The smallest oxygen-oxygen distance is 3.37 Å, which is a little
bit smaller than for the modulated structure, showing an oxygen-oxygen distance of
3.98 Å within the stripes. These values are still smaller, than the oxygen-oxygen dis-
tance in the p(4×4) reconstruction showing a value of 2.84 Å. This seems to be related
to a stronger repulsive interaction of the chemisorbed oxygen atoms in the modulated
structure and the (

√
3 × 2.28)rect R30◦ reconstruction.

Figure 6.10: Oxygen induced (
√

3×2.28)rect R30◦ reconstruction. Chemisorbed oxy-
gen atoms are shown as red spheres. The unit cell of the p(4×4) reconstruction is
shown as reference.

The proposed model of the (
√

3 × 2.28)rect R30◦ reconstruction has an oxygen
coverage of 0.44 ML, which is the highest coverage of all observed oxygen induced
structures on Ag(111). A coexistence of the p(4×4) structure and the (

√
3 × 2.28)rect

R30◦ reconstruction was observed after oxidizing the Ag(111) surface at a temperature
of ∼ 430 K and an oxygen pressure of 1 mbar, resulting in a superposition of the LEED
patterns of both structures (not shown here). The p(4×4) reconstruction, which has an
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oxygen coverage of 0.375 ML, transforms into the (
√

3 × 2.28)rect R30◦ structure
at an oxygen pressure of 5 mbar and a temperature of 430 K. The (

√
3 × 2.28)rect

R30◦ reconstruction seems to be a metastable structure, which isonly stable around
430 K, since it was not observed during our in-situ SXRD measurements, which were
performed for temperatures higher than 473 K. High coveragestructures built up by
chemisorbed oxygen atoms are also observed on Rh(111), where a (2

√
3 × 2

√
3)R30◦

reconstruction is observed, showing an oxygen coverage of 2/3 ML [87].
The oxygen induced modulation along the (110) direction andthe (

√
3 × 2.28)rect

R30◦ reconstruction, which were observed by us for the first time,are incoherent with
respect to the substrate. Similar results are obtained for CO adsorption on Pt(111),
where the repulsive adsorbate-adsorbate interaction dominates over the adsorbate-
substrate interactions for the case of the (

√
19 ×

√
19)R23.4◦ reconstruction [88–90]

and similar incoherent structures [91,92].

6.4 Reconstructions involving adsorbed Silver Trian-
gles

6.4.1 O-p(4×4)/Ag(111): No surface oxide

Figure 6.11: Oxygen induced p(4×4) reconstruction. Adsorbed silver atoms within the
triangles are shown as blue spheres. Oxygen atoms are shown as red spheres.

The structure of the p(4×4) reconstruction was already discussed in detail in chap-
ter 5. The proposed model is built up by two Ag6 triangles of adsorbed silver atoms,
one triangle located on fcc sites and the other on hcp sites. The silver triangles are
connected by 6 oxygen atoms per unit cell, resulting in a Ag12O6 stoichiometry and an
oxygen coverage of 0.375 ML. The best fit to our SXRD data set was obtained with
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p6mm symmetry, which was observed in the measured in-plane data, which are shown
in figure5.8 a). Applying p6mm symmetry results in a planar arrangement of the sil-
ver adatoms and the oxygen atoms. The structural model, shown in figure6.11, bears
no resemblance to a three-layered slab of Ag2O(111) and is accordingly not a surface
oxide, but rather a nano structured adsorbate layer. The formation of adsorbed silver
triangles seems to be a structural building block, which canbe used to build models of
the oxygen induced p(5×5) and c(3×5

√
3)rect reconstructions. This will be discussed

in the following sections.

6.4.2 O-p(5×5)/Ag(111) Reconstruction

An oxygen induced p(5×5) reconstruction could be observed by us in our in-situ SXRD
measurements and in LEED for the first time. The LEED measurements were per-
formed at Lund, where the Ag(111) surface was oxidized with 600 L NO2 at 500 K.
The NO2 was pumped down and the sample was cooled down to room temperature,
followed by an annealing cycle up to 418 K, resulting in the formation of the p(5×5)
reconstruction. The corresponding LEED pattern is shown infigure6.12a).
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Figure 6.12: a) LEED image of the oxygen induced p(5×5) reconstruction, recorded
at an electron energy of 118 eV. The superstructure reflections are visible at multiples
of 0.2. b) In-plane scan along the (100) direction forL = 0.1, showing a coexistence
of the p(4×4) and p(5×5) reconstructions, measured at 423 K. All observed reflections
of the p(5×5) reconstruction are marked by the red lines.

During the in-situ SXRD experiments the Ag(111) sample was oxidized at 473 K
and 1 bar of oxygen resulting in the formation of the p(4×4) reconstruction. The sam-
ple was cooled down to 453 K at 1 bar of oxygen. Under these conditions the formation
of the p(5×5) reconstruction in coexistence with the p(4×4) structure was observed.
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The same observation was made at 423 K. An in-plane scan alongthe (100) direction,
showing superstructure reflections of the p(5×5) structure at multiples of 0.2 and re-
flections of the p(4×4) reconstruction at multiples of 0.25, measured at 423 K and1
bar of oxygen, is shown in figure6.12b). In the LEED experiment only the p(5×5)
reconstruction was observed, because chemisorbed oxygen atoms transform into the
p(4×4) reconstruction above∼ 420 K. During the preparation, the sample, covered by
chemisorbed oxygen, was only heated to 418 K. This means, that the p(5×5) recon-
struction forms at lower temperatures than the p(4×4) structure.

We propose a structural model of the p(5×5) reconstruction, which is built up by
two Ag10 triangles, located on fcc and hcp sites, as it is the case for the p(4×4) struc-
ture. The adsorbed Ag10 triangles are connected by 9 oxygen atoms per unit cell,
resulting in a Ag20O9 stoichiometry and an oxygen coverage of 0.36 ML. This model
is obtained from the structure of the p(4×4) reconstruction by adding one silver row to
the Ag6 triangles. The structural model is shown in figure6.13.

Figure 6.13: Oxygen induced p(5×5) reconstruction. Adsorbed silver atoms within the
triangles are shown as blue spheres. Oxygen atoms are shown as red spheres.

