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Deutsche Zusammenfassung

Einleitung und Motivation

Die Oxidation von Metallen ist ein allgegenwartiges PhaanmHaufig beobachtet
man das Rosten von Stahl oder die griine Patina auf Kupfdtadeen. Die kontrol-
lierte Oxidation von Metalloberflachen flhrt aber auch autarschten Materialeigen-
schaften, hierbei haben passivierende Oxidschichtenostffeiem Stahl eine beson-
dere technische Bedeutung. Von besonderer Relevanz fiuodiegende Arbeit ist
die heterogene Katalyse, die fur die industrielle Synttesser Vielzahl von chemis-
chen Verbindungen verwendet wird, wobei Edukte und Praglgkisformig vorliegen
und die Reaktionen auf der festen Katalysatoroberflachtisteen. Oxidationsreak-
tionen spielen dabei eine wichtige Rolle, dementsprechédrices groRe Bemuhungen
in Forschung und Entwicklung, die zum Verstandnis der asésn Prozesse beitra-
gen sollen. Dies beinhaltet die Bestimmung der aktiven Stoitspezies auf der
Katalysatoroberflache und Studien zur Selektivitat undkidei@rung des Katalysators
auf atomarer Ebene.

Besonderes Augenmerk wird auf die Oxidation der 4d Ubergaegalle Ru, Rh,
Pd und Ag bei hohen Temperaturen und hohem Sauerstoffderathtet, da diese als
Katalysator fir eine Vielzahl von Oxidationsreaktionemwendet werden [1]. Auf
der Ru(0001) Oberflache beobachtet man die Bildung des Rua&d&ruG,(110) [2],
wéahrend sich auf den Pd(100) und Rh(111) Oberflachen sogen@berflachenox-
ide bilden [3,4]. Ein Oberflachenoxid ist eine dreilagiggadiinne Oxidschicht, die
dem entsprechenden Bulkoxid strukturell &hnelt, wobe2 enetallische Lage von zwei
Sauerstoffschichten umgeben ist, was zu einer Saueidtdtil-Sauerstoff Stapelab-
folge fuhrt.

Silber besitzt eine einmalige Stellung als Katalysatorwitd fur die Epoxidation
von Ethylen und die partielle Oxidation von Methanol zu Faldehyd verwendet.
Diese Oxidationsreaktionen laufen bei einer Temperatar %@0 bis 900 K und at-
mospharischem Sauerstoffdruck ab. Sowohl Ethylenoxidath Formaldehyd sind
wichtige Grundstoffe der chemischen Industrie, daher &h mn einer Optimierung
dieser silberkatalysierten Reaktionen interessiert. ttigage versucht man die Se-
lektivitat der Reaktionen aufgrund empirischer Erfahremglurch die Beimischung
sogenannter Inhibitoren (CI) [5] und Promotoren (Cs) zlbessern [6, 7]. In diesem
Zusammenhang versucht man eine direkte mikroskopisch&®mniber die auftre-
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viii DT. ZUSAMMENFASSUNG

tenden Oberflachenstrukturen zu erlangen und zukinfti®dieamik der Oxidations-
und Reduktionsreaktionen in Echtzeit zu analysieren. Hohtiger Schritt in diese
Richtung ist die Aufklarung der sauerstoffinduzierten Glaehenstrukturen auf atom-
arer Ebene, die sich unter hohen Temperaturen und hohems8#tdruck bilden.

Man beobachtet die Bildung ausgedehnter Ag(111) Facettepadykristallinem
Silber unter den industriell angewendeten Bedingungenkd#lytischen Reaktio-
nen [8]. Aus diesem Grund beschaftigten sich eine VielZagbtetischer und exper-
imenteller Studien mit dem Oxidationsverhalten der Agjl@berflache [8-21]. Seit
den frGhen 70iger Jahren ist die Bildung einer sauerstaffirmiten p(4«4) Rekon-
struktion bekannt [9, 10]. Auf Basis von STM (Scanning TumgeMicroscopy) Mes-
sungen und DFT (Density Functional Theory) Berechnungerdeviiir diese Rekon-
struktion eine dreilagige Oberflachenoxidstruktur vooidagen, die auf dem Bulkoxid
Ag>0(111) beruht [15, 16]. Die Oxidation der Ag(111) Oberflacglohien daher ein
ahnliches Oxidationsverhalten, wie das der im Periodeéasybenachbarten Elemente
Pd und Rh, aufzuweisen. Des Weiteren wurde die Stabilitatpdéx4) Struktur
unter industriell relevanten Bedingungen durch theachgsBerechnungen vorherge-
sagt [16, 22].

Einige Fragen blieben dennoch ungel6st. Die Stabilitatpdéx4) Rekonstruk-
tion unter industriell relevanten Bedingungen wurde expentell nicht nachgewiesen,
das Strukturmodell der p¢dd) Struktur wurde durch keine kristallographische Meth-
ode bestatigt und bis dato unbekannte sauerstoffinduzsridkturen konnten eine
wichtige Rolle fur die katalytische Aktivitat von Ag(111pEetten spielen. Unser ex-
perimenteller Ansatz basiert auf der Anwendung von heagauverfligbarer hochbril-
lianter Rontgenstrahlung, die von Synchrotrons der driGeneration erzeugt wird.
Dabei wird eine Kombination von drei oberflachensensitigthoden verwendet.
In-situ SXRD (Surface X-Ray Diffraction) erlaubt die Besthung von Rekonstruk-
tionstypen und deren Struktur mit einer Auflosung im sub-ékdich. Dabei lasst sich
das sogenannte 'pressure gap’ schlie3en, welches digé&ifewischen UHV Unter-
suchungen und den katalytischen Bedingungen beschrei®€LIS (High Resolution
Core Level Spectroscopy) ermdglicht Aussagen uber diddai@mische Umgebung
der Sauerstoff- und Silberatome. NIXSW (Normal Incidenc®ay Standing Wave
Absorption) ist eine Kombination aus Diffraktion und Spekkopie, die die Bestim-
mung der Atompositionen bezuglich der Ag(111) Ebenen stl&¥es Weiteren haben
wir systematische LEED (Low Energy Electron Diffractiongbsungen durchgefthrt,
wobei vormals unbekannte Rekonstruktionen der Ag(111)f@obe bestimmt wer-
den kdnnen.
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Theoretische Grundlagen
Oberflachenréntgenbeugung

Oberflachenrontgenbeugung (SXRD) basiert auf der elastsStreuung von Ront-
genstrahlen an Elektronen [23-29]. Im Gegensatz zur Stigeam Volumenkristall

fuhrt die Prasenz der Oberflache zu einer Unterbrechung efesd?zitat entlang der
Oberflachennormalen. Dies hat zur Folge, dass die desteuktierferenz zwischen
den Bragg Peaks entlang dieser Richtung nicht mehr votlggast und diffus gestreute
Intensitat entlang sogenannter reziproker Gitterstalmgsf@l Truncation Rod CTR)
beobachtet werden kann. Die gestreute Intensitét ist ptiopal zum Betragsquadrat
des Strukturfaktor$',.;, der durch folgende Beziehung gegeben ist

Volumen Oberflaechen
Einheitszelle Einheitszelle

o 1 iq-
Fiotal = Z fi(@) "'« 1 ot + 0O Z fs(q) e’ 7.
s

I

Hierbei ist f der atomare Formfaktor, q der Impulstbertrag des Streepsas
gegeben durch den Vektor (H,K,L), L die Komponente des Isipioértrags parallel
zur Oberflachennormalen urtdlist die Bedeckung der Oberflache mit der jeweiligen
Rekonstruktion. SXRD Messungen werden normalerweiser siiteifendem Einfall
durchgefuhrt um das Untergrundsignal zu minimieren. Diel8ieometrie eines Ober-
flachenrontgenbeugungsexperiments ist in AbbildLidgrgestellt.

Abbildung 1: Ewaldkugel fir SXRD Streugeometrie unter iftredem Einfall. Die
einfallende Welle breitet sich entlang dér0) Richtung aus. Der Radius der Ewald-
kugel entspricht einer Photonenenergie von 10,5 keV. DiR<der Ag(111) Ober-
flache sind als Stabe dargestellt und die Bragg Peaks aldiiKuge

Es sei hier noch erwahnt, dass eine Rekonstruktion der @bkeflzu einer Ver-
groBerung der Periodizitat der Einheitszelle in der Obemnt@ebene fuhrt. Eine Ver-
doppelung der Grol3e entlang der (100) Richtung fuhrt zuntrétein von Reflexen bei
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Vielfachen von (1/2,0,0). Wie im Fall der CTRs ist das Sigeratlang der L-Richtung
auf sogenannten Oberflachenrods verteilt. Die Oberflacdsnweisen eine intrinsis-
che Oberflachensensitivitat auf, da ihr Signal nur von Simguan Atomen herrihrt,
die Teil der Rekonstruktion sind.

Hoch aufgeloste Spektroskopie von Rumpfniveaus

HRCLS ist auch unter dem Namen X-ray Photoelectron Spexipys(XPS) bekannt
[30-32]. Man differenziert in der Namensgebung, um deltka machen, dass
HRCLS Experimente an Synchrotronstrahlungsquellen dy@fitnrt werden. Diese
Technik basiert auf der Emission von Photoelektronen ausgRuveaus durch die
einfallende Rontgenstrahlung. Die relevante Grof3e isBtheungsenergie der Elek-
tronenky;,q, die folgendermalen definiert ist

Epina = hv — Eyin — @ .

Hierbei isthr die Photonenenergi&),;, die kinetische Energie der Photoelektro-
nen und® die Austrittsarbeit des Metalls beziglich der FermiereergDbwohl die
Rumpfniveauelektronen nicht direkt an der Bindung dere3ilund Sauerstoffatome
beteiligt sind, beobachtet man in Photoelektronenspelstogenannte chemische Ver-
schiebungen, die von der lokalen chemischen Umgebungwesdigen Atoms abhan-
gen. Die gemessenen Spektren lassen sich in mehrere Kontparzerlegen und man
kann daraus z.B. Aussagen uber die Anzahl der verschiedgaggrstoffatomspezies
treffen. Diese Methode zeichnet sich durch eine hohe Olbedlisensitivitat aus, da
nur Photoelektronen aus den obersten Atomlagen die Prolzssen.

Absorption stehender Rontgenwellen unter normalem Einfal

NIXSW ist eine Kombination von Rontgenbeugung und XPS. Desdachteten
Effekte lassen sich mittels der dynamischen Rontgenbegsjeorie beschreiben
[23, 24, 33-35]. Die einfallende und die gestreute Rontgdlewbilden eine ste-
hende Rontgenwelle inner- und aul3erhalb des Kristalls BigsPosition des Wellen-
feldes lasst sich um einen halben Gitterebenenabstanckrearj wenn man Uber
den entsprechenden Bragg Peak scannt. Dies erfolgt entwladeh Anderung des
Streuwinkels oder durch Variation der Photonenenergie Nlaxima des Wellenfeldes
bewegen sich dabei von einer Position zwischen den Streeabeuf die Streuebe-
nen. Dementsprechend beobachtet man eine charaktdrestsciation des XPS Sig-
nals, welches maximal wird, wenn die Maxima des Wellenfelaigf den Streuebenen
liegen. Metallkristalle weisen eine grof3e Mosaizitat aAtis diesem Grund strahlt
man die Rontgenwelle unter normalem Einfall ein, was zuremaximalen Breite
des Bragg Peaks fuhrt [36], die dann gro3er als die Mosadés Kristalls ist. Die
Photoelektronenausbeu‘t%p, in Dipolnaherung fur den Photoemissionsprozess, ist
gegeben durch
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ng:1+R+2P\/§FH COS(U—QT(PH).

Hierbei ist H der Impulsibertrag des jeweiligen Bragg PeRkist eine Korrektur,
die von der Polarisation der einfallenden Rontgenstrahabhangt, R die reflektierte
Rontgenintensitat und ist die Phase zwischen der einfallenden und gestreuten Ront
genwelle.P" ist die koharente Position, die die Position der Atome, nle@S Signal
man detektiert, relativ zu H angibtt™ ist die koharente Fraktion, die ein MaR fir
die Ordnung der Verteilung um die mittlere Position ist, eh& durchP™ gegeben ist.
Sowohl P! als auchF* kénnen Werte zwischen 0 und 1 annehmen. Die Profile der
Photoelektronenausbeute Y lassen sich fitten und man kameilae Aussage Uber die
Lage und Verteilung der Sauerstoff- und Silberatome relatr Position der Ag(111)
Ebenen treffen.

Beugung niederenergetischer Elektronen

LEED basiert auf der elastischen Streuung von Elektron@bgiveine Rickstreuge-
ometrie verwendet wird [30, 32]. Typischerweise verwendah Elektronenenergien
im Bereich von 20 bis 300 eV, wobei Elektronen einer Energie $50 eV eine de
Broglie Wellenlange von 1 A aufweisen. Das Streubild wird ginem Fluoreszen-
zschirm detektiert und erlaubt eine einfache Bestimmurg) Riekonstruktionstyps.
Im Gegensatz zu SXRD Messungen sind LEED Experimente nur k% Und nur
an leitfahigen Proben moglich. Ein Vorteil dieser Methosledie intrinsische Ober-
flachensensitivitat, da die Elektronen aufgrund ihrerkstiaMVechselwirkung mit Ma-
terie nur wenige Atomlagen in die Probenoberflache einérnng

Experimentelles

Alle Experimente wurden mit mechanisch und elektrochemisclierten Ag(111)
Einkristallen durchgefihrt, die einen Miscut ven0,1° gegenuber der (111) Ebene
aufweisen. Vor den Experimenten wurden die Silberkristalit Hilfe von Sputter-
Heiz-Zyklen gereinigt und die Sauberkeit der Probe wurdedmger Elektronen Spek-
troskopie oder XPS verifiziert.

Die in-situ SXRD Experimente wurden an der MPI-MF Beamlies &ynchrotron
ANKA (Angstréomquelle Karlsruhe) bei einer Photonenenesgin 10,5 keV durchge-
fuhrt [37]. Wahrend der Messungen befand sich die Ag(11ah&m einer mobilen in-
situ Oxidationskammer, die mit einem 2 mm starken, frestelen Berylliumfenster
ausgerustet ist. Die Kammer ist mit einer Probenheizungesiattet, die Experimente
in einem Temperaturbereich von 300 bis ca. 1000 K ermdglidlg Temperaturmes-
sung erfolgt mit einem Thermoelement, das an der Seite ddreHixiert ist, wobei
die Temperatur auf-5 K bestimmt werden kann. Der Sauerstoffdruck kann vom UHV
(niedriger10~1° mbar Bereich) bis zu 2 bar eingestellt werden. Die ganze Kamm
wird auf dem Diffraktometer montiert, welches im Z-Achsglodus betrieben wurde.
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Das Diffraktometer besitzt 6 Freiheitsgrade (Kreise), eidbhdazu verwendet werden
die Probe beziglich des einfallenden Strahls zu justie2iKreise werden fir die
Bewegung des Detektors bendtigt und ein Kreis rotiert dedb@mum die Oberflachen-
normale, um die jeweilige Streuebene richtig zum einfalean Strahl auszurichten.
Nach erfolgter Justierung der Probe kénnen Scans im réaprRaum durchgefihrt
werden.

Die HRCLS Experimente wurden an Beamline 1311 des SynabmetMAX |l
im MAX-lab in Lund durchgefuhrt [38]. Die Photonenenergiank mit Hilfe eines
Gittermonochromators von 30 bis 1500 eV variiert werdene Bessungen wurden
in einer UHV Kammer durchgefuhrt, die mit einem hochaufl@smhemispharischen
Elektronenenergieanalysator [39] ausgerustet ist, iriheBasisdruck von0—*! mbar
erreicht werden kann. Oberhalb der Messkammer befindeésielzweite UHV Kam-
mer, in der die Ag(111) Oberflache prapariert und oxidiertdeu Des Weiteren ist
die Praparationskammer mit einem LEED System ausgestddiet Probe wird mit
einem Wolframdraht fixiert und ist an der Seite mit einem Tin@element verbun-
den. Die Heizung der Probe erfolgt resistiv iber den Woltteaht, welcher mit einem
Kupferblock verbunden ist, der mit flissigem Stickstoff glek wird. Dieser Aufbau
erlaubt HRCLS Messungen bei einer Temperatur »0t00 K.

Die NIXSW Messungen wurden an Beamline ID32 des SynchretEBRF (Eu-
ropean Synchrotron Radiation Facility) bei einer Phot@memngie von ca. 2,6 keV
durchgefuhrt [40]. Die UHV Kammer ist mit einer Sputterkaesound einem LEED
System ausgeristet. Der Probenhalter ist Uber ein Kugdfeop¢ mit einem Kryo-
stat verbunden. Dies ermoglicht Messungen bei einer Teatynevon~ 120 K. Die
Probenheizung erfolgt tGber ein Filament, wobei die Tentperigber ein Thermoele-
ment ausgelesen wird, welches sich an der Seite der Sitidsrgrefindet. Wéahrend
der Messungen ist die Messkammer fensterlos mit dem Speiatpeakuum verbun-
den, um starke Verluste aufgrund von Luftstreuung zu vetterei Die Photoelektro-
nen werden mit einem hemispérischen Elektronenenerdiestar detektiert und die
zuruckgestreuten Photonen mit einer Photodiode.

Ergebnisse
Die saubere Ag(111) Oberflache

Die Relaxation der sauberen Ag(111) Oberflache wurde dueMdssung von funf
unabhangigen CTRs bei Raumtemperatur bestimmt. Der Fihaare Daten ergibt
eine Kompression des ersten Silberlagenabstands um 1,28d%ine Kontraktion
von 1,17 % fur den zweiten Silberlagenabstand. Die Regu$iiznd in Abbildung2

zusammengefasst. Die Simulation der CTRs zeigt eine gutgdiistimmung mit
unseren Daten, was sich in eingrhvon 1,20 widerspiegelt, wobei® ein Glitefaktor
fur die Ubereinstimmung von Messung und Berechnung iste Bptimale Anpassung
wirde einy? von 1 ergeben. Die Debye-Waller FaktorBp die ein MaR fir die
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Abbildung 2: a) CTRs der sauberen Ag(111) Oberflache mit detspeechenden Fit,
dargestellt in reziproken Gittereinheiten (r.l.u.) dek&gonalen Oberflacheneinheit-
szelle. b) Relaxation der Ag(111) Oberflache und Definitien Debye-Waller Fak-
toren.

Schwingungsamplitude der Atome sind, wurden ebenfallstesitn Der Debye-Waller
Faktor der ersten LagB, weist einen Wert von 1,62 A fiir die zweite Lage ergibt
sichB; = 1,10 A% und die dritte Lage nimmt bereits den Bulkwert von 0,8 ax.
Dies bedeutet, dass die Schwingungsamplitude der Atomelaknsten Atomlagen
stark vergroRRert ist, was ein erwartetes Verhalten fure®ilbt, da es eine niedrige
Debyetemperatur aufweist. Des Weiteren stehen unserdiisse in Einklang mit
einer LEED-I(V) Studie [41].

Ungeordnet chemisorbierter Sauerstoff

Die Oxidation der Ag(111) Oberflache bei niedrigem Sauéidtack flihrt zun&chst
zur ungeordnet, dissoziativen Chemisorption von Sauiérbevor sich geordnete
Uberstrukturen ausbilden. Die teilweise negative Ladueg atsorbierten Sauer-
stoffatome flhrt zu einer abstoRenden Wechselwirkungaweis den einzelnen Sauer-
stoffatomen, was bereits in STM Messungen beobachtet wd2jelm Rahmen dieser
Arbeit wurde die mittlere Hohe der Sauerstoffatome obértal ersten Silberlage mit-
tels NIXSW Messungen bestimmt. Als Resultat ergibt sicle éoharente Position P
von 0,67, was einer mittleren Héhe von 1,57 A entspricht. Kubarente Fraktion
F weist einen relativ niedrigen Wert von 0,43 auf. Dies deat# eine breite Hohen-
verteilung hin, die durch die repulsive Wechselwirkung 8auerstoffatome verursacht
wird, was zu vielen Méglichkeiten der lokalen Bindungsgetme fihrt. Aus eineg?-
Analyse des Standing Wave Profils ergibt sich insgesamti@iHdhe der chemisor-
bierten Sauerstoffatome47 + 0.3 A. Dieses Resultat ist mit einer Adsorption der
Sauerstoffatome an dreifach koordinierten fcc PlatzerdaufOberflache in Einklang,
wie es von mehreren DFT Studien vorhergesagt wurde [16,443, Mit Hilfe von
SXRD Messungen konnten wir nachweisen, dass die ungeerd@tetmisorption zu
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zufélligen Verschiebungen der Silberatome der oberstemfstge in der Grof3e von
0,12 A fuhrt. Dieses Ergebnis stimmt ebenfalls mit einer [Btlidie tiberein [43].

Die p(4x4) Rekonstruktion: Kein Oberflachenoxid

K W Experiment

a) & Derzeitiges Modell
@ Modell aus Ref. [15]
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Abbildung 3: Experimentelle und berechnete Strukturfedto a) In-plane Struktur-
faktoren furLL = 0,2, b) CTRs und c) Oberflachenrods der pd) Rekonstruktion.
Die g-Werte sind in reziproken Gittereinheiten (r.l.u.y ¢&x4) Zelle angegeben.

Bei Temperaturen tber 420 K wandelt sich ungeordnet chehiester Sauer-
stoff bei Erhéhung des Sauerstoffdrucks in die>p44 Rekonstruktion um [14]. Die
Struktur der Rekonstruktion schien durch eine Kombinatimm STM Messungen und
STM Simulationen und anschlieBenden DFT Rechnungen g@lbs16]. Es wurde
ein dreilagiges Oberflachenoxidmodell mit einerfQ; Stochometrie vorgeschla-
gen, welches auf einer dreilagigen Schicht des BulkoxidgQAig (111) Orientierung
beruht. Im Rahmen unserer SXRD Messungen konnten wir zeitgess dieses Struk-
turmodell inkompatibel mit unserem Datensatz ist. Ein \é&aaip des Ag;Os Modells
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mit unseren Messergebnissen ist in Abbildihg) und c) gezeigt. Ein neues Struk-
turmodell wurde durch eine Kollaboration bestimmt, dabarde eine Kombination
von SXRD, STM und HRCLS Messungen und DFT Berechnungen asnsst [19].
Das neue Modell der pfd4) Rekonstruktion, das eine AgDg Stochometrie aufweist,
ist in Abbildung4 c) gezeigt. Fiur den simultanen Fit an unseren kompletten[5XR
Datensatz, haben wir pemm Symmetrie verwendet, die unsgpiane Strukturfak-
toren aufweisen. Es ergibt sich eine gute Ubereinstimmuvigchen Messung und
simulierten Strukturfaktoren, die sich in eingfhvon 3,7 widerspiegelt. Die Fitergeb-
nisse sind in Abbildun@ dargestellt. Das AgOs Modell besteht aus zwei adsor-
bierten Ag Dreiecken, wobei sich ein Dreieck auf fcc Platzen befindet das an-
dere auf hcp Platzen. Der Ag-Ag Abstand innerhalb der Dkeigst nur minimal
gegenuber den Bulkwerten vergroRert. Zwei Silberdreiestkd immer durch zwel
Sauerstoffatome miteinander verbunden. Dies ergibt s@ge6 Sauerstoffatome pro
(4x4) Zelle, was einer Bedeckung von 0,375 Monolagen (ML) emtkp Ein typis-
ches Merkmal dieses Modells sind 'Locher’ am Ursprung dehEitszelle, die auch
in STM Messungen beobachtet wurden [15, 19, 20]. Des Weiteeet diese Struktur
eine sehr gute Ubereinstimmung mit unseren HRCLS und NIXS¥¥svngen. Insge-
samt handelt es sich also bei diesem Modell dexg(4Rekonstruktion um eine nanos-
trukturierte Adsorbatschicht, die keine Ahnlichkeit mérd Bulkoxid Ag,O aufweist.

Eine Vielzahl sauerstoffinduzierter Strukturen auf Ag(111)

Im Rahmen unserer SXRD Und LEED Messungen wurden neben dgdpRekon-
struktion noch funf weitere sauerstoffinduzierte Struétubeobachtet, die im Folgen-
den diskutiert werden. Alle beobachteten Strukturen wiesger bestimmten Bedin-
gungen eine Koexistenz mit der p(4) Rekonstruktion auf. Eine Ubersicht Gber die
von uns vorgeschlagenen Strukturmodelle ist in Abbilddigyggeben.

Eine sauerstoffinduzierte Modulation der ersten Silberkagtlang der (110) Rich-
tung, die eine Wellenlange von 10,32 A aufweist, wurde wiéditenserer SXRD Mes-
sungen fur Temperaturen zwischen 473 und 503 K und einenrS8afidruck von 5
bis 100 mbar beobachtet. Die inkommensurable Modulatiod Wwbchstwahrschein-
lich durch Streifen chemisorbierten Sauerstoffs verursalm Abbildung4 a) ist die
Struktur, die eine Sauerstoffbedeckung von 0,28 ML aufiyeiargestellt. In dieser
Phase dominiert die repulsive O-O Wechselwirkung tUber ttrakiive O-Ag Wech-
selwirkung. Aus diesem Grund beobachtet man die Inkommeab8giiat entlang der
(110) Richtung, wobei die abstofiende Wechselwirkung ddikctreifenbildung min-
imiert wird.

Im Rahmen unserer LEED Messungen wurde eiig & 2, 28)rect R30 Rekon-
struktion nachgewiesen, nachdem die Ag(111) Oberflach&38eK und 5 bis 10 mbar
O, oxidiert wurde. Diese Struktur weist ebenfalls eine Inkoemsurabilitat entlang der
(110) Richtung auf. Das vorgeschlagene Strukturmodellghes in Abbildung4 b)
dargestellt ist, &hnelt dem der modulierten Struktur, wabdiesem Fall die Streifen
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Normale Invertierte

Stapelabfolge Stapelabfolge

Abbildung 4: Strukturmodelle aller sauerstoffinduzierg&rukturen, die von uns
beobachtet wurden. Blaue Kugeln stellen Silberatome ddrrate Kugeln Sauer-
stoffatome. a) Modulation entlang (110) by x 2, 28)rect R30 Rekonstruktion c)

p(4x4) Struktur d) p(5<5) Uberstruktur e) p(27) Koinzidenzstruktur f) AgO(111)
und AgO(111).
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chemisorbierten Sauerstoffs einen Abstand von 6,59 A d@séme Es ergibt sich eine
Sauerstoffbedeckung von 0.44 ML, die die hochste aller aelafeten Strukturen ist.
Die (v/3 x 2,28)rect R30 Rekonstruktion ist aufgrund der stark abstoRenden O-O
Wechselwirkung nur metastabil und wurde nur fr relativdnige Temperaturen von
ca. 430 K beobachtet.

Die Oxidation der Ag(111) Oberflache bei einer Temperaturd/23 bis 453 K und
atmospharischem Sauerstoffdruck fuhrt zu einerx@pRekonstruktion. Das Struk-
turmodell basiert auf dem AgOgs Modell der p(4<4) Rekonstruktion und ist in Abbil-
dung4 d) gezeigt. Die p(55) Rekonstruktion lasst sich durch zwei Adpreiecke pro
Einheitszelle erklaren, wobei sich ein Dreieck auf fcc Batbefindet und das andere
Dreieck auf hcp Platzen. Zwei Dreiecke sind immer durch 8eaierstoffatome ver-
bunden. Dies fuhrt zu einer AgOy Stochometrie und einer Sauerstoffoedeckung von
0,36 ML. Die Ausbildung adsorbierter Silberdreiecke sohein 'Baustein’ zu sein,
der sich auch in der 8(x 5v/3)rect Rekonstruktion wiederfindet, die im Rahmen einer
STM Studie beobachtet wurde [20].

Des Weiteren konnten wir eine Koexistenz der 4} Rekonstruktion, einer
p(7x7) Koinzidenzstruktur und des Bulkoxids AQ in (111) Orientierung bei 523
K und atmospharischem Sauerstoffdruck beobachten, wenRrdbe von 773 K und
1 bar GQ abgekihlt wurde [21]. Das Bulkoxid wachst in Inseln mit eiRé&he von~
50 A auf und weist im Vergleich zum Substrat eine inverti&tapelabfolge auf (siehe
Abbildung4f)). Die Struktur der p(* 7) Rekonstruktion lasst sich mit einem dreilagi-
gen O-Ag-O Oberflachenoxidmodell auf Basis von,®gerklaren, welches dieselbe
Orientierung wie das Bulkoxid aufweist. Das Modell ist intAlolung4 e) dargestellt.
Die p(7x7) Struktur ware somit die erste Beobachtung eines Obeditmhds auf der
Ag(111) Oberflache. AulRerdem schlagen wir vor, dass dasoRidkeinen Stranski-
Krastanow Wachstumsmodus aufweist [45], wobei die Bul#imgeln auf der ultra-
dinnen Oberflachenoxidschicht aufwachsen.