In our in-situ SXRD experiments we could observe the p(5×5) reconstruction only
up to a temperature of 453 K. At higher temperatures the p(5×5) structure is not stable
and either transforms into the p(4×4) reconstruction, which has a slightly higher oxy-
gen coverage, or it decomposes. The proposed model of the p(5×5) structure is not a
surface oxide, since it bears no resemblance to a three-layered slab of the bulk oxide
Ag2O in (111) orientation.

6.4.3 c(3 × 5
√

3)rect Reconstruction

STM measurements revealed the formation of a c(3 × 5
√

3)rect reconstruction after
oxidizing the clean Ag(111) surface with atomic oxygen at a temperature of 500 K
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[20]. This reconstruction was observed in coexistence withthe p(4×4) reconstruction
by STM. The model proposed in [20] is similar to the Ag12O6 model of the p(4×4)
reconstruction. The Ag6 triangles are arranged in another orientation with respectto the
substrate, resulting in a c(3 × 5

√
3)rect periodicity, having the same oxygen coverage

as the p(4×4) reconstruction. The structural model is shown in figure6.14, where
the primitive unit cell of the c(3 × 5

√
3)rect is also shown. The primitive unit cell is

described in matrix notation by the matrixMc(3×5
√

3)

Mc(3×5
√

3) =

(
3 0
4 5

)

. (6.4)

Figure 6.14: Oxygen induced c(3 × 5
√

3)rect reconstruction. Adsorbed silver atoms
within the triangles are shown as blue spheres. Oxygen atomsare shown as red spheres.
The rectangular and the primitive unit cell of the c(3 × 5

√
3)rect reconstruction are

shown. The unit cell of the p(4×4) reconstruction is shown as reference.

DFT calculations showed, that the c(3×5
√

3)rect reconstruction has a ground state
energy similar to the Ag12O6 model of the p(4×4) reconstruction [20]. The c(3 ×
5
√

3)rect reconstruction could not be observed by us during our SXRD and LEED
measurements, which could be related to the fact, that we have never used atomic
oxygen during our experiments.

6.5 Structures related to Ag2O(1̄1̄1̄)

For a detailed microscopic picture of the catalytic properties of Ag(111) it is of key im-
portance to understand, whether or not an O-Ag-O trilayer surface oxide can emerge, as
it was found for the other 4d transition metals, like Pd and Rh[1,3,4], and whether the
growth of a Ag2O bulk oxide on Ag(111) is even possible. The oxidation behaviour of
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Ag(111) was studied by means of in-situ surface x-ray diffraction at atmospheric oxy-
gen pressure [21]. Exposure to 1 bar oxygen at 773 K reveals a competing growth of
three different oxygen-induced structures on Ag(111), namely the well-known p(4×4)
reconstruction, a surface oxide in a p(7×7) coincidence structure and the bulk oxide
Ag2O in (1̄1̄1̄) orientation. The latter two exhibit the same honeycomb on hexagon
arrangement of the Ag sublattice with respect to the Ag(111)surface. An inverted
stacking of Ag planes in the bulk oxide islands is observed ascompared to the Ag(111)
substrate, which sheds new light on the Ag2O formation process. As we will show,
Ag2O grows epitaxially on Ag(111) in a Stranski-Krastanow likegrowth mode [45].
Finally, we present a structural model of the p(7×7) reconstruction, based on a three-
layer O-Ag-O slab of Ag2O(111).

6.5.1 Structure and orientation of Ag2O on Ag(111)

b)  p(4x4) unit cell     p(7x7) unit cell

a)

Figure 6.15: a) Ag2O bulk unit cell and a three-layer slab of Ag2O(111). Silver
atoms are shown as blue and oxygen atoms as red spheres. b) Possible orientations
of the Ag2O(111) surface unit cell on Ag(111). Previously proposed orientation of the
p(4×4) reconstruction on Ag(111), showing a row matching. Honeycomb on hexagon
arrangement resulting in a p(7×7) coincidence structure.

Fcc Ag is transformed into Ag2O by occupation of one quarter of its tetrahedral
sites by oxygen accompanied by a lattice expansion of 15 %. The lattice constants of
the hexagonal unit cell of Ag2O (111) area = b = 6.675 Å and c = 8.175 Å. The
trilayer Ag2O(111) structure consists of a hexagonal ring structure, which is composed
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of straight O-Ag-O chains. A silver atom is located in the middle of each O-Ag ring.
The unit cell of Ag2O and a three-layer slab of Ag2O(111) is shown in figure6.15a).

Two possible orientations of a Ag2O(111) unit cell on Ag(111) are shown in figure
6.15b). Although for the left orientation a row matching perpendicular to the a and b
axis with a misfit of less then 0.1 % is present, it has not been observed experimentally.
A honeycomb on hexagon arrangement resulting in a p(7×7) coincidence structure is
observed in this study both for bulk oxide islands as well as for a 2D surface oxide
layer. The large misfit for the honeycomb on hexagon arrangement between the oxide
and the metal is compensated by a coincidence structure, in which 3 Ag2O(111) surface
unit cells fit within a misfit of 1% onto 7 Ag(111) surface unit cells, as sketched
schematically in the right part of6.15b). This emerging coincidence lattice gives rise
to a p(7×7) superstructure of the 2D surface layer.
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Figure 6.16: a) Sketch of reciprocal space, showing the Ag2O(111) CTRs (red) and
the Ag(111) CTRs (grey). Positions of Bulk Bragg peaks are marked by spheres. b)
In-plane K scan (L=0.3) showing the coexistence of three oxygen-induced superstruc-
tures. c)-e) L-Scans along the CTRs for Ag2O(111) (data points). The dashed lines
are calculated CTRs of bulk terminated Ag2O(111); their intensity was adjusted to the
tails of the Bragg reflections. The solid line represents a simulation of the diffracted
intensity including the contribution of the 2D layer as described in the text.
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After exposure to 1 bar O2 at 773 K and cooling down to room temperature under
constant O2 pressure, reciprocal space scans in H and K direction at L=0.3 have been
performed at 10 mbar O2 pressure. Typical experimental results are shown in figure
6.16. In addition to the crystal truncation rods (CTRs) of the Ag(111) surface at H=1
and H=2, two different sets of diffraction spots are observed, as explained in the fol-
lowing: reflections are visible at H=4/7, 6/7, 8/7, 9/7, 11/7and 12/7, compatible with
a p(7×7) superstructure. In addition we observe reflections at H=1/2, 3/4, 5/4, 3/2 and
7/4, originating from the p(4×4) reconstruction, which is stable under the preparation
conditions described in section5.1.