Das Stabilitdtsdiagramm des O/Ag(111)-Systems

Durch unsere in-situ SXRD Messungen des Stabilitatsdiagra des O/Ag(111)-
Systems, welches in Abbildung gezeigt ist, haben wir das sogenannte 'pressure
gap’ geschlossen, welches die Diskrepanz zwischen exJsiiUntersuchungen und
den Bedingungen der katalytischen Reaktionen beschi2#isttheoretisch berechnete
Phasendiagramm [16, 22] steht in Einklang mit unseren Mgsbaissen, wobei auf-
grund von Ungenauigkeiten der Berechnungen im theoretis€thasendiagramm die
Temperatur um 110 K unterschéatzt wird und derfuck um drei GroRenordnungen
zu hoch ist [22]. Bis 503 K spielen kinetische Effekte einehtige Rolle, was die
relativ groRen Abweichungen zwischen Theorie und Messnmtigsem Bereich erk-
lart. Oberhalb von 523 K sind ungeordnet chemisorbiertele8doff und die p(%4)
Rekonstruktion im thermodynamischen Gleichgewicht mittdtegebenden Gasphase,
was sich in einer instantanen Bildung oder Zersetzung dektren widerspiegelt,
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Abbildung 5: Stabilitatsdiagramm des O/Ag(111)-Systerastimmt durch in-situ
SXRD. Die schwarze Linie markiert die berechnete Phasezgreron1/16 ML
chemisorbiertem Sauerstoff [22]. Die rote Linie stellt therechnete Phasengrenze
des Ag,Og Modells dar, wobei die van der Waals Wechselwirkung berigtiigt
wurde [19].

wenn man die Phasengrenzen passiert. Bis zu einer Tempgoatlb03 K wurde
die modulierte Struktur beobachtet, wobei sie sich mitgetedem Sauerstoffdruck
in die p(4x4) Rekonstruktion umwandelt. Die Modulation entlang detQ)LRich-
tung scheint eine metastabile Struktur zu sein, die bis zerdiemperatur von 503 K
‘eingefroren’ ist und sich bei hdheren Temperaturen sofodie p(4x4) Rekonstruk-
tion umwandelt. Die modulierte Struktur, di¢/8 x 2, 28)rect R30 Rekonstruktion
und die p(55) Struktur scheinen keine Bedeutung fir die Epoxidation Ethylen
zu haben, da sie nicht unter den Bedingungen der katalgiisBeaktionen (500-600
K und atmosphérischer Sauerstoffdruck) beobachtet wurBeanwichtiges Ergebnis
unserer Messungen ist, dass die 44 Rekonstruktion unter den katalytischen Be-
dingungen der Epoxidation von Ethylen stabil ist (523 K urigb? G,). Es wird aber
noch kontrovers diskutiert, ob die p{4) Struktur in Mischungen von Ethylen und
Sauerstoff stabil ist [46]. Abschlie3end sei noch angemddss nicht nur die pf44)
Rekonstruktion sondern auch energetisch entartete 8tarkwie AgO(111) und das
p(7x7) Oberflachenoxid eine wichtige Rolle fur die katalytiselt@genschaften von
Ag(111) Facetten spielen konnen.



Chapter 1

Introduction

The oxidation of metals plays an outstanding role in eveyyifie. Typical phenomena
are the formation of rust on steel or oxide scales on coppewislg up as a green
patina. The formation of metal oxides is not always an une@upirocess. The func-
tionality of many materials is directly related to their taled oxidation. The most
prominent examples are passivating oxide layers on stardeel. Relevant for this
thesis are industrially applied heterogeneous catalg#ctions for the synthesis of
many chemical products, where gaseous reactants are iactavith the solid surface
of the catalyst. Oxidation reactions are very importantis tontext, leading to a big
need of understanding of these processes in research aelbpi@ent. Thereby, the
active oxygen species on the surface and selectivity argbpoig of the catalyst have
to be studied on an atomic scale.

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

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

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

1
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million tons as in medicine for disinfection, sterilizaticor fumigation, or in transport
and energy technologies for engine antifreeze and heaférarBecause of its ability
to kill most bacteria, formaldehyde is extensively usediamfiectant and as preserva-
tive in vaccinations. Therefore, the optimisation of these Ag-supported catalytic
reactions is of paramount importance. Current strategigsayed in the industrial
process to enhance selectivity include the empirical usehbitors (CI) [5] and pro-
moters (Cs) [6, 7], however, on the way to a knowledge-basettal of these reactions
one has first to understand the surface structure of oxidiieer under relevant con-
ditions in full detail.

The formation of extended Ag(111) facets is observed ongugstalline silver dur-
ing the above industrial catalytic oxidation reactions [B]turn fundamental research
(experiment and theory) has been devoted to the detaileerstathding of oxidation
of this surface [8-21]. The formation of an oxygen inducedxg{) reconstruction
on the Ag(111) surface is known since the early 70s [9, 10].ufase oxide trilayer
model, based on a three-layer slab of,®§111), was proposed [15, 16]. Accordingly,
the Ag(111) surface seemed to show a similar behaviour lkari®l Rh, being neigh-
bours in the periodic table. Further theoretical calcolaipredicted the stability of
this reconstruction under industrially relevant condig¢l16, 22].

Nevertheless, several questions remained unsolved: dhaitst of the p(4x4) re-
construction under industrially relevant conditions wasehecked experimentally, the
structural model of the p(44) structure was not proven by a crystallographic method
and previously unknown structures might play an importal& for the catalytic activ-
ity of Ag(111) facets. Our experimental approach is basethemowadays routinely
available highly brilliant x-ray radiation produced byrithgeneration synchrotron light
sources. This radiation is used by us in three surface sensitay techniques. In-situ
surface x-ray diffraction (SXRD) allows the identificatiand determination of struc-
tural models of surface reconstructions under indusyriglevant conditions. This
technique is combined with high resolution core level spscopy (HRCLS) and nor-
mal incidence x-ray standing wave absorption (NIXSW), mgvinsight 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 (¥ Which are relevant for this
thesis, are summarised. The theoretical background ofberenental techniques is
explained in chapter 3. The sample treatment and the expetaisetup are described
in chapter 4. Chapter 5 deals with the structure and stglbilithe p(4<4) reconstruc-
tion. The formation of oxygen induced structures, whichevebserved besides the
p(4x4) structure, is described in chapter 6. Chapter 7 gives argmnof 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(&ifxces were performed.
The results, which are relevant for this thesis, are sunsadin the following sections.

2.1 Silver and AgO

Silver is a noble metal, crystallising in the fcc structucé (sectionA.1), showing a
lattice constant of 4.0853 A and a melting temperature o#123K [47]. Silver shows
the highest thermal and electrical conductivity of all edgts.

Silver is used as heterogeneous catalyst in two differeidtadion reactions, which
are applied industrially to produce ethylene epoxide amoh&bdehyde. These oxida
tion reactions are carried out at temperatures from 500 @k0a@nd atmospheric oxy-
gen pressure [8, 13]. The formaldehyde production, whichise called the 'BASF
process’, and the production of ethylene epoxide are of majerest, since both
compounds act as basic materials in chemical industry tdym® a variety of sub-
stances [8, 13]. The epoxidation of ethylene takes plac®@tt® 600 K and atmo-
spheric oxygen pressure and is described by the followiagti@n

1
CoHy + 502 — CoH,O Epoxidation. (2.1)

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

CH30H « CH,0 + H, Dehydrogenation (2.2a)
1
CH3;0H + QOQ — CH,0 + H,0 Oxydehydrogenation (2.2b)
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A detailed description of a reactor layout and the pecuiesiof the BASF process
can be found in [13].

The most stable silver oxide is AQ. The unit cell is shown in figurg.1a). AgO
crystallises in the cuprite structure, showing a latticastant of 4.72 A. Ag is trans-
formed to AgO by incorporation of oxygen atoms on one quarter of the letleal
sites. The transformation is accompanied by an expansitivedtc lattice by 15.5 %.

a) b)

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

In (111) orientation AgO can be described by a hexagonal unit cell with lattice
constantss = b = 6.675 A andc = 8.175 A. Along the c-axis oxygen and silver
layers are alternating. A three layer slab of,@§111) is shown in figur@.1b). Once
formed Ag O is not stable in air. At atmospheric oxygen pressurg@\decomposes at
503 K [13]. Correspondingly, tarnished silver is not caubgdhe presence of A®,
but Ag,S is the reason for this observation. The atmospheric domasccurs mainly
due to reactions with §6 [48].

2.2 Oxidation of Ag(111) Surfaces

In industrial applications, silver particles supported®pO; are used for the catalytic
reactions [6]. Important questions are, why is a noble neetilytically active [17] and
which facets of the nano particles are mostly present? Arsogrelectron microscopy
image of ALO; supported silver nano particles is shown in figr2

The Ag(111) surface is used as model system, since it is kifijythat polycrys-
talline silver forms mainly (111) facets, which have the é&swsurface energy, if the
catalytic conditions are applied. Furthermore, it is wydatcepted, that chemisorbed
oxygen is responsible for the catalytic activity of silv&he bonding of chemisorbed
oxygen to the Ag surfaces is not very strong, since silvermelale metal. It is as-
sumed, that the chemisorbed oxygen atoms act as a resefrabimoic oxygen for the
chemical reactions.
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Figure 2.2: Scanning electron microscopy image af33Isupported silver nano parti-
cles. From [6].

It is still under debate, which oxygen species is respoasdilithe catalytic activity
of Ag(111) facets. In the following sections, the main résobtained for the oxygen
induced p(44) reconstruction of the Ag(111) surface, adsorption obdisred oxy-
gen and the bulk oxide A® are summarised. (An explanation of the classification
scheme of surface reconstructions is given in sectbohdandA.2.) The p(4x4) re-
construction of the silver surface could be responsiblétfercatalytic activity, as will
be shown in sectio.2.5

2.2.1 Results from LEED and TPD

The oxygen induced p¢44) reconstruction of the Ag(111) surface (O-p@)-
Ag(111)) was observed for the first time in the 70ies by lowrgnelectron diffraction
(LEED) measurements [9,10]. The Ag(111) surface was ogdtlizith molecular oxy-
gen. In a pressure range frorh—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 thex@(dre-
construction was monitored by ex-situ LEED measurementeiubdHV conditions.
Temperature programmed desorption (TPD) measuremertis okidized Ag surface
show an oxygen peak at 553 K, which is an indication, that exyafoms are involved

in the structure of the pf44) reconstruction. Furthermore, it was shown, that the
p(4x4) structure is stable under UHV conditions.

It was realised, that the diagonal of the hexagonal@@11) unit cell fits almost
perfectly on 4 substrate unit cells. The lattice mismatamiy ~ 0.1 %. Correspond-
ingly, a structural model was proposed, consisting of a Aggthree layer slab of
Ag>0O(111), rotated by thirty degree with respect to the subestrait cell, showing an
epitaxial relationship to the substrate [10].

In 1985 a similar model was proposed on the basis of a comhia&tD, TPD
and x-ray photoelectron spectroscopy (XPS) study [11]sistimg of an O-Ag-O three
layer slab of AgO(111) rotated by 30, which is shown in figur€.1b). A charac-
teristic feature of this structure are linear O-Ag-O chast®wing a Ag-O distance of
2.05 A. The oxygen coverage of this structure is 0.375 mometa(ML), which is in
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agreement with the value of 0.41 ML determined by means of [IAD

A five times higher oxygen desorption in TPD was observed aik&lizing the
Ag(111) sample at 443 K and 1400 Tors @r 640 seconds. This peak corresponds
to an oxygen coverage of 2.0 MLs, which is an indication fania tayer of AgO on
Ag(111) with a thickness of 14 A [11].

2.2.2 XPS Measurements

The oxidation of the Ag(111) surface was investigated byess#avXPS experiments
[11,12,14]. The main results are shown in figadra.
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Figure 2.3: O 1s spectra of oxidized Ag(111) surfaces. a) §pgstrum of the p(44)
reconstruction prepared by molecular oxygen from [11]wshg a peak at 528.1 eV.

b) O 1s XPS spectrum of chemisorbed oxygen, showing a peaBtae¥ and O 1s
spectrum of the p(44) reconstruction showing a peak at 528.2 eV from [14]. ¢) O 1s
spectrum of chemisorbed NO showing a peak at 530.8 eV and4)(#econstruction
showing a peak at 528.2 eV from [12].
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All O 1s spectra of the p(44) reconstruction show a single peak at a binding en-
ergy of ~ 528.2 eV, independent of the oxidation procedure. In refeegll] the
p(4x4) reconstruction was prepared by dosing 5 torrf@ 20 seconds at a tempera-
ture of 490 K. In reference [14] a different procedure wadiapp 1 mbar of molecular
oxygen was dosed at a temperature of 300 K and in the O 1s gpeatpeak at a bind-
ing energy of 530.0 eV was observed, due to the presence @ideied chemisorbed
oxygen. Upon heating the sample to 420 K the peak jumps todarigrenergy of 528.2
eV, corresponding to the formation of the p(4) structure. In reference [12] NQvas
used for the first time for the oxidation procedures. Dosii@, ldt room temperature,
leads to dissociative adsorption of NO, showing an O 1s pe&B@&8 eV, due to the
presence of NO on the surface. A dose of orlyLO Langmuir (1 Langmuir =1L =
107° torrxs) at 508 K is enough to form the p{4) reconstruction, which was veri-
fied by LEED and the typical O 1s spectrum is shown in fig2u&c). The usage of
NO, avoids the dosage of oxygen at high pressures, due to thadsauaiiative sticking
coefficient of10~° for O, on Ag(111) surfaces [11,12].

The O 1s spectrum of the pt4l) reconstruction does not resemble the one of
Ag,0. The O 1s spectrum of A@ shows a binding energy of 528.9 eV [49]. Fur-
thermore, it was already mentioned in [11], that one wouldeex 2 peaks in the O
1s spectrum for a trilayer structure, like the O-Ag-O.8¢111) model of the p(44)
reconstruction. This topic will be discussed further intsets5.3and5.4.

2.2.3 STM Measurements and DFT Calculations

C e e 05
Q80,9 A o, ﬁf @)

»
©*~‘© n@‘ﬂ'@ . @)
BRI

Figure 2.4: a) Scanning tunneling microscopy image of teart/Ag(111) surface. The
STM images of the p(44) reconstruction show a honeycomb structure. b) Strulctura
model of the p(44) structure from [11]. c) Silver deficient Ag;O model proposed

in [15].

The first atomically resolved scanning tunneling microgc®rM) images of the
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p(4x4) reconstruction are shown in figu2e4 a) [15]. The p(44) structure was pre-
pared by the N@procedure proposed in [12], which was discussed in the diege
section. The STM images are shown in fig@d a). The structural model was op-
timised by means of STM image simulations. A silver deficismtface oxide layer,
showing a Ag s30 (or Ag;; Og) stoichiometry, was proposed and is shown in figzie
c). The structure is based on the O-Ag-O trilayer model psepan [11], shown in
figure2.4b). The structure consists of hexagonal O-Ag-O rings, whiehbuild up by
linear O-Ag-O chains. Every third central Ag atom, situatethe middle of the O-Ag
rings, was removed. The removal of these Ag atoms is motivateheir unfavourable
on top position with respect to the Ag(111) substrate.

The structure of the AgOs model was optimised by density functional theory
(DFT) calculations [16]. An introduction to DFT is given ie&ionB. 1. It was shown,
that the silver deficient model is by 0.6 eV per unit cell m@nedurable, than the model
Ag1204 shown in figure2.4b). This can be explained by the removal of the central Ag
atoms located at unfavourable on top positions, as can beségure2.4b) and c).

Figure 2.5: DFT optimised structural models of the p#} structure. From [18].

Further DFT calculations and STM image simulations werdgoered [50]. The
oxidation and reduction behaviour of the A@s model was studied, resulting in sev-
eral modifications of the structural model, which are alsagreement with the STM
measurements shown in figuzed a).

We could show by in-situ SXRD measurements, that all modekhe p(4x4)
reconstruction related to a three layer slab 0§@@L11) cannot be correct (cf. chapter
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5). Furthermore, we observed a p6mm symmetry of our x-ray, datmg rise to strong
constraints for the construction of structural models efgkéx 4) reconstruction.

Subsequently, further DFT calculations were performed, [@sulting in several
models of the p(%4) structure, which are shown in figu2es. The most stable struc-
ture, showing pé6mm symmetry, is the so-called; A9 model, which has a Ags
stoichiometry. The AgOs model is obtained from the AgOs model by removing all
central Ag atoms as can be seen in fig2rec).

2.2.4 Disordered chemisorbed oxygen

The formation of disordered chemisorbed oxygen was obdeoyeSTM measure-
ments, after oxidizing the Ag(111) surface at 470 K byJN@R]. The results of the
STM measurements are shown in fig2téa). An oxygen coverage of 0.05 MLs was
observed. The minimal distance between oxygen atoms wasngeed to be on the
order of 10 A, due to the repulsive interaction of the partegatively charged oxygen
adatoms.

Figure 2.6: a) STM image of disordered chemisorbed oxygaomH42]. b) DFT
optimised structural model of chemisorbed oxygen at anifec Brom [16].

The most favourable adsorption site for chemisorbed oxygas determined by
DFT calculations [16, 43, 44]. It was shown, that oxygen ads@t fcc sites on the
surface for oxygen coverages up to 0.25 MLs, which is showfigire 2.6 b). STM
image simulations for the chemisorption of atomic oxygemnat at fcc sites were
performed [16], which are in agreement with the STM measergmfrom [42]. The
height of the oxygen atoms above the first substrate layeidegsmined to be in the
range of 1.21 to 1.32 A for a coverage of 0.25 ML [16, 43, 44].

It was predicted, that for oxygen coverages higher than BIR&additional oxygen
atoms occupy tetrahedral sites between the first and seabsttate layer [51,52]. The
formation of subsurface oxygen becomes favourable dueetcetbulsive interaction of
the oxygen atoms, leading to an enhanced binding energyeobxlggen atoms on
the surface. The formation of onsurface and subsurfaceesxggecies at the same
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time, can be regarded as a transient precursor state footh®fion of the p(44)
reconstruction [51].

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

The extension of DFT calculations to finite temperatures @ajen pressure by so-
calledab initio thermodynamics results in a phase diagram of the O/Ag(§§4fem,
shown in figure2.7[22]. This theoretical approach is explained in secBoa

a) b)
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Figure 2.7: a) Phase diagram of the O/Ag(111)-system indesfithe surface free
energyy vs. oxygen chemical potential,. 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 patern, is determined
from total energies calculated by DFT for all relevant oxygeduced structure. The
structure showing the lowest surface free energy is theymaaically stable. For the
case of the O/Ag(111)-system four stability regions aresoled, as can be seen fig-
ure 2.7 a) and b). The stability borders result from the intersexgiof the straight
lines defining the surface free energy of the different stm&s. The higher the oxy-
gen content per unit cell, the steeper the slope of the linge Stability diagram in
terms of temperature and oxygen pressure can be calculatedtiie position of the
intersections, shown in figu27a), via the ideal gas equation (cf. sectiBr).

The clean silver surface is stable for low temperatures awdolxygen pressures.
An increase in oxygen pressure leads to the formation ofdéesed chemisorbed oxy-
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gen with different oxygen coverage. The p@) reconstruction is stable, if the oxygen
pressure is increased further. The stability of the bulldexhg,O is predicted for
low temperatures and high oxygen pressure. The error ofaloalations can be es-
timated from the stability border of the bulk oxide at atmiospc oxygen pressure,
which shows a value of 350 K. Experimentally, it is known ttAg,O decomposes at
460 K at atmospheric oxygen pressure. In the calculatedediagram, the bulk oxide
is not stable for pressures lower th&)¥ bar at 460 K. Correspondingly, the tempera-
ture is underestimated by 110 K and the oxygen pressure ide300f magnitude too
high.

The most important result is, that the A@s model is stable at temperatures of
500 to 600 K and atmospheric oxygen pressure, which are tiadytia conditions
of the epoxidation of ethylene. The partial oxidation of haetol to formaldehyde
takes place at 900 K and atmospheric oxygen pressure. Umelsz tonditions it was
predicted, that the clean silver surface is stable. It wagssted, that oxygen atoms
bound to undercoordinated silver sites (e.g. defect ankl $ites) are responsible for
the catalytic activity of Ag(111) surfaces.

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

2.3 Motivation for our Experiments

All proposed models of the p¢dd) reconstruction can be checked by our SXRD,
HRCLS and NIXSW measurements and as the case may be a newaohtitep(4x4)
reconstruction can be determined. By HRCLS the O 1s speaifubhe p(4x4) recon-
struction can be measured with higher resolution than ivipus studies, allowing us
to determine the number of oxygen species present in the4)(gtructure. By NIXSW
the position of the oxygen atoms along the (111) directionlmadetermined.

Furthermore, the so-called 'pressure gap’, which desstitediscrepancy between
ex-situ UHV studies and the catalytic conditions, can bee&tbby in-situ SXRD mea-
surements, since all previous studies on the oxidation §1 At) surfaces were ex-situ
measurements. In-situ SXRD allows the determination ofthbility diagram of the
O/Ag(111)-system up to an oxygen pressure of 2 bar. The meastability diagram
can be compared with the calculated phase diagram.

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

Finally, reconstructions of the Ag(111) surface and thenfation of the bulk oxide
Ag-0, which have not been observed before can be detected leysitst SXRD and
LEED studies.
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Chapter 3

Theoretical Background

The oxidation of Ag(111) surfaces was studied by three sarfensitive x-ray tech-
niques, based on the utilisation of highly brilliant synminon radiation:Surface X-
Ray Diffraction (SXRD), High ResolutionCore L evel Spectroscopy (HRCLS) and
Normal IncidenceX-Ray Standing Wave Absorption (NIXSW). In additionl.ow
Energy Electron Diffraction (LEED) andAuger Electron Spectroscopy (AES) were
applied to characterise the oxidation state of the Ag(1itfase and to monitor the
cleanliness of the samples.

SXRD is a powerful tool to determine the properties of retatsions and re-
laxations of single crystal surfaces on an atomic scale with-A resolution. The
low scattering cross section of hard x-rays allows in-sieasurements of oxidation
processes under industrial relevant conditions. Furtbhezmkinematical diffraction
theory can be applied, for the same reason, to calculateesadintensity distributions
for a given surface structure. This allows a straightfooh@etermination of structural
models of oxidized silver surfaces.

HRCLS as a spectroscopic method is well-suited to deterthi@@xidation state,
chemical surrounding and the number of different speciesa#drtain element on the
surface. This method is element specific and the measurddgibaotron spectra can
be decomposed by the use of special line shapes, includadgfid initial state effects.
Due to the strong interaction of the emitted photoelectnsitls matter, UHV condi-
tions are a necessary prerequisite for this technique.draisback is compensated by
the high sensitivity to adsorbed oxygen atoms.

Finally, NIXSW is a combination of x-ray diffraction and &level spectroscopy.
The observed effects can be described by the theory of dgadwaray diffraction. The
position of atoms can be determined in a direction perperali¢o the used scattering
planes in units of the lattice plane spacing. Due to the dieteof photoelectrons this
technique is also sensitive to the position of oxygen atoMiXSW is as HRCLS an
ex-situ method, but in combination with in-situ SXRD and HEXCmeasurements a
deeper understanding of oxidation processes can be obtyndese complementary
techniques.

13
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LEED and AES are standard tools of surface science, whicte weed for the
characterisation of the Ag(111) samples. The presencdfefeit reconstructions on
Ag(111) can be easily monitored by LEED. In addition, AES wsed during the
sample preparation to check for present contaminationk@silver surface.

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

3.1 X-Ray Diffraction

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

The wavelength of hard x-rays is typically~ 1 A, which is in the order of lattice
spacings of crystals, making x-ray diffraction from cryst@ objects possible. The
measured diffracted intensityd) equals|A(q)|?>. The scattering amplitude 4 is
given by

unit cell structure factor lattice sum
A oy Y fia) et Yy etR (3.1)
I R,

The I(q) distribution is experimentally accessible, the phasermftion contained
in the scattering amplitude cannot be measured. This is krasmhemissing phase
problem of crystallographyThe determination of the crystal structure relies on a tria
and error procedure, using structural models to calcu(ale(see also sectioB.1.]).
Equation3.1is derived by use of the translational symmetry of the citystach is
given by theR,,, describing the crystal lattice. Each lattice point is qed by one
unit cell. The distribution of atoms at positionswithin this cell is described by the
unit cell structure factor ), which is the effective electron concentration at theiarig
of the unit cell. The electron density distribution of themas is included in the atomic
form factor f;, which is derived from results obtained for scattering bye felectron.
The Thomson scattering length or the classical electromsag is the ability of a free
electron to scatter x-rays. The correct superposition®fttattered x-rays is included
in the phase factard’. One important quantity is the wave vector transfetefined
by the wave vectors of the incident wakigand the scattered wakg
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q=~ks—Kk; (3.2a)
2T

ksl = kil = = (3.2b)

|| = 47 * SH;? (3.2¢)

whered is the scattering angle, which is also found in Bragg’s lawt 2d sin v
[53]. The lattice sum shows maxima, given by the number afmihated unit cells N,
if the Laue condition is fulfilled [54]

‘q =G Laue Condition (3.3)

G = Haj + Ka; + La; is a reciprocal lattice vector, defined By = 27d;;. The
a; are the unit cell vectors in real space. H, K and L are calletleMindices. The
fulfilment of the Laue condition is a necessary conditiontf& observation of a Bragg
peak in the direction ok;. Normally, not all points of the reciprocal lattice giveeis
to allowed Bragg reflections. Only, if the structure factbttee unit cell F@) is not
vanishing for a set of (HKL), the reflection is allowed. Thées#on rules for Ag(111)
surfaces represented in a hexagonal coordinate systenvareiigappendia. 1.

The theory of kinematical x-ray diffraction as describedasacan be applied to the
study of imperfect crystalline bulk samples. In the follagisection this approach will
be extended to explain surface x-ray diffraction measurgsne

3.1.1 Surface X-Ray Diffraction

The presence of the surface in combination with an absaorptiger atomic layer of
the x-rays leads to diffuse scattered intensity profilesvben all Bragg peaks in a
direction perpendicular to the surface. These profiles alledCrystal Truncation
Rods(CTR) [25]. The incomplete destructive interference betmwéhe Bragg peaks
can be explained by missing lattice planes due to the presehthe surface. The
technique of SXRD is reviewed in references [25—-29]. Nolyn#he a; are chosen in
such a way, thas; anda; are parallel to the surface normal. The truncation of the
crystal due to the presence of the surface is reflected in agehim the lattice sum,
introduced in equatio®.1 The lattice sunt,,; of the semi-infinite crystal can be
written as [24, 26, 55]

1
: : 1ax —
SS of €Z213213TL e En

n=0

(3.4)

1 — ei27rL e—¢

The effect ofs is most pronounced at the positions of Bragg peaks, the stfape
the CTR itself remains mainly unaffected [24, 28]. For tybienergies of hard x-rays
e can be neglected. Consequently, the structure factor ofRIGT R is given by
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Forr = Funit cell * Ssurt (3.5a)
1
Forr = Z fi(@) e (3.5b)

e’L27‘(‘L

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

q” = G” (36)

The surface of a crystal may be either relaxed or reconglucin the case of a
relaxation the surface shows the same in-plane periodisitiie bulk. A reconstruction
changes the size of the in-plane surface unit cell. The prienin-plane surface unit
cell may be rotated with respect to the substrate lattice Sitpnal scattered from the
surface unit cell is calculated by the structure faétQg;. The amount of reconstructed
surface area is included in the cover&ge

surface
unit cell

Fart =0 > fu(q) e’ (3.7)

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

Ftotal - FCTR + Fsurf (388.)
bulk surface
unit cell unit cell

Fiotal = Z fi(@) € % — m+@ Z fo(@) e (3.8b)

SXRD is very sensitive to small changes of the surface stracthis is demon-
strated in figure8.1, where the effect of relaxations of a Ag(111) surface andstire
face contribution for different surface terminations iswh. A contraction of the first
interlayer spacing shifts the minimum of the CTR to largduea ofq,, the opposite
is observed for an outward relaxation of the first silver fafgee figure3.1a)). The
surface contribution of one monolayer is a constang inwhich is only reduced in
intensity due to the g-dependency of the atomic form fag¢tty) [23, 24, 26]. A mod-
ulation of F,,¢ is observed for the case of two monolayers, due to the imtarée of
x-rays scattered from the first and second layer. It is ingydrto note, that the shape
of the CTRs, which is given by .|, is independent of the termination of the lay-
ers, since the silver layers used for the calculations, weteelaxed. All plots in this
thesis, where the structure factor F is included, are btrsgteaking graphs df|, but
they are labeled by 'F’ for the sake of simplicity. The useyichrotron radiation is a
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a) b)
(0,1) CTR bulk terminated (1,0) CTR of Ag(111)
.| of Ag(111) expanded . One ML Ag
o 1074 compressed o 103 ——Two MLs Ag
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Figure 3.1: Surface sensitivity of SXRD exemplified on theysh of the (0,1,L) and

(1,0,L) CTRs of the Ag(111) surface. The value L is given in reciprocal lattice units
(r.l.u.) of the primitive Ag(111) unit cell in hexagonal calinates. a) The effect of a
contraction and expansion of the first Ag(111) layer-by0% is compared to a bulk
terminated surface. b) Surface contribution of one and twoaatayers (MLS) silver

on a Ag(111) surface.

prerequisite for SXRD measurements, since the scatteteasiity1(q) oc |Fioa(q)[?
along the CTRs varies within 5 orders of magnitude, as careée & figure3.1

A reconstruction of the surface leads to the appearanceatfesed intensity at
non-integer values of H and K along the L direction, which ealed surface rods.
This observation is related to the enlargement of the sertawt cell in the surface
plane, resulting in bigger lattice plane spacings. The H lindilues associated to
the reconstruction are consequently smaller than the kailkeg. The signal on the
surface rods isnly induced by scattering from atoms within the reconstructad qf
the surface and is given Wy, defined in equatiol.7. Consequently, surface rods
feature arintrinsic surface sensitivityGenerally, reconstructions are defined by their
in-plane unit cell vector®,; andb,, which are related t@, anda, in the following
way [56]

b=m"-a (3.9a)
My axa) = (g Z) example of a p(4 x 4) reconstruction (3.9b)

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

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

n=1-90—¢3 dand >0 (3.10a)
In| <1 = Nyacuum (3.10Db)

The dispersive pat = \?ryo/2 is on the order ol0~°, wherey is the electron
density. The dissipative past~ 10°. Total external reflection can be observed, since
In| < ny.coum- The critical anglex,. for total external reflection can be derived from
Snell’'s law.

e & V26 (3.11)

By convention, the angle is measured with respect to thaseplane. For silver
a. = 0.34° at a photon energy of 10.5 keV. For an incident angle of thaysd; < a.
the component df; parallel to the surface normia) is exponentially damped, resulting
in a so-called evanescent wave travelling in the surfaceeg29].