To obtain more information on the three-dimensional structure of the oxide formed,
L scans with momentum transfer perpendicular to the surfacehave been carried out at
(H=0, K=0.86) ,(H=0.86,K=0), (H=0.86, K=0.86) (figures6.16c)-e)). These H and
K values lay in between the nominal positions for CTRs from a Ag2O(111) surface
and for a p(7×7) superstructure. Within the experimental resolution, the signal of both
structures is detected simultaneously. As a first observation, bulk Bragg reflections are
observed at multiples of∆L=3×0.86, corresponding to the fcc stacking of subsequent
Ag planes in Ag2O, with a hexagon-on-hexagon arrangement to the Ag(111) surface.
It can be clearly recognized that the ’ABC’ like stacking of the Ag(111) substrate is
not maintained, because e.g. on the (0,0.86) rod reflectionsat L=0.86 and L=4 × 0.86
are observed, whereas for the corresponding Ag (0,1) rod reflections at L=2 and L=5
are present. The resulting ’CBA’ stacking inversion is visualized in figure6.17.

Normal
Stacking

Inverted
Stacking

Figure 6.17: Inverted and normal stacking sequence of Ag2O(111) on Ag(111). Under
the experimental conditions applied in this study, the inverted stacking is favoured.
Silver atoms are shown as blue and oxygen atoms as red spheres.

Interestingly, the same epitaxial orientation and stacking inversion was reported
for the iso-structural system of cuprite Cu2O(1̄1̄1̄) on Cu(111) under electrochemical
conditions [93].
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Bulk Ag2O grows in form of domains with a wide height distribution, aswe can
conclude from the missing finite film thickness oscillationsin the L scans in figure
6.16 c)-e). In addition, in specular reflectivity measurements (not shown here), no
film thickness oscillations were observed, in agreement with a very rough surface.
Nevertheless, from the width of the Bragg peaks in the L direction, a height of 50
Å can be estimated. For a 50 Å thick, homogeneous Ag2O film, the intensity of the
Ag2O Bragg reflections is expected to be orders of magnitude higher than observed
experimentally. Therefore, we argue that the Ag2O bulk oxide does not cover the
whole surface and grows as islands. The stacking inversion of the Ag planes in the
bulk oxide islands is not compatible with the simple pictureof Ag2O formation, that
oxygen atoms would enter into the Ag substrate, thereby occupying tetrahedral sites
and expanding the Ag lattice to Ag2O. Instead, a silver mass transport perpendicular to
the surface must be invoked to grow the Ag2O islands.

6.5.2 O-p(7 × 7)/Ag(111): A surface oxide

Figure 6.18: Structural model of the surface oxide with p(7×7) coincidence structure.
In the inset a side view is presented. Silver atoms are shown as blue and oxygen atoms
as red spheres. Hexagon on hexagon arrangement of silver atoms is visible at the origin
of the unit cell.

Surprisingly, we observe additional signal in the L scans infigure 6.16 c)-e) in-
between the Ag2O Bragg reflections. If we assume a perfectly smooth Ag2O(111) sur-
face, one would expect a CTR signal plotted as dashed line in figure6.16c)-e), falling
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significantly below the experimental data points. The remaining intensity, which is
varying slowly along the oxide rods, can be explained by the presence of a 2D layer,
laterally coexisting with the Ag2O islands. This layer exhibits the same in-plane epi-
taxial alignment and interatomic row distances as the Ag2O(111) islands. We argue
that this 2D layer gives rise to the satellite peaks at multiples of 1/7 in the K scan in
figure6.16b). We propose, that this layer forms a p(7×7) coincidence structure on top
of the Ag(111) substrate, since 3 unit cells of Ag2O(111) fit almost perfectly on 7 unit
cells of Ag(111), resulting in a lattice mismatch of 1 %. A sketch of the model is shown
in figure6.18. It is build from one silver layer, which is surrounded by twooxygen ion
layers in the surface oxide O-Ag-O architecture. The solid line in figures6.16c)-e) are
simulations of the diffracted intensity based on the structural model shown in figure
6.18, including some rumpling of the first Ag(111) layer, which ismost likely to occur
because of the (7×7) coincidence structure. Although we can not perform a rigorous
quantitative analysis on the basis of the present data, the model explains the main fea-
tures in the L scans like the minima at L≈3. They occur because of the interference
of the scattered waves from the Ag atoms in the 2D oxide layer and the rumpled first
substrate layer. The stoichiometry of this layer is Ag9O6, in correspondence to the en-
ergetically most stable O-Ag-O surface oxide layer on Ag(111) [19], according to DFT
calculations. It was shown in a recent DFT study [18] of O-Ag-O trilayers constructed
from a Ag2O(111) slab, that Ag atoms located in the middle of the O-Ag rings are
energetically not favourable. A Ag-Ag interface of the p(7×7) reconstructed layer and
the Ag(111) substrate is not considered, as it would lead to unfavourable on-top posi-
tions of the Ag atoms. We propose, that the observed alignment of the surface oxide
layer and the bulk oxide is preferred because of the hexagon on hexagon arrangement
of the silver atoms in the oxide layer and the substrate silver atoms, which leads to a
low mismatch coincidence structure with a lateral repeat distance of 7 substrate unit
cells.

This layer is the first observation of a surface oxide O-Ag-O trilayer on Ag(111)
and should have severe ramifications for our microscopic understanding of the catalytic
properties of Ag(111) facets.

6.6 Stability Diagram of the O/Ag(111)-system

In-situ SXRD is the optimal experimental method to measure the stability diagram of
the O/Ag(111)-system from UHV up to an oxygen pressure of 2 bar. The so-called
’pressure gap’, describing the discrepancy between UHV studies and the catalytic con-
ditions, was closed by our experiments. Scans in reciprocalspace, which are typical
for the clean surface, disordered chemisorbed oxygen, the oxygen induced modulation
along the (110) direction and the p(4×4) reconstruction were measured in dependency
of sample temperature and oxygen pressure. The resulting stability diagram of the
O/Ag(111)-system is shown in figure6.19.
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Figure 6.19: Stability diagram of the O/Ag(111)-system measured by in-situ SXRD.
The black line is the calculated stability border of1/16 ML chemisorbed oxygen. The
red line is the calculated stability border of the Ag12O6 model including effects due to
van der Waals interaction [19]. For the details of the calculations see also chapter5.5.