Figure 3.2: Ewald sphere for SXRD scattering geometry umplazing incidence.
The incident angle of the incoming wave is setOtoand the wave travels along the
(110) direction. The radius of the Ewald sphere corresponds toag energy of 10.5
keV. CTRs of the Ag(111) surface are shown as rods and Bragkspere marked by
spheres.

The penetration depth of the evanescent wave is typieally0 A, giving rise to
a drastic reduction of the background, if SXRD measuremamperformed withy,
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close ton,.. The transmissivity shows a maximum of 4 tgr= a., enhancing addition-
ally the scattered signal. A full treatment of tdestorted wave Born approximation
which is used to describe these effects, can be found in [R%igure 3.2the scattering
geometry is shown for a SXRD experiment under grazing inde

Debye-Waller Factor

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

Fue =Y f;eh (3.12)
rj

The instantaneous position due to lattice vibrations iwibyr,, + é,,. r,, is the
time-averaged mean position of the atom n and the displatiemgiven byd,,. Since
we are dealing with harmonic oscillations, the time averafjéhe displacement is
given by(é,,) = 0. The important value is the time average of the scattereahsity

= <me( el (rmtom Zf eI (Tntén) > (3.13a)
=33 fula) fi(@) e™ et (% Bm=bu)) (3.13b)

Only relevant are the componenig,, and J,, perpendicular to the scattering
planes. The last term in equatiBril3bis rewritten as

<elq(6m*6n)> — <€iq(5qm*5qn)> (314)

Further simplification of equatioB.13is obtained by the relation

-

(e™) =720, (3.15)

which is valid for a Gaussian distribution of x or if x is smalid has equal proba-
bility of being positive or negative [23]. Applying relatid.15to equatiorB.13bgives
the intensity distributiori(q), modified by harmonic lattice vibrations

Zme ) e 28 0dm) oiTm x(q) ¢ 2900 =T DWF  (3.16a)

+ Z Z Fn(Q) €77 fr(q) e~ {eq2<5qm5qn> - 1} TDS (3.16b)

The intensity distribution is split into two parts. The fitetm contains th®ebye-
Waller factor(DWF) and the second term explains the observatiothefmal diffuse
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scattering(TDS). The TDS contribution is governed by the correlatiohg,d,), re-
sulting in streaks of diffuse scattered intensity. An ingsige example of TDS is given
in [58]. An introduction to TDS and to diffuse x-ray scattegiin general can be found
in [59, 60]. For the x-ray diffraction studies presentedhistthesis, TDS is a part of
the background, which has to be subtracted.

The structure factoF (g, T) can be rewritten using equati@nl6a

unit

cell
F(q.T) =Y f;(q) e @D ciar (3.17)

The exponential function(*T) in equation3.17is the Debye-Waller factor.

M (o, T) = (03 (T)) = L (3.18a)
BJ<T> = 87T2<5§j(T)> Bj,isotropic(T) == 8i<52(T)> (318b)

3

The factor ofl67? is necessary, sindg;(T) is defined in units ofin v/, which
is the crystallographic definition of the wave vector transiThe Debye-Waller factor
decreases the scattered intensity, but does not changedtieaf/the reflections. In
addition, ag>-dependency is observed and as the amplitude of the vibsasdemper-
ature dependent, the Debye-Waller factor decreases withasing temperature. For
the case of silveB . (T = 300 K) = 0.82 A2 [61].

Patterson Function

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

oz, 4, 2) = % S Fug, ¢ 2@/t K/DL/0] (3.19)
HKL
where V is the volume of the unit cell, and a, b and c are théc&attonstants.
The electron density may be projected on any lattice plangottant for SXRD is
a projection of the cell content along the c-axis. The cquoesling electron density
distributiono’(x, y) is given by [23, 62]

, 1
Q(w,y)ZA

Z FHKO 6—271'@' [H(z/a)+K(y/b)] (320)
ab HK

The area of the unit cell in the surface plane is giveriQy. Experimentally, only
|Fuki| can be determined. To overcome this problem, Pattersoodinted an auto
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correlation function of the electron densi®( X, Y, Z) [62], which only depends on

‘FHKL|2-
/// *gx+X)ldx (3.21a)
abc

X Y _Z
PX) =5 Z |Fukw|® cos 27 <H + Ko+ L= ) (3.21b)
HKL

Applying equatiorB8.20 we obtain the Patterson functié{ X, V') for the relevant
case ofo(z, y)

P(X,Y) =

™ ; |Frko|? cos 27 (Hg + K%) (3.22)

A maximum in the Patterson function corresponds to a digthetween two atoms
or a sum or a difference of distances respectively, onlyisxd¢asep(X) * o(x + X) # 0.
Even thoughP (X, Y’) is not a measure of the electron dengityt delivers important
information about interatomic distances, which are usebluitd a structural model.
Subsequently, the model is refined by a least square fittiogepiure. In figure.3a)
a topview of the hexagonal Ag(111) unit cell is shown. In fg8t3) and c) the
corresponding Patterson function is plotted in a contoagidim for different intervals
of the summation over H and K.

Figure 3.3: a) Topview of the Ag(111) unit cell. b) Pattergonction calculated for
H,K € [-2,2]. ¢) Patterson function calculated fiit K € [-10, 10].

The more Fourier components are included in the summatierfjnier the details
visible in P(X,Y"). The situation shown in figur8.3b), corresponds to typically ac-
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cessible values of q, if SXRD experiments are performed dtcaigm energy ot~ 10
keV.

The heavy atom methodan be applied, if there is a big difference drfor the
different types of atoms in the unit cell [63]. In this cadee PPatterson function is
dominated by the contribution of the heavy atoms. This doodis fulfilled by the
contrast in electron density of silver and oxygen atoms.séquoently, the heavy atom
method can be used to build a structural model of oxygen edlueconstructions
of silver surfaces, keeping in mind, that the maxima¢¥X, Y') are projected along
as = ¢, onto the(ay, az)-plane.

Determination of Structure Factors

In kinematical diffraction theory the crystal is thoughtle built up of small mosaic
blocks. The diffracted signal is an incoherent superpmsitif the signal scattered by
each block, which is shown in figu4.

Figure 3.4: Illustration of scattering from an imperfecystal, which is built up by
mosaic blocks. The mosaicity of a metal crystal is typicaltythe order of).1°. For
the sake of simplicity, only ong; is shown. In a SXRD experiment the integrated
intensity is measured by rocking the crystal around theaserhormal. The rocking
angle is usually labelled asor w.

The structure factor is determined from the integratednisitg of rocking scans
measured by SXRD, which are performed at consgignEor this purpose, the sample
is rotated (respectivelypcked by an angle) around the surface normal at fixed detec-
tor position. The integrated intensity can be calculatethiggration of thalifferential
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scattering cross sectiaty /dS2 [64].

do _
dQ o Aab

o
Tip = — / =7 4y dw d6 (3.23b)

[F(a)[* P u(q) (3.23a)

A is the illuminated surface area, P is dependent on the igataon of the x-rays,
u(q) is a normalised function describing the line shapgedefines the incident photon
flux, wy is the angular velocity of the rocking scan amncand ¥ are related to the
angular acceptance of the detector. Integration of equdt@8bresults in

Iint = CExperiment * |F( )|2 * Ctot (324&)
D1l Ag A2 A
CExperlment 0 OAA OWO 7 (324b)
ab
Ctot =PL Crod Carea (324C)

Ag is a geometrical constant defined by the in-plane widths @ithoming x-ray
beam and the detector slits and is the out-of-plane angular acceptance of the detec-
tor. The terms ’'in-plane’ and ’out-of-plane’ are alwayseméd to the surface plane.
Ciot depends on the scattering geometry. The corrections listeguation3.24¢ due
to the polarisation of the x-rays P, the Lorentz factor L, arection for the active
surface are&’.,.., and the rod interceptiof,.q, are derived for a z-axis diffractometer
in [64]. The z-axis geometry, shown in figu4e3, was used for our SXRD experiments.
Crxperiment 1S @ CONStant during an experiment, 86(q)| is determined by

Iint
F(q)| = : 3.25
Fla)l = /o (3.25)
Within this thesigF(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 subsBlution. For
this purpose, a given structural model is refined by a leasarggfitting routine. In
each iteration step th&'(q)|-distribution is calculated, by the scheme presented in the
preceding sections, for all measured data points. The agmeiebetween calculation
and measurement is improved by moving the atoms along pnediedirections. In this
procedure constraints due to the symmetry of the diffragbattern are included. The
goodness of the fit is expressed in terms f
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1 |Feate (@) ° = [Fexp (@) 3.96
A VI ; s(a) (3.26)

M is the number of data points, p the number of fitting paranseéadc<(q) is
the sum of statistical errors and systematical errors, dude misalignment of the
sample. The refinement procedures were accomplished vateatiware ROD by E.
Vlieg [65].

3.2 High Resolution Core Level Spectroscopy

HRCLS is also known as-Ray PhotoelectronSpectroscopy (XPS) oElectron
Spectroscopy folChemicalAnalysis (ESCA) [30-32]. The term HRCLS is used for
measurements, which are performed at synchrotron lighttesuln this experimental
technigue a core hole is created by an incident photon and@e@lectron is emitted,
showing a kinetic energ¥.,;,. The definition of the energy levels is shown in figure
3.5 The important quantity is the binding enerfy.,q of the electron defined by

Epina = hv — By — @, (3.27)

where® is the work function of the metal surface aldthe energy of the incident
photon. Core level spectroscopy can be applied for all elesneesides H and He,
since at least one electron must occupy the L-shell.

2
Kinetic
Energy

L Binding

Energy

K —o——0—V

Creation of a core hole
Figure 3.5: Emission of a photoelectron from a core level.
XPS spectra are element specific and are tabulated [66y6@¢ldition, photoelec-

tron spectroscopy is highly surface sensitive, due to thahelastic mean free path of
electrons with a kinetic energy in the range of 10 to 1000 X/ §8]. Typical values
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for the inelastic mean free path are 5 to 20 A and can be destbly a 'universal
curve’ [68].

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

HRCLS has two major advantages compared to the use of lalppratay sources.
The use of synchrotron radiation allows measurements witiable x-ray energy and
the high brilliance of the synchrotron source results inghbr resolution of the spec-
tra. Energy dependent measurements can be applied togdistmbetween bulk and
surface components of the substrate material. The higkgvhbton energy the lower
is the relative photoelectron yield of the surface signag tb the energy dependency
of the inelastic mean free path of the electrons.

3.2.1 Doniach-Sunjt Line Shape

The line shape of the photoemission process is affected by rddferent effects,
which are commonly divided into initial and final state et&e[80-32].

47500

Doniach-Sunijic Line Shape

45000

42500

40000

Intensity [a.u.]

37500

35000

Binding Enérgy

Figure 3.6: Doniach-Surigiline shape convoluted with a Gaussian and a Lorentzian.
The high energy side of the peak shows a higher photoelegietcth By convention,
the direction of the energy axis is inverted.

In a metal the escaping photoelectron creates many low geégtron hole pairs.
The number of these pairs is dependent on the density osstatke Fermi level. This
process is accompanied by a loss of kinetic energy of theoghattrons, resulting in
an asymmetric line shape, showing more intensity on the bigtling energy side of
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the peak. The first complete theoretical treatment of tlsisasvas done by Doniach
and Sunjt (DS) [69] and a typical example is shown in fig®:6. The singular DS line
shape is convoluted with a Lorentzian, showing a full widthaf maximum (FWHM)
-, due to the lifetime of the core hole. The yield function’{) of the photoemission
process is given by [69]

I'(1-«) T
Y(AE) = (A 72)(1%)/2 cos {7 + @(AE)} (3.28a)
O(AE) = (1 — ) tan ' (AE/v). (3.28b)

AE is the energy offset with respect to the line shape withdetithe broadening
andT is the gamma functiona is the asymmetry parameter of the DS line shape,
giving also rise to a shift of the peak. Typical values foare on the order of 0.1.
Additionally, the DS line shape is convoluted with a Gaussidue to instrumental
resolution and unresolved vibrations of the atoms.

Inelastic processes of the escaping photoelectron inwplviher electrons are clas-
sified in shake-up and shake-off processes. In a shake-opggan electron is excited,
but does not leave the solid. A typical example are plasmssel®in metals giving rise
to characteristic peaks on the high energy tail of the photsgion peak. In a shake-off
process the excited electron leaves also the metal. Comdsply, the DS line shape
is a low energy shake-up excitation.

In this thesis HRCLS spectra of the substrate atoms and avbmeconstructed
parts of the surface are decomposed using DS line shapesifittiiige routines were
performed with the software FitXPS by D.L. Adams. The decosiion reveals the
number of different types of atoms of one element, due toph#iag of the spectrum
by chemical shifts.

3.3 Normal Incidence X-Ray Standing Waves

X-Ray Diffraction by perfect crystals is described by dyneanh diffraction theory.
Multiple scattering effects, giving rise to primary extiion, and effects due to refrac-
tion are included in this theoretical description. The npysiminent result is the finite
width of the Bragg peaks [23, 24, 33, 70-74]. Important foKBW, is the occurrence
of a x-ray interference field (XIF) in and outside the cry$&4, 35]. Normally, pho-
toelectrons, excited by the XSW, are recorded by means of. YR8 XSW can be
moved with respect to the lattice planes, by changing thgd@emgled. Combining
the ability to move the XSW with XPS, allows the determinatgd atomic positions in
a direction perpendicular to the scattering planes. Théaukis 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 atatyin Laue geometry
observed by Borrmann [33], can only be explained by solvirexMell’s equations

for a medium showing periodic electron density, by usingcBlovaves. The main

results obtained for the Bragg case (incident and scatiea®@ 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, 71heTscattering process
is described by a semi-infinite slab of scattering planes) showing a transmissivity
and reflectivity. A wave which is scattered once, can be teseal by the 'backside’
of a diffraction plane, so that the wave, which was scatténede, moves along the
direction of the incoming wave field. Waves, which pass tgfoan even number of
scattering processes, contribute to the extinction of titeming x-rays. The total
scattered intensity is determined by summing up all therdmrttons from all layers,
including the correct phase factors.

All results of this description are included in the approaeveloped by Ewald
and von Laue, which is presented in the following sectioncttharmore, a complete
understanding of the splitting of the incident wave in thgstail and the energy flow
can only be obtained by the full electrodynamic treatmenhefdiffraction process.

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

The approach presented in this section, was mainly develop&wald and von Laue
[72—74]. The complete description can be found in the rewadwle by Batterman and
Cole [33]. The notation by Batterman and Cole is used in tsign. In this notation

the wave vector is given b and |[K| = 1/\. The wave vector transfer is given by

H and|H| = 1/d, whereasl is the lattice plane spacing. The scattering processes,
fulfilling Bragg'’s law, are described by

Kyg=Kg+H (3.29)

The problem is to solve Maxwell's equations for a medium sihgwa periodic
electron density(r) (see also equatioB.19, which can be described by a complex
dielectric constank(r).

2
k(r)=1- ro

% o(r) (3.30)

Using the abbreviatiolr, we can express(r) in terms of the complex structure
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factorFy.

To /\2 62 /\2
b= v (47reom02) * v (3.312)
k(r)y=1- FZ Fy exp(—2miH-r) (3.31b)
H
Fru=>_ (f(H)+ f/(hw) +if"(lw)), e (3.31c)

M

f'(hw) and f"(hw) are the dispersion corrections fgH ), due to resonance and
absorption [24]. They must be included, to calculate theemtrshape of the Bragg
peaks. The dispersion corrections for any element can bedfou[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 Attsatztain a set of
waves, which satisfy Bragg's law (s8€29 and Maxwell’s equations at the same time:

A= {ZQ(H e‘QmH'r} e 2miKoT o2mivt - Bloch wave (3.32a)
H

VX €= —up aa—? (3.32b)

V X9 =< a(gf) , (3.32¢)

where®l is either€ or §) and the wave vectors inside the crystal are complex num-
bers. This Ansatz describes the elastic scattering of waywageriodic charge density,
which is given by the Fourier transform Bfy. The result is the following pair of equa-
tions for the field amplitudes of the incident and the scattevave vector.

{k2(1 TRy — (KO-KO)}EO—kQPFFH Ey = 0, (3.33a)

K2PDFy B+ {k2(1 “TFy) — (Ky - KH)} Ey = 0. (3.33b)

k is the value of the incident wave vector outside the crystal P is a factor de-
pending on the polarisation state of the incoming x-ray hefaonthe sake of simplicity
we assume that = 1, which is true foro polarisation €, perpendicular to the plane
defined byK, andKy). A nontrivial solution is obtained, if the determinant biet
pair of linear homogeneous equations of the field vectoralsqero. Introducing the
abbreviations, and ¢y, one obtains the fundamental equation, which describes the
hyperbolic dispersion surface (comparable to the eleitdoand structure of a solid),
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which defines the loci of allowed wave vectdtg andKy inside the crystal.

1
50: KoKO—k(l—irFo), (334a)
1
1
&l = 1 k’T?Fy Fg . Dispersion Surface (3.34¢)

Keeping in mind, thatK,| = |Ky|, one can show, that equati@mB4cdescribes a
hyperboloid, which is shown in figui 7.
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Figure 3.7: lllustration of the dispersion surface and thestruction of incident and
scattered wave vectors. In Bragg geometry, the blue calopaets of the dispersion
surface are active, due to the boundary conditions.

Surface in Bragg geometry

The scattering occurs in the plane definedyandK ;. A coordinate transforma-
tion is always possible in a way, that the dispersion suragesen by two hyperbolae,
as itis shown in figur&.7. Since|K,| < k the Ewald sphere construction is modified.
The Laue point L, which is shown in figu7, is the centre of the Ewald sphere valid
in kinematical diffraction theory. In dynamical x-ray d#iction theornK is a complex
number and the centre of the Ewald sphere is defined by the Qoishown in figure
3.7. The distancé&.(Q < k. The spheres about (000) and (HKL) can be approximated
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linearly in the vicinity of Q and show an asymptotic behaviaith respect to the dis-
persion surface. The offset of the centre of the Bragg peatndoy the distance LQ,
can be calculated by [24]

2d%|F|

mmV

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

S0 = To, (335)

En  kI'Fy

Eo 2&n
At the diameter points of the hyperbolae the ratio of the fattplitudes tends to

En/Ey — +£1. The width of the area of total reflection, for the case of neoaption, is

correspondingly given by the distance of the diameter gdint~or this cas&(K,) =
0 and the phenomenon of total external reflection is observed.

(3.36)

D = kI'|Fy|sec ¥p (3.37)

The boundary conditions, given by the scattering geomséigct the active parts
of the dispersion surface. In figuB7 the active part is shown in blue colour, for the
relevant case of the Bragg geometry. It can be shown [33f theareflected intensity
R of a Bragg peak in Bragg geometry, is given in terms of themervariablen =
77/ + ,”7//’ by

R = Ejj =ln—Vn2—-1 i for n'>1, (3.384)

R = EI:E =n—iy1—n? ’ for || <1, (3.38b)
|Enl? 2 /

R = P = n+ vV —1 for ' <1, (3.38¢)

n' = (—A¥sin 20 + TFy) /|P|T F}; and (3.38d)

"= —(F4/Fy) (' — 1/|P|Fy/Fg) - (3.38e)

The shape of the Bragg peak, the so-called Darwin-Prine¢defined by the slope
of the reflectivityR = |Ey|*/|Eo|? is shown in figure3.8. The asymmetric shape of
the Darwin-Prins curve, can be explained by the coherergrpogition ofEy andE,,
leading to a standing wave field in and outside the crystalnFo 1 the maxima of the
x-ray interference field (XIF) lie in the middle of the Ag(1)ldlanes, where no atoms
are present. The absorption, describedfByhw), shows consequently a minimum
for n = 1, leading to a maximum in the reflected signal. In the wholgeamgiven by
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Reflectivity and phase of Ag(111) Bragg reflection at 10 keV
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Figure 3.8: Darwin-Prins curve for the Ag(111) reflectiomg@hoton energy of 10 keV.
Additionally, the phase betwedfy; andE, is shown. The complex structure factor is
given byFy;; = 4 % (37.435 4 0.054 — i % 2.924). Without absorption (Darwin curve)
the reflectivity R equals 1 fdr| < 1.

In| < 1, total external reflection of the impinging plane wave isaried. Nevertheless,
the reflected intensity shows a minimum fpe —1, due to a shift of the XIF by half
a lattice plane spacing/2, which corresponds to the phase shiftrdbetweenty; and
Eqo, shown in figure3.8. Forn = —1 the antinodes of the XIF lie on the lattice planes,
accordingly the absorption of the x-rays shows a maximurhiajgosition. The Bragg
peak is a resonant excitation of the periodic charge dehsitiie x-rays, consequently
the phase shift ofr betweenEy and E, is observed along the Darwin-Prins curve.
It is important to note, that scattering by a free electranokiuces a phase shift of
7w between the incident plane wave and the scattered wave§R4The sides of the
Bragg peaks pass into the CTRs, which are described by kineahdiffraction theory.
Without absorption f”(hw) = 0) the reflectivity equals 1 fopy| < 1. The shape of
the Bragg peak is then described by the flat top shaped Dawwe ¢24, 33].

The angular full width at half maximum (FWHM) of a Darwin cens WM (with-
out absorption) is given by [24]

2
6 d\ rolF|
wEWEM — 7 [ 2 ) 0 an 9 3.39

For the case of the Ag(111) reflection at 10 keV, one obtairs@evof~ 0.002°.
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As can be seen from equati@B9 wVH™ becomes smaller for higher photon ener-
gies, since’ gets smaller.

3.3.2 Standing Wave Technique

The x-ray standing wave technique [34, 35] is a combinatibr-@ay diffraction in
Bragg geometry (cf. preceding section) combined with spscbpy. The choice of
the spectroscopic technique depends on the intention oéxperiment, either fluo-
rescence or Auger electrons or photoelectrons excited dy-tay interference field
are measured. Batterman realised the first XSW experimgmidasuring the fluores-
cence of a perfect Ge crystal excited by Mg radiation [79].

An extension of this principle are XSW experiments undenmadrincidence of the
x-ray beam. This allows measurements of metal crystalsyisigoga mosaicity on the
order of0.1°, which is 2 to 3 orders of magnitudes larger than typical Damidths.
Under normal incidenceé equal90°, correspondingly, equatiods38and3.39cannot
be applied. Ify = 90° is approached 5VHM — oo since the terman o diverges. The
theory of dynamical x-ray diffraction was modified for thigse and the width of the
region of total external reflection (RTR) can be calculated36]

w R = 2% |yu|*® = 2% /T |Ful . (3.40)

xu is the Fourier component to the wave vector transfer H of tieeeptibility.
The Darwin curve shows a width ef 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 chadmaaily, but is
given by the Bragg equation far= 90°

2d = m A (3.41a)
mhc
EPhoton = 2d (341b)

For the Ag(111) reflection one obtains a photon energy of836&V for2 9 =
180°. The Darwin curve, which is also called rocking curve, caghezibe measured
by changing/ or by scanning the photon energy E.

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

E(r) = (a) EO eiKO'r + eH EH eiKH'T) e*’iwt (342a)

I(r) = |Eo|? ll +R+2P VR cos(v+H- r)} : (3.42Db)
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wheree, andey; are the polarisation unit vectorsis the phase defined #; /Ey =
VR exp(iv).

Equation3.42bdescribes the XSW in and outside the crystal. The rockingecisr
measured experimentally. Along the Bragg peak the phasehanged byr, accord-
ingly, the XSW is moved by half a lattice plane spacing. Atlepoint of the rocking
curve the element specific yield of photoelectrons, Augectebns or the fluorescence
is measured. In this work the photoelectron yield was meakby means of XPS. The
advantage of XPS is the possibility to detect chemical shiftadsorbates and the high
surface sensitivity. The decomposition of the XPS spedtoava the determination of
standing wave profiles for each type of oxygen atom adsorbedeAg(111) surface.

The photoelectron yield is determined by time-dependernttiggation theory [34,
80-82], resulting in matrix elementd; for the transition of the electron from the
bound statei) to the unbound final stat¢), whereM; is given by

My = (flesplike)e)l) k= (3.43)

e is the polarisation vector of the electric field apd= —iAV the momentum
operator. In a multipole expansion thep(ikr) term is approximated by its Taylor
seriesl +:kr —1/2(kr)? —---. In the dipole approximation, which is valid for large
wavelengths of the x-rays compared to the size of the ogbdbthe electrons, only
the first term of the expansion is used. The photoelectrola yfé‘ip for the Bragg
reflection with wave vector transfer H is then given by [34]

ng: 1+R+2PVRF! Cos(v—27r PH) . (3.44)

PH andF! are the phase and amplitude of the Fourier coefficients afittebution
function of the atoms, showing both values between 0 and 1L [B4' andF! are
called coherent position and coherent fraction respdgtive dipole approximation a
standing wave profile is completely described®y andF!, whereP! is a measure
of the position of the atom in a direction parallelHioin units of the lattice spacing d.
F" is a measure of the local order of the atoms. The smaller thereat fractiorf™
the wider is the distribution of atoms around the mean pmsitietermined by*.

In figure 3.9 simulated XSW profiles are shown fBH = 0.69. The profiles show
a big difference in their shape in dependencyP8f For the case of a high coherent
fraction, as shown here, a straightforward fit of the profilepossible. Iff!! tends
to zero, the yield function is dominated by R and the XSW pesféhow only slight
differences.

It was realised, that non-dipole effects may play an impdrtale for NIXSW
measurements. A complete description of these effects edaunmd in [80, 81]. For
the emission of photoelectrons the matrix element condeiciehe incoming x-rays
and the one connected to the scattered x-rays, which ardetbapherently, must
be evaluated. In the following, the effect of electric quamble transitions is also



34 CHAPTER 3. THEORETICAL BACKGROUND

. T T T
3.0 ~Rocking curve |xsw Profiles for Ag(111) surface |
@ || e—Pt=0.2
c —P"-05
S
. 259 e——pPto07
-e H
= ——pP"-098
2.04m
ie] =
5 F"=0.69
>
c 1.5
S
8 1.0
[}
2
S 05-
o
0.0

T T T T T
-0.5 0.0 0.5 1.0 1.5
AE [eV]

Figure 3.9: Simulated XSW profiles for the Ag(111) Bragg r&tflen in terms of the
offset to the Bragg angle. In the lower part, a Ag(111) rogktarve measured under
normal incidence is shown. All XSW profiles are calculatedf8 = 0.69.

considered. Magnetic transitions can be neglected. Thatresa generalised yield
functionY! in terms ofs, = ko/|ko| andsy = kg /|Kx|.

Y =1+ Sg R+2[S;| VRF! cos(v — 27 P+ 4)) (3.45a)

Sk = Sﬂ, St =S| e” = Sox (3.45b)
Soo Soo

Soo = (IMi(s0)[*) (3.45¢)

Sun = (|Mji(su)|?) (3.45d)

Son = (Myi(So) * Myi(su)) (3.45¢)

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

3.4 Low Energy Electron Diffraction

Diffraction of electrons was observed for the first time byBaon and Germer [83].
The wave length of electrons is related to their momentunapghe de Broglie relation

A = h/p. Electrons with a kinetic energy of 150 eV have a de Brogligaangth of
1A.



3.4. LOW ENERGY ELECTRON DIFFRACTION 35

LEED is based on elastic scattering of electrons in backextiag) geometry, typical
electron energies are in the range of 20 to 300 eV [30, 32] picyl feature of LEED is
the intrinsic surface sensitivity, due to the strong intéca of electrons with matter, as
already mentioned in sectidh2 The scattering process in reciprocal space is shown
in figure 3.10 Modern LEED systems are equipped with a fluorescence scteen
monitor the diffraction pattern. This is an advantage comgp# SXRD measurements
with a point detector, since all intersections of the Ewgltiese with the rods are
monitored at the same time. The higher the electron eneeggldiser are the reflections
to the (00) reflection. A complete structure determinatibhe surface unit cell is
possible by so-called LEED-I(V) measurements. In thismégpe the intensity | of the
rods is measured versus the acceleration voltage V of tioéretes. The simulation of
the measured profiles is done by dynamical electron saagtdreory, which is feasible
for small surface unit cells. Furthermore, LEED measurdsiean be performed only
under UHV conditions and only for non-charging systems.hia thesis the structure

of surface reconstruction is determined by in-situ SXRD sneaments (cf. section
3.1.0).
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Figure 3.10: Scattering geometry of a LEED experiment. Tinase normal is parallel
tok;. The (20) reflexion is observable in the directiorkof

Nevertheless, LEED is a versatile tool to determine the tfp@construction on
the surface and the quality of the substrate surface is teflen the spot size of the

reflections. Additional information can be gained by exaation of the background
signal.
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3.5 Auger Electron Spectroscopy

Auger electron spectroscopy is based on the Auger proc€s82384]. The Auger

process is a radiationless transition competing with thesgion of characteristic x-

rays. A core hole, which is either produced by photoemiseidoy incident electrons

with kinetic energies in the range of 3 keV, is occupied by cteon from a higher

shell. The energy release is transferred to a third electrdich is emitted with a

characteristic energy. The emission of Auger electrondearbserved for all elements
besides H, He and Li. A typical Auger transition is shown inufg3.11

L, 4_._._(/Em/i35i0n of the

L,

L, L, —®&—@— Auger electron
L, L,

K K

Creation of a core
hole in K shell

Figure 3.11: Thé{L,L3; Auger transition.

Auger electrons show a kinetic energy up to 1000 eV, givisg tb the intrinsic
surface sensitivity of this technique. AES spectra of ah&nts are tabulated [85]
and can be compared with experimental results. Within ttesis, AES was applied to
monitor the cleanliness of the silver samples. AES is vengiige to small amounts
of carbon and sulphur, which are characteristic contananaf silver surfaces.
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Experimental Details

Well-defined experiments are only possible with polishégkesisingle crystals show-
ing a small miscut with respect to the (111) planes. The sampm@paration and the
experimental setup, which was used for the experimentopeed at the different
synchrotron light sources, is described in the followingtems.