A common feature, which was observed for the entire studied temperature range of
473 to 723 K, is, that the oxidation of the Ag(111) surface starts with the formation of
disordered chemisorbed oxygen. This oxygen species occupies most likely fcc sites on
the silver surface, which was proposed by DFT calculations [16,43,44] and STM mea-
surements [42] and is also in agreement with our SXRD and NIXSW measurements
(cf. section6.2). An increase of the oxygen pressure, which is accompanied by an en-
hanced oxygen coverage, leads to a strong repulsion of the partially negative charged
oxygen atoms. The repulsive interaction is stabilised by two different mechanisms. On
the one hand, we observed the formation of an incoherent modulation of the Ag(111)
surface along the (110) direction, and on the other hand the p(4×4) reconstruction starts
to form. We propose, that the modulation is caused by stripesof chemisorbed oxygen
with a period length of 10.32 Å on the Ag(111) surface, which seem to minimise the
repulsive interaction of the oxygen atoms (cf. section6.3.1). The stability region of the
modulated structure is shown in figure6.19. The modulation along (110) was always
observed in coexistence with the p(4×4) reconstruction and only up to a temperature of
503 K. With increasing oxygen pressure the scattered signalof the modulated structure
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decreased, while the signal of the p(4×4) structure increased. The incommensurate
modulation was only observed up to an oxygen pressure of 100 mbar. We suggest, that
the modulated structure is a metastable transient phase, transforming into the p(4×4)
reconstruction, minimising the repulsive oxygen-oxygen interaction, which is ’frozen’
up to a temperature of 503 K.

The measured stability diagram is compared withab initio thermodynamic cal-
culations, resulting in the stability border for disordered chemisorbed oxygen with a
coverage of 1/16 ML and the stability border of the Ag12O6 model of the p(4×4) re-
construction including van der Waals interactions of the silver atoms within the Ag6
triangles, which are shown in figure6.19. Details of the calculations were already
discussed in section5.5. A good agreement between calculations and measurements
is obtained, reproducing the slope of the stability bordersfor temperatures≥ 523 K.
Between 473 and 503 K kinetic effects play an important role for the formation of
the p(4×4) reconstruction, since a considerable transport of silver atoms takes place,
explaining the rather big discrepancy between calculations and measurements in this
temperature region. For temperatures≥ 523 K only disordered chemisorbed oxygen
and the p(4×4) reconstruction were observed. Under these conditions both structures
are in thermodynamic equilibrium with the surrounding gas phase, resulting in an in-
stantaneous growth or decomposition, if the stability borders are passed (cf. section
5.5).

The incoherent (
√

3 × 2.28)rect R30◦ reconstruction, which was observed by ex-
situ LEED measurements after oxidizing the Ag(111) surfaceat ∼ 430 K and 5 to
10 mbar of oxygen, was not observed during our in-situ SXRD experiments in the
temperature range shown in figure6.19. The model, which was described in section
6.3.2, is built up by oxygen stripes, showing an oxygen coverage of0.44 ML, being
the highest coverage of all observed structures. This high coverage structure seems to
be only stabilised at rather low temperatures about 430 K. Similar results are obtained
for the p(5×5) reconstruction, which was only observed between 423 and 453 K and
1 bar of oxygen in coexistence with the p(4×4) structure. The proposed structure
of the p(5×5) reconstruction is built up by silver triangles, as it is the case for the
p(4×4) reconstruction, showing an oxygen coverage of 0.36 ML. Wesuggest, that the
p(5×5) reconstruction either transforms into the p(4×4) reconstruction, which shows
an oxygen coverage of 0.375 ML, for higher temperatures, or it decomposes.

An important result is the fact, that the p(4×4) reconstruction is stable at 523 K
and 2 bar of oxygen, which is close to the industrial conditions for the epoxidation
of ethylene. It is still under debate, if the p(4×4) reconstruction is stable under real
catalytic conditions, when a mixture of oxygen and ethyleneis applied [46]. Further in-
situ SXRD experiments have to be performed, using mixtures of ethylene and oxygen
to answer this question unambiguously.

The formation of the bulk oxide Ag2O(̄11̄1̄) and the p(7×7) reconstruction in coex-
istence with the p(4×4) structure was observed after oxidizing the Ag(111) surface at
773 K and 1 bar of oxygen and cooling down under constant O2 pressure. Increasing
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the temperature from 300 K at 1 bar of oxygen leads to the formation of the p(4×4)
reconstruction at 420 K, the formation of small amounts of the bulk oxide is observed
at 473 K. In addition to the already mentioned growth experiments, we also analysed
in-situ the decomposition behaviour of the oxide structures. The p(4×4) reconstruction
decomposes at 523 K in UHV, whereas the bulk oxide Ag2O(̄11̄1̄) already decomposes
at 510 K. Altogether, the bulk oxide shows a higher growth temperature at 1 bar of oxy-
gen and decomposes at lower temperatures than the p(4×4) structure. Keeping in mind,
that by increasing the temperature at elevated pressures almost no bulk oxide is formed,
we suggest, that the p(4×4) reconstruction acts as a passivating layer with respect to
the formation of the bulk oxide and the p(7×7) reconstruction on Ag(111). Only on
the small amount of unreconstructed surface area the bulk oxide and the p(7×7) co-
incidence structure can grow. By reducing the temperature from 773 K at 1 bar of
oxygen one reaches a temperature region, where the surface is not completely covered
by the p(4×4) reconstruction. Under these circumstances (523 K and 1 bar of oxygen)
the bulk oxide and the p(7×7) structure start to form and cover larger surface areas.
In both cases a coexistence of the p(4×4) reconstruction, Ag2O(̄11̄1̄) and the p(7×7)
reconstruction is observed. The competing growth of the three observed oxide phases
is in line with the observation of different oxygen induced superstructures on Ag(111)
with more or less degenerate energetics [20]. Therefore, itis most likely, that not only
the p(4×4) reconstruction is responsible for the catalytic properties of silver, but also
energetically degenerate surface structures or Ag2O bulk oxide islands.
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Chapter 7

Summary

The oxidation behaviour of the Ag(111) surface was studied by systematic in-situ
SXRD, HRCLS, NIXSW and LEED measurements, revealing a competing growth of
several oxygen induced reconstructions and the bulk oxide Ag2O in (̄11̄1̄) orientation,
which leads to strong implications for the understanding ofthe catalytic properties of
Ag(111) facets. In this chapter the main results are summarised, including a new model
of the oxygen induced p(4×4) reconstruction and the observation of a p(7×7) coinci-
dence structure, which is most likely the first observation of a surface oxide on the
Ag(111) surface.