4.1 Sample Preparation

The silver samples have a disk like shape with a diameter airhO The samples were
aligned by x-ray diffraction. The accuracy obtained by thisthod is on the order of
0.1°. After the alignment, the sample is lapped with @} suspensions in three steps,
showing a grain size of 20, 9 andu8n. Afterwards, the Ag(111) samples are polished
in three steps. First with a diamond polishing suspensidh giain sizes of 3 and 1
pm. The final polishing step is performed with an,®k suspension with a grain size
of 0.05um.

The polishing procedure leads to a destruction of the diystg of the surface.
The depth of this disordered layer is two to three times tlagngsize of the polishing
grains used in the last step of the polishing procedure. thaddilly, polishing grains
are incorporated in the defective surface layer. The topsiber layers were removed
by an electrochemical polishing procedure, using a salutiontaining acetic acid,
sulphuric acid, methanol and thiourea. This preparatisunltein an almost defect free
Ag(111) surface.

The final cleaning procedure is performed under UHV condgjoapplying re-
peated sputter and annealing cycles. The sample is splttgrérgon ions with a
kinetic energy of 0.5 to 1 keV. The sputtering procedure negsaontaminations from
the surface, but at the same time the crystallinity of thertogt silver layers is de-
stroyed. The crystallinity of the sample surface is restdrng an annealing cycle with
a temperature well below the melting point. For Ag a tempeeabf 873 to 923 K is
applied, which leads to a mobilisation of the silver atomthatsurface, leading to a
recrystallisation of the topmost silver layers. The aningabf the sample may lead to

37



38 CHAPTER 4. EXPERIMENTAL DETAILS

the segregation of contaminations from the bulk to the setfavhich is controlled by
AES. The sputter anneal cycles are repeated until the LEEAy@nshows sharp spots
and no impurities are visible in the AES spectra. This situais shown in figuret.1
Typical contaminations of silver surfaces are sulphur aarban.
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Figure 4.1: a) AES spectrum of the clean Ag(111) surface. Nw S impurities are
present. b) LEED image of the clean Ag(111) surface recoedeuh electron energy
of 140 eV. The threefold symmetry of the Ag(111) surface éadl visible.

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

The sputter anneal cycles are routinely performed in ourenlanoratory or in the
UHV chambers used at the different synchrotron light saartrethe case of the SXRD
experiments the clean Ag(111) sample is transferred to abilex-ray diffraction
chamber. During the transfer the sample gets in contactaiitfor a short time and it
is enough to heat the sample to 823 K at an oxygen pressui& dinbar to obtain a
clean Ag(111) surface again.

During all oxidation experiments the sample was heated ®KHh UHV to re-
move all oxygen species from the surface. Theqireconstruction decomposes for
example at~ 520 K under UHV conditions (cf. secticd2.]). After the annealing
cycle the surface is clean again and a new oxidation proeszhir be performed.

4.2 Surface X-Ray Diffraction

The SXRD experiments were performed at the dedicated MameRIbeamline at the
2.5 GeV synchrotron ANKA (Angstromquelle Karlsruhe) in Kauhe, Germany [37].
The beamline is located at a bending magnet, which prodineeg/hite x-ray beam.
The beamline consists of optical components interconddmtevacuated flight tubes,
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to reduce intensity losses due to air scattering of the s:ré&n engineering drawing
of the beamline layout is shown in figude2

Beam position Slits Monochromator
monitor Rh mirror \ Shutter Slits

Phosphorous
screen

i gl

)

Beam optics

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

The white x-ray beam hits a water cooled Rh coated Si mirrdre mirror can
be bent allowing a vertical focussing of the x-ray beam. lk@nmore, higher photon
energies are be cut off, due to total external reflection @fthite x-ray beam. The IR
and UV part of the light, emitted by the bending magnet, i9disd by a water cooled
Beryllium window in front of the double crystal monochromatThe monochromator
is composed of two (111) cut silicon crystals. The energy Ehefx-rays is selected
by rotation of the crystals with respect to the incident beaoccording to Bragg’s law.
A resolutionAE/E = 3 - 10~ is obtained. The first crystal has to be water cooled
for stable performance, due to the high power depositiorhefwhite beam. The
second monochromator crystal can be bent, allowing a stnongontal focussing of
the beam at the sample position. The measurements wererpedat a photon energy
of 10.5 keV. Accordingly, the cut-off energy at the mirrorsagelected to be 16 keV,
resulting in an effective suppression of higher harmonics/a and /3, which could
pass the monochromator and falsify the experimental esdlhe beam size at the
sample position is defined by a pair of horizontal and velrtstiss and is typically
2 x 0.3 mm respectively. The intensity of the incoming monochraseat beam is
monitored by an ionisation chamber. This allows a correctbthe data acquisition
time, since the incident beam intensity varies, due to tiana of the electron beam
current in the storage ring.

The Ag sample was mounted horizontally in our portable to-ekidation x-ray
diffraction chamber. The whole chamber is then fixed to tlieaditometer, which is
shown in figure4.3a). The oxidation chamber is equipped with a gas system altpw
operation from a base pressure on the order0of® mbar up to an oxygen pressure
of 2 bar. The x-rays enter and leave the chamber through a 2hicin freestanding
beryllium window, allowing full access to reciprocal spdoescattering in the surface
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Figure 4.3: a) View in the experimental hutch at ANKA. The dation chamber is
mounted on the diffractometer. b) Diffractometer setupileteANKA.

plane. The scattered x-rays can leave the chamber up to teangke of~ 50 ° for the
case of out of plane scattering. The sample holder is coaddota heating station.
The sample temperature can be varied between room tempeeatd~ 1000 K. The
temperature of the Ag surface is measured by a thermocoaipéehed to the side of
the Ag sample, with a precision df5 K. The cleaning of the sample is performed by
sputter-anneal cycles, with the sputter gun connectecettott of the chamber, as can
be seen in figurd.3a).

The used diffractometer setup, shown in figdirgb), resembles a six-circle diffrac-
tometer. Measurements were performed in z-axis mode widld fixcident angle. The
whole diffractometer is mounted on a table to align it witbpect to the incident beam.
The differences between a normal z-axis diffractometerthadsetup used at ANKA
are described in [37]. The measurements were performed gratgng incidence with
a fixed incident angle close to the critical angle of totakexal reflection, which re-
sults in an optimal signal to noise ratio. The angf{esd¢ are used to align the surface
normal parallel to the z-axis of the diffractometer. As theident angle, defined by the
angleyu, x and¢ are fixed during the experiment. The diffractometer is callgd by
the software spec [86]. An orientation matrix is defined by aimgular positions of all
circles for at least two Bragg peaks. A properly defined dagon matrix allows scans
in reciprocal space by moving the motérs) and~ of the diffractometerf turns the
crystal around the surface normal, until the selectedestagf planes are in the correct
position with respect to the incident beam. The motoesd~ move the detector in
and perpendicular to the surface plane, until the chosenentum transfer is set. Fi-
nally, the x-rays are detected with a scintillation pointes#or, which is equipped with
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detector slits, to define the angular acceptance of the tdetec

4.3 High Resolution Core Level Spectroscopy

The HRCLS experiments were performed at beamline 1311 dt.th&eV synchrotron
MAX Il at MAX-lab in Lund, Sweden. The VUV and soft x-ray radian is produced

by an undulator. Several mirrors are used to focus the adiah the sample position.
A detailed description of the optical layout can be found38][ The heart of the
beamline is a plane-grating monochromator. Photon ersefgpen 30 to 1500 eV can
be used. The monochromator resolution varies from 4 meV ad3photon energy to
1.4 eV at 1500 eV. The beamline is shown in figdréa).

Figure 4.4. a) Beamline 1311 at MAX-lab. b) Experimental estdtion of beamline
I311. c) Ag(111) sample fixed by a tungsten wire, in front af tHEED system. The
thermocouple is attached to the side of the sample.

The experimental end station, shown in fig4rd b), is build up by two UHV
chambers which are connected by a valve. The preparatiomb®ra containing a
LEED system, a sputter gun and the gas system is located arf tbe analysis cham-
ber. The analysis chamber is equipped with a high resolut@nispherical electron
energy analyser [39] for the photoelectron spectroscopgsomements. A base pres-
sure on the order of0~!' mbar is routinely obtained in the analysis chamber. The
sample is mounted by a tungsten wire to the vertical tramefirallowing a transfer of
the sample from the preparation chamber to the analysislofianihe sample holder
is shown in figuret.4c). The sample is cooled by a liquid nitrogen reservoir iasfe
transfer rod, connected to the tungsten wire by a coppekplasible in the upper part
of figure4.4c). The sample is directly heated by an electric current,ifigithrough
the tungsten wire. The HRCLS measurements are performedaahple temperature
of ~ 100 K, to minimise contributions to the line width, due to pbas.
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4.4 Normal Incidence X-Ray Standing Wave Absorp-
tion

The NIXSW experiments were performed at beamline ID32 abtl®V synchrotron

ESRF (European Synchrotron Radiation Facility) in Greapbrance. Beamline ID32
is equipped with three undulators, which can be used at tine sime, depending on
the desired photon energy. The design of the beam optianiksio the MPIl beamline

at ANKA. The white beam is monochromatised by a double chyatanochromator,

whereas the first crystal is cooled by liquid nitrogen. A dethdescription of the

beamline layout can be found in [40]. During the NIXSW measuents the XSW
chamber is connected windowless to the storage ring vacywewdruated flight tubes.
This is indispensable due to the low photon energy used &NtXSW measurements,
which is on the order of 2.6 keV. The incident photon flux is maned by a metallic

mesh in front of the XSW chamber. This allows a normalisatbérihe measured
standing wave profiles. The XSW chamber is shown in figusea).

a)

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

The XSW chamber is operated at a base pressure on the ortler'éfmbar. It is
equipped with the standard tools of surface science: a LBEE®®, a sputter gun and
a gas system for sample preparation and characterisat@sdmple holder, shown in
figure4.5b) is connected by a copper netting to a cryostat, cooleddaydinitrogen.
The sample temperature is raised by a filament heater. Thelsé@mperature is mea-
sured by a thermocouple fixed to the side of the silver sanNilESW measurements
were performed at a sample temperature-0f20 K. The chamber is equipped with
a hemispherical electron energy analyser, to measure thteglactron spectra during
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the XSW measurements. The backscattered x-ray signalesteetby a photodiode
inside the UHV chamber.
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Chapter 5
Structure of O-p(4x4)/Ag(111)

The structural model of the oxygen induced p@ reconstruction O-p(44)/Ag(111)

will be discussed in this chapter. A new model was developyeal dollaborative work
combining results from SXRD, STM, HRCLS and NIXSW measuretse@nd DFT
calculations [19]. In this chapter we will focus on our reéswlbtained by in-situ SXRD,
HRCLS and NIXSW. At first, the preparation procedure of théxa{) reconstruction

by O, and NG is presented. In the following it will be shown, that preveébuproposed
models of the p(4%4) structure can be ruled out by our SXRD results. The new mode
of O-p(4x4)/Ag(111) is discussed in detail and finally the stabilitpgtam of the
O/Ag(111)-system, as determined by our in-situ SXRD mesments, is presented.

5.1 Preparation by O, and NO,

The preparation of the pfdd) reconstruction by molecular oxygen was optimized by
means of in-situ SXRD measurements. For this purpose agstroplane reflection
of the p(4x4) reconstruction was measured as a reference in dependéseynple
temperature and oxygen pressure.

The integrated intensity of the reference scan is propuatito the coverage of the
surface with the p(44) reconstruction, whereas the width of the scan is a meadure
the mosaicity of the layer. The optimal preparation coodsi result in a maximum
of the integrated intensity at a minimal width of the rocksgan. In a first step the
temperature was varied at an oxygen pressure of 2 mbar, spam ideal growth
temperature of 553 K. The effect of a stepwise increase obiygen pressure at a
temperature of 553 K on the integrated intensity of the sgfee scan is shown in figure
5.1 A saturation of the signal was observed for oxygen pressugher than 100 mbar,
which means, that almost the whole surface is covered by (#e4) reconstruction.
At an oxygen pressure of 200 mbar the reference scan showadraahfull width at
half maximum (FWHM) of 0.32. A more detailed view on the initial growth of the
p(4x4) reconstruction is given by the sequence of referencesstaasured between
1 and 10 mbar at 553 K, shown in the inset of figbrd At an oxygen pressure of 1

45
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Figure 5.1: Evolution of the integrated intensity of a sgon-plane reflection of the
p(4x4) reconstruction at a g-value of (0.25, 0.75, 0.3) for iasreg oxygen pressure.
A saturation of the signal was observed for pressures hitjtzgr 100 mbar. b) Se-
guence of rocking scans measured at (0.75, 0.25, 0.3) foxygea pressure between
1 and 10 mbar and a temperature of 553 K. The growth of the $)(4econstruction
with increasing oxygen pressure is accompanied by a remtuofithe mosaicity of the
domains.

mbar the p(44) reconstruction starts to form, showing a mosaicity of°0.bhis value
has to be compared with the one of the substrate of Q.2iitially, small islands of
the p(4x4) reconstruction are formed, which show a mosaicity alrwisie as large as
the one of the substrate. The small size of the domains anitied 5tage of the growth
results in a rather loose alignment of the islands of thexg{dreconstruction. With
increasing oxygen pressure the size of the domains is igetgavhich is reflected in a
large reduction of the mosaicity to 0.84t 10 mbar, reaching almost the lowest value
of 0.32°, which was observed at 200 mbar of oxygen. According to thesmosaicity
of the p(4x4) reconstruction is limited by the perfection of the sustgtr The small
difference between the mosaicities of the substrate ang(dhe4) reconstruction is
in line with STM measurements, where domain sizes of thexgj4econstruction of
hundreds of nanometers were observed [19].

The p(4x4) reconstruction can be either prepared by & already described, or
by dosing NQ at temperatures around 500 K. The crucial question, whichtbde
solved, is, if the structure of the pt4l) reconstruction is independent of the oxidation
procedure? The preparation by N®as introduced in [12]. N9@decomposes into NO
and O on the Ag(111) surface and under appropriate condititéh desorbs, resulting
in a sufficient high coverage of atomic oxygen to form the>xp4} structure. This
method has the advantage, that thexp{fireconstruction can be grown in a standard
UHV chamber, because a N@ressure on the order of only 10mbar has to be
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applied. This preparation recipe was used for all STM measants [15, 19, 42] and
for our HRCLS and NIXSW measurements. The preparation witis@arried out at

oxygen pressures of at least 1 mbar, due to the low disseeisticking probability of

1079 for molecular oxygen on Ag(111) [12]. For our in-situ SXRD aserements we
have used molecular oxygen, since it is used for the indusipiplications of silver as
a catalyst.

Figure 5.2: a) in-plane data set; preparation with ® and K values are given in
units of the p(4«4) unit cell. The dashed line marks the mirror plane of thesoled
p6mm symmetry. The box marked by the dotted line is the rangehich the mea-
surements for the case of the preparation with,@re performed. b) in-plane data
set; preparation with N© c) Patterson function calculated from the in-plane stmect
factors obtained with @ The p(4<4) unit cell is marked by the black line. d) Patterson
function for the case of the N{preparation.