The clean Ag(111) Surface

The clean surface is stable under UHV conditions and at low temperatures and low
oxygen pressures, before the dissociative chemisorption of oxygen takes place. We
have determined the relaxation of the clean Ag(111) surfaceby SXRD measurements,
whereas our results agree with a LEED-I(V) study [41]. The first interlayer spacing
is contracted by 1.23 % and the second interlayer spacing by 1.17 %. The results for
the fitted Debye-Waller factors of 1.62 Å2 for the topmost silver layer and 1.10 Å2 for
the second silver layer show an enhanced vibrational amplitude, compared to the bulk
value of 0.8 Å2, which is already adopted by the third silver layer.

Disordered chemisorbed Oxygen

Disordered chemisorbed oxygen is stable in a wide range of oxygen pressure and tem-
perature, prior to the formation of oxygen induced ordered reconstructions, as it was
determined by our in-situ SXRD experiments. The height of the oxygen atoms above
the first substrate layer is1.47± 0.3 Å, which was determined by means of NIXSW. It
is most likely, that the adsorption takes place at on-surface fcc sites, as it was predicted
by DFT calculations [16,43,44]. The low coherent fraction of the fitted standing wave
profile points to a broad height distribution of the oxygen atoms, which is caused by

87



88 CHAPTER 7. SUMMARY

the disordered nature of the adsorption process, due to the repulsive interaction of the
oxygen atoms, resulting in many possibilities of the local binding geometry at the fcc
hollow site. The disordered chemisorption process leads torandom distortions in the
first substrate layer on the order of 0.12 Å, which results from our SXRD measure-
ments. A further increase of the oxygen coverage leads to theformation of ordered
structures, which minimise the repulsive oxygen-oxygen interactions. These super-
structures will be discussed in the following section.

Oxygen induced Reconstructions and Ag2O(1̄1̄1̄)

During our SXRD, HRCLS, NIXSW and LEED studies we have observed six different
periodic oxygen induced structures: the p(4×4), p(5×5) and p(7×7) reconstructions,
the modulation along (110), a (

√
3 × 2.28)rect R30◦ reconstruction and bulk oxide

islands in (̄11̄1̄) orientation. All structures can be observed in coexistence with the
most prominent superstructure, namely the p(4×4) reconstruction.

We have put forward a new Ag12O6 model of the p(4×4) reconstructions, which
was determined by a collaborative work, including SXRD, STM, HRCLS measure-
ments and DFT calculations [19]. The structure is build up bytwo Ag6 triangles,
showing bulk-like silver-silver distances. One triangle is located on fcc sites and the
other on hcp sites. The Ag6 triangles are interlinked by 6 oxygen atoms per unit cell,
whereas always to oxygen atoms are located in the furrows between two silver tri-
angles, resulting in an oxygen coverage of 0.375 MLs. The ground state structure
determined by DFT at 0 K shows small clockwise and counter-clockwise rotations of
the Ag6 triangles in the surface plane, resulting in an up and down movement of the
oxygen atoms. Our SXRD experiments were performed at room temperature. Under
these conditions the Ag6 triangles flip between the two rotational configurations, re-
sulting in a vanishing rotation of the silver triangles and aplanar arrangement of the
oxygen atoms, as it was obtained by the structural refinementto our SXRD data set,
which shows p6mm symmetry. Furthermore, the Ag12O6 model of the p(4×4) recon-
struction is not a prototype of a surface oxide in the O-Ag-O trilayer architecture, but
rather a nano-structured adsorbate layer.

Additionally, we have determined the stability of the p(4×4) reconstruction by our
in-situ SXRD measurements. The p(4×4) reconstruction is stable for a wide range of
oxygen pressure and temperature. Our results are in agreement with ab initio thermo-
dynamic calculations, if van der Waals interactions of the silver atoms within the Ag6
triangles are included. Thereby, the p(4×4) structure is stable under the catalytic con-
ditions of the epoxidation of ethylene (523 K and up to 2 bar ofoxygen). The p(4×4)
reconstruction and disordered chemisorbed oxygen are in thermodynamic equilibrium
with the surrounding gas phase for temperatures≥ 523 K. Under these conditions an
instantaneous growth or decomposition of the respective phases is observed, if the sta-
bility borders are passed.

A modulation of the first silver layer along the (110) direction was observed up
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to 503 K during our in-situ SXRD experiments. We propose, that the modulation is
caused by stripes of on-surface chemisorbed oxygen with a period length of 10.32
Å. The stripes are aligned perpendicular to the (110) direction and show an oxygen
coverage of 0.28 ML. The structure is incoherent along the (110) direction, which is an
indication, that the repulsive oxygen-oxygen interactions dominate over the oxygen-
silver interactions. We suggest, that the modulated structure is a metastable transient
state, which is ’frozen’ up to 503 K. With increasing oxygen pressure this structure
transforms into the p(4×4) reconstruction, as it was observed by our in-situ SXRD
measurements.

A (
√

3 × 2.28)rect R30◦ reconstruction was observed by LEED after oxidizing the
clean Ag(111) surface at 430 K and 5 to 10 mbar of O2. This reconstruction shows
a behaviour similar to the modulated structure, since it is also incoherent along the
(110) direction. The construction of a model is straightforward, resulting in stripes of
on-surface chemisorbed with a period length of 6.59 Å. This model shows an oxygen
coverage of 0.44 ML, which is the highest coverage of all observed superstructures.
The reconstruction is only stabilised at temperatures around 430 K, due to the strong
repulsive interaction of the oxygen atoms. Oxidation of theAg(111) surface at 430 K
and 1 mbar of O2 leads to a coexistence of the (

√
3 × 2.28)rect R30◦ reconstruction

and the p(4×4) superstructure.
The formation of adsorbed silver triangles, as it is the casefor the p(4×4) recon-

struction, seems to be a structural building block, which isalso observed in the oxygen
induced p(5×5) structure. This reconstruction is stable between 423 and453 K at
atmospheric oxygen and shows a coexistence with the p(4×4) reconstruction. We pro-
pose a model, which contains two Ag10 triangles, being located on fcc and hcp sites,
which are connected by 9 oxygen atoms per unit cell, resulting in an oxygen coverage
of 0.36 MLs. The p(5×5) reconstruction was not observed for temperatures≥ 453 K.

We have demonstrated, that bulk Ag2O(̄11̄1̄) grows on Ag(111) in a Stranski-
Krastanow like growth mode after exposure to 1 bar of oxygen at 500◦C and cooling
down to room temperature [21]. The bulk oxide and the 2D surface oxide like layer
form a honeycomb on hexagon arrangement with respect to the Ag(111) surface. The
2D layer exhibits a p(7×7) coincidence diffraction pattern and its structure is most
likely explained by an Ag9O6 layer, rotated by 30◦, as compared to the alignment in
the earlier models for the p(4×4) structure. In this model, the bonding of the layer
to the substrate is mediated by interfacial oxygen sitting on near on-top, threefold and
bridge sites of the Ag(111) surface. The p(4×4) reconstruction acts as a passivating
layer with respect to the formation of the bulk oxide and the p(7×7) structure, since it
shows a lower growth temperature at 1 bar of O2. Finally, the formation of the bulk ox-
ide islands cannot be explained by simple incorporation of oxygen atoms at tetrahedral
sites in the silver bulk. The inverted stacking sequence of the bulk oxide is very likely
associated to a silver mass transport perpendicular to the surface plane.
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Conclusions

Systematic LEED and in-situ SXRD studies revealed the formation of the p(5×5),
p(7×7) and (

√
3 × 2.28)rect R30◦ reconstructions, the modulated structure and bulk

oxide islands, besides the already known p(4×4) reconstruction. Furthermore, we have
closed the so-called ’pressure gap’ by our in-situ SXRD experiments, by measuring the
stability diagram of the O/Ag(111)-system. Our results shed new light on the catalytic
properties of Ag(111) facets, thereby reconstructions only stabilised at temperatures
between 423 and 453 K, as the (

√
3 × 2.28)rect R30◦ and the p(5×5) reconstruction,

does not seem to play an important role for the catalytic activity of Ag(111) facets,
since real catalytic processes are conducted at temperatures between 500 and 600 K.
The modulated structure cannot be made responsible for the catalytic activity of silver
as well, since it is not stable at atmospheric oxygen pressure. Under the catalytic
conditions we have observed a competing growth of the p(4×4) reconstruction, the
p(7×7) coincidence structure and inversely stacked bulk oxide islands. Therefore, it
is most likely, that not only the p(4×4) reconstruction is responsible for the catalytic
properties of silver, but also energetically degenerate surface structures or Ag2O bulk
oxide islands.

Outlook

Further SXRD studies and theoretical modelling have to be performed to confirm the
structural models of the p(5×5), p(7×7) and (

√
3× 2.28)rect R30◦ reconstructions un-

ambiguously. Additionally, our in-situ SXRD experiments have to be extended to real
catalytic conditions, by using mixtures of molecular oxygen and ethylene, to determine
the active oxygen species on the Ag(111) surface under theseconditions. A final step
to a full understanding of the catalytic properties of silver would be the study of epitax-
ially grown silver nano particles supported on oxides, likeAl 2O3, MgO or ZnO, under
in-situ x-ray diffraction control. In this context, size effects of the nano particles and if
oxygen induced reconstructions can form on (111) facets of the nano particles, which
were already observed on the Ag(111) surface, should be investigated.



Appendix A

2 and 3D Crystallography

A.1 Ag(111) Surfaces

Silver crystallises in the fcc structure, showing a latticeconstanta0 = 4.0853 Å. Com-
monly, (111) surfaces of fcc metals are described by hexagonal unit cells. The trans-
formation from fcc coordinatesAi to hexagonal (111) surface coordinatesai is given
by

a1 = −A1/2 + A2/2 (A.1a)

a2 = −A2/2 + A3/2 (A.1b)

a3 = A1 + A2 + A3 (A.1c)

The same transformation holds for the Miller indices H, K andL [23]. a1 anda2

enclose an angle of120 ◦ and lie in the (111) plane, where|a1| = |a2| = a0/
√

2. a3

is standing perpendicular to the (111) plane, having a length of
√

3a0. Resulting in
a Ag(111) lattice plane spacingd111 = a0/

√
3 = 2.36 Å. The hexagonal unit cell

contains 3 atoms, showingp3m1 symmetry [77]. The positionsr j are

r 1 = 0 (A.2a)

r 2 =
2

3
a1 +

1

3
a2 +

1

3
a3 (A.2b)

r 3 =
1

3
a1 +

2

3
a2 +

2

3
a3, (A.2c)

giving rise to an ABC stacking of silver layers along the[001] direction (expressed
in surface coordinates). The selection rules for the allowed Bragg reflections can be
easily calculated from equations3.12andA.2, resulting in

2H + K + L = 3m and H + 2K + 2L = 3n ;m,n ∈ Z (A.3)
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The CTRs can be calculated by equation3.5. For (1,1,L)-type CTRs one obtains

FCTR(q) = fAg
−e−iπL/3

2i sin πL
3

, (A.4)

showing Bragg peaks atL = 0, 3, 6, · · · . Similar results are obtained for the (1,0,L)
CTR, showing Bragg peaks atL = 1, 4, 7, · · · and the (0,1,L) CTR, showing Bragg
peaks forL = 2, 5, 8, · · · .

Stacking faults occur to some extent in any fcc metal. Relevant for this study are
so-called ’twins’, showing an inverted stacking sequence CBA. The twinning has an
effect on the shape of the (1,0,L)- and (0,1,L)-type CTRs shown in figureA.1.

1 2 3 4

10
2

10
3

(0,1) CTR of Ag(111)

 ABC

 CBA

 
 

F
 [

a
rb

. 
u
n
it
s
]

L [r.l.u.]
1 2 3 4

10
2

10
3

 ABC

 CBA

(1,0) CTR of Ag(111)

 

 
F

 [
a
rb

. 
u
n
it
s
]

L [r.l.u.]

Figure A.1: Effect of twinning on the shape of the (0,1,L) and(1,0,L) CTRs.

(1,1,L), (3,0,L) and (0,3,L)-type CTRs are not sensitive tothe stacking sequence.

A.2 2D Crystallography, Wood and Matrix notation

Any surface structure can be classified by 5 types of 2D Bravais ’nets’: square, primi-
tive and centred rectangular, hexagonal and oblique [94], described bya1 anda2.

Size and orientation of a reconstruction of/on the surface is given by the matrix
M, defining the in-plane unit cell of the reconstruction, expressed in terms ofb1 and
b2 [56].

b = M · a (A.5)

The matrix notation can be used to describe any type of reconstruction. Neverthe-
less, the Wood notation [94] is generally applied to describe a superstructure. In this
case, primitive and centred structures are marked by a leading ’p’ or ’c’. The length of
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b1 andb2 is given in units ofa1 anda2, a rotation ofx◦ of the unit cell with respect to
the substrate is indicated by Rx◦. A typical example of a reconstruction on a (111) sur-
face of a fcc metal is a p(

√
3×

√
3)R 30◦ reconstruction. The Wood notation cannot be

applied if the angle enclosed by the unit cell vectors is different for the reconstruction
and the substrate.

Depending on their relation to the substrate lattice, reconstructions can be grouped
in 3 types [30]:

• Simple Structures: Defined by|M| ∈ Z. In this casea andb are simply related
to each other. Example:(

√
3 ×

√
3)R 30◦ on hexagonal surface mesh, where

M =

(
1 −1
1 2

)

.

• Incommensurate layers: Defined by|M| ∈ Q. Typical examples are coinci-

dence structures, likeM =

(
4/3 0
0 4/3

)

. In this case, 3 superstructure cells fit

perfectly on 4 substrate cells.

• Incoherent structures: Defined by|M| ∈ R. In this case no common peri-
odicity between substrate and adlayer exists. This case canbe observed, if the
interactions between the adatoms exceed the interactions between substrate and
adsorbed atoms.
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Appendix B

Theoretical Methods

Density Functional Theory (DFT) [95,96] andab initio thermodynamics [97] are com-
monly used theoretical techniques. One application amongst others is the determina-
tion of the structure and stability of oxygen induced reconstructions on surfaces of the
late 4d transition metals.

B.1 Density Functional Theory

The ground state of an interacting electron gas in a static potential, cannot be solved
analytically due to the interactions of the electrons. In DFT calculations the exchange
and correlation effects are included in the functionalExc[n(r)], which is the exchange
and correlation energy of the system andn(r ) is the electron density [95]. It can be
shown, ifn(r ) is a slowly varying number, that the ground state of the system can be
calculated by solving the one-particle Schrödinger equation

{

−1

2
∇2 +

[
ϕ(r) + µxc(n(r ))

]}

ψi(r) = ǫi ψi(r) , (B.1a)

n(r) =

N∑

i=1

∣
∣ψi(r)

∣
∣
2
. (B.1b)

EquationB.1a describes a system of N noninteracting electrons moving in apo-
tentialϕ(r) + µxc(n(r)), whereµxc(n(r)) is the contribution to the chemical potential
due to exchange and correlation. The difficult task is to solve the equations defining
ϕ andµxc, the stationary condition and equationsB.1 self-consistently, which is de-
scribed in [95] for different approximations. In the last years big advance was made in
DFT calculations. Standard code packages like the Vienna abinitio simulation package
(VASP) are available [96].

The ground state energy and structure of oxygen induced reconstructions of the late
4d transition metals can be calculated nowadays with high precision. The adsorption
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energy per oxygen atom is readily calculated from the total energy of the system, as
determined by DFT.

B.2 Ab initio Thermodynamics

Ab initio thermodynamics is a theoretical approach to extend DFT results, which are
calculated forT = 0 K and no oxygen partial pressure, to ambient conditions, which
are relevant for industrial applications [22,97,98].

The surface is thought to be in contact with an oxygen reservoir, giving oxygen
atoms to the surface or taking oxygen atoms away, without changing the pressure and
temperature of the system. The appropriate thermodynamic potential is the Gibbs free
energyG(T, p,NAg,NO) for the case of a silver surface.NAg andNO are the number
of silver and oxygen atoms per surface unit cell. The structure with the lowest surface
free energyγ(T, p) is thermodynamically stable. The surface free energy is given by

γ(T, p) =
1

A

[

G(T, p,NAg,NO) − NAg µAg(T, p) − NO µO(T, p)

]

, (B.2)

where A is the area of the surface unit cell andµAg andµO are the chemical po-
tentials of the Ag and O atoms, respectively. For calculations the oxygen chemical
potential is referred to half the binding energy of an oxygenmolecule1/2Etotal

O2
, which

is calculated by DFT [22,98].

∆µO(T, p) = µO(T, pO2
) − 1

2
Etotal

O2
, (B.3)

The Gibbs free energy is given by

G = F − TSvib + pV , (B.4a)

G = Etotal + Evib − TSvib + pV. (B.4b)

It can be shown, that the pV term can be neglected for pressures lower than 100
atm [97]. The energy of the vibrationsEvib and their entropic contributionTSvib can
be calculated, which is shown in references [22, 97]. In manycases the vibrational
contributions can also be neglected.

The oxygen chemical potential, the oxygen pressure and the temperature of the
system are related via the ideal gas equation [97]

∆µO(T, p) = µO(T, p0) +
1

2
kB T ln

(

pO2

p0

)

, (B.5)

wherep0 = 1 atm. The relevant values ofµO(T, p0) are tabulated in [97]. An
approximation for the surface free energy, which is valid for thin oxide layers, neglects
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the vibrational contributions and the terms containing thechemical potential of the
substrate atoms [98]. The surface free energy is then determined by

γ(∆µO(T, p)) =
NO

A

[

Ebind
O + ∆ µO

]

. (B.6)

The binding energy per oxygen atomEbind
O = Etotal/NO is obtained by total energy

calculations of the system by means of DFT. The phase diagramis determined by
computing equationB.6 for all oxygen induced structures, where the clean surface
is stable forγ = 0 eV/Å2. The higher the oxygen content the steeper the slope of
γ(∆µO). The stable phase in terms of∆µO, is the one showing the smallest surface
free energy. By using equationB.5, the phase diagram in terms of temperature and
oxygen pressure can be calculated.
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Appendix C

Abbreviations and Acronyms

AES AugerElectronSpectroscopy
ANKA ÅngströmquelleKarlsruhe
BM BendingMagnet
CTR CrystalTruncationRod
DFT DensityFunctionalTheory
DŠ Doniach-Šunjić
DWF Debye-WallerFactor
ESCA ElectronSpectroscopy forChemicalAnalysis
ESRF EuropeanSynchrotronRadiationFacility
FWHM Full Width atHalf Maximum
HRCLS High ResolutionCoreLevelSpectroscopy
ID InsertionDevice
L Langmuir
LEED Low EnergyElectronDiffraction
MAX-lab Synchrotron in Lund, Sweden
ML Monolayer
NIXSW NormalIncidenceX-RayStandingWave Absorption
RTR Region ofTotal externalReflection
STM ScanningTunnelingM icroscopy
SXRD SurfaceX-Ray Diffraction
TDS ThermalDiffuseScattering
TPD TemperatureProgrammedDesorption
UHV Ultra High Vacuum
VASP Viennaab initio SimulationPackage
VUV VacuumUltraviolet
XIF X-Ray InterferenceField
XPS X-RayPhotoelectronSpectroscopy
XSW X-RayStandingWave
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Appendix D

Symbols used in Equations

Surface X-Ray Diffraction

λ photon wavelength
ki wave vector of incident x-rays
kf wave vector of scattered wave
ai i = 1, 2, 3 unit cell vectors in real space
q = kf − ki = q‖ + qz wave vector transfer
q‖ in-plane momentum transfer
qz out-of-plane momentum transfer
I(q) scattered intensity
A(q) scattering amplitude
r0 classical electron radius
fj(q) atomic form factor
F(q) structure factor of the unit cell
2ϑ angle betweenki andkf
N number of illuminated unit cells
H, K and L Miller indices
G = Ha∗

1 + Ka∗
2 + La∗

3 reciprocal lattice vector
ε absorption per atomic layer
Θ coverage
b1 andb2 in-plane unit cell vectors of a reconstructed surface
M matrix, which relatesb anda
n = 1 − δ − iβ index of refraction
̺ electron density
αi incident angle with respect to the surface plane
αf exit angle
αc critical angle for total external reflection
δδδ instantaneous displacement of an atom
e−Mj(q2,T) Debye-Waller factor
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Bj(T) = 8π2〈δ 2
qj(T)〉 temperature factor

P(X) Patterson function
V volume of the unit cell in real space
θ rocking angle
dσ
dΩ

differential scattering cross section
Iint integrated intensity
χ2 goodness of the fit
M number of data points
p number of fitting parameters
ς(q) total error bar

High Resolution Core Level Spectroscopy

Ekin kinetic energy of the photoelectron
Ebind binding energy of the electron
h Planck’s constant
hν photon energy
Φ work function of the metal
Y(∆E) photoelectron yield function
∆E energy offset
Γ gamma function
α asymmetry parameter
γ lifetime of the core hole

Normal Incidence X-Ray Standing Waves

K wave vector of incoming wave outside the crystal
|K | = 1/λ = k value of incoming wave vector
K 0 wave vector of incident wave inside the crystal
KH wave vector of scattered wave inside the crystal
d lattice plane spacing
H ; |H| = 1/d wave vector transfer
F(H) = F′ + iF′′ structure factor
κ(r ) complex dielectric constant
Γ = r0λ

2/πV abbreviation
~ = h/2π Planck’s constant
~ω photon energy
f(H) + f ′(~ω) + if ′′(~ω) atomic form factor with dispersion corrections
AAA electric or magnetic field vector
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EEE electric field vector
HHH magnetic field vector
E0 electric field amplitude of incident wave
EH electric field amplitude of scattered wave
P polarisation factor
ξ0 difference between|K 0| and k corrected bynmaterial

ξH difference between|KH| and k corrected bynmaterial

ς0 offset of the Bragg peak
m order of the Bragg reflection
D distance of diameter points of the dispersion surface
ϑ or ϑB Bragg angle
∆ϑ offset from the Bragg angleϑ
η = η′ + iη′′ complex variable, used for the calculation of the Darwin curve
R reflected intensity
wFWHM

D angular full width at half maximum of the Darwin curve
wRTR width of the region of total external reflection
χH Fourier component of the susceptibility
c speed of light in vacuum
e0 andeH polarisation unit vectors
v phase betweenE0 andEH

Mfi matrix element
|i〉 initial state
|f〉 final state
p̂ = −i~∇ momentum operator
YH

dip photoelectron yield in dipole approximation
FH coherent fraction
PH coherent position
YH generalised yield function
SR, SI andψ multipole corrections

Low Energy Electron Diffraction

λ wavelength of the electron
p momentum of the electron
λ = h/p de Broglie relation

Density Functional Theory

n(r) electron density
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Exc[n(r)] functional of the electron energy due to exchange and correlations
∇ nabla operator
ϕ(r ) static potential of the atoms
µxc(n(r)) chemical potential due to exchange and correlations
ψi(r) one-particle wave function
ǫi eigenvalue of the Hamiltonian

Ab initio Thermodynamics

G Gibbs free energy
T temperature
p pressure
γ surface free energy
A area of the surface unit cell
NX number of atoms of element X per surface unit cell
µ chemical potential
1/2 Etotal

O2
half binding energy of an oxygen molecule

∆µO(T, p) chemical potential referred to1/2 Etotal
O2

F free energy
S entropy
V volume
p0 atmospheric oxygen pressure
kB Boltzmann’s constant
Etotal total energy of the system determined by DFT
Ebind

O binding energy per oxygen atom
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