For the purpose of comparison, we used both preparationadetind measured
the in-plane structure factors. For the preparation with, M® have dosed 600 Lang-
muir NO, at a temperature of 500 K. The data set was measured at 300 Knaled
UHYV conditions. In the other case, the p(4) structure was prepared by dosing 200
mbar of oxygen for 30 minutes at 553 K and maintaining 5 mbamxyfgen during
the measurements, which were performed at 300 K. The ire@amncture factors for
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the O, preparation are shown in figuke2a). The dashed line marks the mirror plane
of the observed p6mm symmetry. The box marked by the dottedisi the range of
g-values for which the in-plane structure factors for theecaf the NQ preparation
were measured, which are shown in figbrgb). A fast decomposition of the p{#4)
reconstruction prepared by NQ@luring the experiment prevented a measurement of
the complete in-plane data set and explains the observisgtatites in the structure
factors. Nevertheless, both data sets show the same syynametthe same features.
Further confirmation for this observation is given by the&abn functions [62] shown

in figure5.2c¢) and d), which were calculated from the in-plane structaceors, using
only the superstructure reflections. The Patterson funét{o, Y)

1

P(X,Y) = ¢ r

X
> [Fukol cos 27 (HE + Kg> (5.1)
HK

is an auto correlation function of the electron density @ctgd onto the surface
(cf. section3.1.]). The Patterson function is a function in real space and armanx at
(z0,yo) means, that there is a vectar, yo) between two atoms in the surface unit cell,
or a sum / difference of vectors. Both Patterson functioms\dihe same main maxima
and the one obtained for the preparation with,NfBows fewer details, since the struc-
ture factors with large in-plane momentum transfer weremeasured in this case.
Finally, we could show, that the structure of the p@ reconstruction is independent
of the oxidation procedure.

For the HRCLS and NIXSW measurements an oxidation and aimgealcle was
used to prepare the pf4l) structure. In the first step the clean Ag(111) sample was
oxidized by 600 L NQ (5 - 10~ " mbar NG for 20 minutes) at a sample temperature
of 500 K. Afterwards, the sample was cooled downtd 00 K, maintaining the N©
pressure until 300 K. At 300 K the NQOs pumped down, restoring UHV conditions.
Examination of the sample by LEED results in a faink@ pattern, shown in figure
5.3a). The corresponding O 1s HRCLS spectrum is shown in figuBe). The
O 1s spectrum can be decomposed by three components: thd)p(@construction
shows up at binding energy of 528.1 eV, the component at 530.%3 attributed to
chemisorbed oxygen [14] and the component 531.3 eV is cekat¢he presence of
NO on the surface [12]. At 500 K NQOdecomposes into NO and O on the Ag(111)
surface. At this temperature NO desorbs and above 420 K cloeb&d atomic oxygen
transforms into the p(44) reconstruction [14]. Under these conditions small id&an
of the p(4x4) structure are formed, which is shown in the first part of regbL3 c).
Cooling down to 300 K under NQatmosphere leads to the adsorption of NO and O
in between the small islands of the p(4) reconstruction, resulting in the faint LEED
pattern and the already discussed O 1s spectrum. Heatireg Uiktl/ conditions to 500
K leads to the desorption of NO and the chemisorbed oxygemamsformed into the
p(4x4) reconstruction, which is shown in figuse3 c). Correspondingly, the typical
LEED pattern of the p(44) reconstruction can be observed and is shown in fi§Be
d). The (0,0) reflection is visible below the shadow of the®tan gun, since the silver

ab
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Figure 5.3: a) LEED image of the Ag(111) surface after oxidjzwith 600 L NG,
with subsequent cooling te 100 K. b) Decomposed O 1s spectrum of the oxidized
Ag(111) surface, as shown in a). c) Sketch of the oxidatiamce@dure with NG.

d) LEED image of the p(44) reconstruct

ion after complete oxidation procedure as

described in c¢). Details to this figure are explained in tké te
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sample was slightly tilted during the measurements. The §p&strum of the p(44)
reconstruction, showing only one component at a bindinggneaf 528.2 eV, is plotted
in figure5.10b).

5.2 Decomposition of the p(44) reconstruction

The SXRD data set of the pi#}) reconstruction, consisting of CTRs, superstruc-
ture rods and in-plane structure factors, was measuredaaftesh preparation of the
p(4x4) structure at 200 mbar of oxygen and 553 K for 30 minutes.mbasurements
were performed at 300 K and 5 mbar of oxygen. The elevatedexpgessure prevents

a fast decomposition of the p4l) structure during the measurements. Nevertheless,
a reduction of the p(44) reconstruction was observed, which is attributed totreas

of the p(4x4) structure with reducing gases, like CO os.HThe decomposition of
the p(4x4) reconstruction was monitored by measuring a refererame &c(0.25, 0.75,
0.2) in between the rod measurements.

T T T T
Decomposition of the p(4x4) structure

100+

80

Integrated Intensity [arb. units]

60 - T T T T
0 1000 2000 3000 4000

Time [min]

Figure 5.4: Evolution of the integrated intensity of a refeze scan at g = (0.25, 0.75,
0.2) measured at 300 K and 5 mbar of oxygen. The reductioneokigmnal of the
p(4x4) reconstruction can be described by an exponentiallgasing decomposition.

The evolution of the integrated intensity of the referer@@nswhich is proportional
to the coverage of the Ag(111) surface with the pdd structure, is shown in figure
5.4. The decomposition of the pf#) reconstruction increases exponentially and can
be described by using the relatiba- I, — ¢/ for the integrated intensity (Fit results:
I, = 135 and7 = 1017 min). After a fresh preparation almost the whole surface is
covered by the p(44) reconstruction, exhibiting only few defects. We suggebstt the
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reduction of the p(%4) reconstruction by reducing gases is only possible attlsfies
at room temperature. In the early stage of the decomposh®mneduction events are
restricted to domain boundaries, step edges and to the fiaetdevithin the domains.
Every reduction step creates a new defect, which explam®bserved exponential
decomposition behaviour.

The square root of the integrated intensity is proportidadghe amplitude of the
structure factor, so a correction of the data set is strioghiird. The corrections were
applied to the in-plane data set and to the superstructdss smce their signal is only
caused by scattering from atoms of the pf reconstruction. The measured CTRs
cannot be corrected for the decomposition of thexp{¥ireconstruction, because the
signal of the CTRs is caused by a coherent superpositionatfesed intensity from
the bulk and from the reconstructed surface. The CTRs wessuned in the plateau
region visible in figureb.4for t < 2400 min, so the missing correction of the CTRs has
a negligible influence on the results and is taken into adcloythe error bars.

a) b)
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Figure 5.5: a) Evolution of O 1s spectra of the pé) reconstruction under CO dosage.
b) Fitted peak area of the O 1s component of the@g(¥structure in dependency of
CO coverage.

The ability of CO to reduce the pfdd) reconstruction was verified by a sequence
of HRCLS measurements, shown in figér®a). The p(44) structure was prepared
by the recipe described in sectibri. Some residual contaminations by O and NO are
visible in the O 1s spectrum and show binding energies of B8®G&1 eV respectively.

At first the p(4x4) reconstruction was additionally oxidized by 10 L of,@hich had

no effect on the O 1s spectrum. Subsequently, CO was dosedtap$s up to a total
coverage of 402 L. A strong reduction of the signal of thexp{¥is visible upon the
CO treatment. All spectra are shown in fig&.&a), for the sake of simplicity only the
fitted components of the pfd4) structure are plotted. The fitted peak area is shown in
figure 5.5 b), showing a strong decrease after dosing 2 L of CO. Thistidbated to
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the decomposition of small islands of the pé) reconstruction in the beginning of the
CO treatment. Further CO dosage leads to a rather lineactiedwof the O 1s signal

of the p(4x4) structure. Additionally, we have measured the C 1s spectiuring the
CO treatment. No peak was observed in the C 1s spectra. Thiesnthat CO reacts
with oxygen atoms from the p¢d4) reconstruction and leaves the Ag(111) surface as
CO,. Finally, we could show, that the CO fraction in the residgas$ can explain the
decomposition of the p(44) reconstruction during our SXRD measurements.

5.3 Comparison with previously discussed Models

The structure of Ag(111)-p44)-O, which was made responsible for the catalytic ac-
tivity of silver regarding the epoxidation of ethylene [B2], seemed to be solved
by a combination of STM measurements, STM image simulatonsDFT calcula-
tions [15,16,18,50]. The models, which were proposed, asethon a three-layer slab
of the bulk oxide AgO in (111) orientation, rotated by 3Qelative to the Ag(111) sur-
face normal, resulting in an O-Ag-O trilayer, as it was putvfard by LEED and XPS
measurements [10, 11]. The A@s model (referred to as 'Ags;O’ model in [15]),
which was optimized by means of DFT calculations [16], isvehan figure5.6 a)
and consists of hexagonal O-Ag-rings, which are build uptight O-Ag-O blocks.
Compared to a pristine A@(111) trilayer every third Ag atom within the O-Ag-rings
is missing.

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

Further investigation of the AgOs; 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 wilgyO4 stoichiometry
(referred to as 'Ags30’ model in [18]), which is energetically more favourableth
the formerly proposed structure [18]. The silver atoms,ctwere removed from the
Agi110s model are marked by the crosses in figbréa).

The Patterson function of the A@s structure, plotted in figur®.6 b), shows
a completely different behaviour than the one which wasutated from our in-plane
data set shown in figufe2c). The same is true for the Patterson function of the@g
model, showing exactly the same features as fiuBd). The position of the maxima
of the Patterson function for the case of the; A% model coincide with the position
of the Ag atoms within the unit cell, besides the maximum ia tentre of the unit
cell. This observation can be explained by a so-called 'Mesom Approach’ [63].
For the calculation of the Patterson function the structaceor is used, as can be seen
in equation5.1 The structure factor is proportional to the atomic formtdacwhich
is much higher for silver atoms than for oxygen atoms, duééoltig difference in
the atomic number of the two elements. In this approach Aghatare located at
the positions of the strongest maxima of the Patterson immcT he difference in the
Patterson functions is a strong indication, that the hithdiscussed models of the
p(4x4) reconstruction are not correct, which will be corrobedaby a comparison of
structure factors of the AgOs model with our SXRD data set, shown in figuse.

5.4 Structural Model of O-p(4x4)/Ag(111)

The 'Heavy Atom Approach’ was used for the determination ofeav model of the
p(4x4) reconstruction. Placing silver atoms at the positionthefstrongest maxima
of the Patterson function, leads to a Ag-Adatom-Trimer nhagleown in figures.7b).
The model is built up by two Ag trimers, whereas one half ofAlgeatoms occupy fcc
sites and the others are located on hcp sites. This modelad afithe Ag,Os model
proposed on the basis of STM measurements, shown in figédt® [19]. The number

of Ag atoms per (44) unit cell was determined, by reducing the pé) structure
by CO. The reduced surface was probed by STM, resultin@2if- 1 Ag atoms per
(4x4) unit cell (A more detailed description of this experinedapproach can be found
in [19].). The most prominent feature of the STM images offi{¥#e<4) reconstruction,
besides the imaged honeycomb structure, are up 20A deep 'corner holes’ [15, 19,
20]. The only physically reasonable possibility to arrad@eatoms in the (44) cell
results in 2 closely packed Agdriangles located on fcc and hcp sites respectively.
This structure shows free area at the origin of the unit aellich can explain the
observed corner holes. The position of the oxygen atoms wesrdined by DFT
calculations [19,20]. Each pair of Adriangles is connected by 2 oxygen atoms, which
are located in the furrows between the silver adatoms,tieguh 6 oxygen atoms per
unit cell. All interatomic distances within the p4t) reconstruction, as determined by
the Patterson function shown in figuser a), are reproduced by the Ags model.
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Figure 5.7: a) Patterson function calculated from the ampl superstructure reflec-
tions. The strongest maxima, which are used for the 'HeawynmARApproach’ are
marked by crosses. All relevant vectors connecting the maxif the Patterson func-
tion and the origin of the unit cell are marked by the dashetsatid lines. b) Struc-
tural models of the p(44) structure. Blue (large) spheres represent Ag atoms,aalser
the oxygen atoms are shown as red (small) spheres. Ag-Adatoner model, built up
by the Ag atoms marked by crosses and Ay model containing all shown atoms. All
interatomic distances arising from the Patterson fun¢tizarked by the corresponding
lines, are in agreement with the A@; structure.

The corresponding distances are marked in figurd). Not all interatomic distances
occurring in the first substrate layer are visible in the étatin function calculated

from our in-plane data set. This can be explained by thetlaatthe in-plane structure
factors of the CTRs were not used for the calculation, siheesignal on the CTRs

is a coherent superposition of scattered intensities flwbulk and the reconstructed
surface. The missing Fourier components lead to the absdrsmene maxima of the

Patterson function corresponding to interatomic distameéhe first substrate layer.

The complete set of measured structure factors of thexgf4econstruction is
shown in figure5.8 The first result of our SXRD measurements is, that all previo
models of the p(%4) structure from [15, 18, 50] can be ruled out. As an example,
the calculated structure factors of the AQs model are compared with the measured
in-plane data and the superstructure rods, shown in figu8a) and b). The model
cannot describe our SXRD measurements and further reteixatithe model leads to
unphysical structures.

DFT calculations, obtained at 0 K, revealed an energy gaid.2feV per (4«4)
cell, if the pémm symmetry of the AgOs model is broken [19]. The energetic most
favourable structure, shows small rotations of the, Agangles in the surface plane.
The clockwise and counterclockwise movement of the &@ngles leads to an al-
ternating up and down movement of the oxygen atoms in thevsr Our SXRD
measurements are in good agreement with the @gstructure and in a first step both
rotational orientations of the Agriangles were used with equivalent probability to



5.4. STRUCTURAL MODEL OF O-P(44)/AG(111) 55

W  experiment

& present model b)
. model from Ref. [15] "
_10
7
) 'g
¢"' 'E
IR 85
‘e @ w
100
@ 0
P
I 8 H
c)
200 Wv (0,7) 150\ (1,4)
150
205 |13 100%
5 5 TS~ 50|\ e~
£ (0,3 (1,7 (0,2
8, 120 HMM ” | 2
W g0 45 f (2,4)
40 (0,6) 30“+
01234 1234 1 2 3 0 1 2 3 1 2 3 4

L [r.lu.]

Figure 5.8: Experimental and calculated structure faciy$n-plane structure factors
measured al. = 0.2, b) crystal truncation rods and c) surface rods of thexg(4
reconstruction. g-values are given in reciprocal lattingsu(r.l.u.) of the (4«4) cell.
The shown error bars are a combination of statistical anesyetic errors.

calculate the structure factors, whereas p3ml symmetryappbed. The result of
the fit is a vanishing rotation of the Adriangles, giving rise to a similar height of
the oxygen atoms in the furrowsAb initio Molecular Dynamics (MD) simulations
showed, that the AgOg structure is rather soft, resulting in a very small energyiba
between the two rotational configurations [19]. This is imezgnent with the large
vibrational amplitudes of the Agriangles obtained from the SXRD refinement with
p3ml symmetry. The SXRD measurements were performed at 360 thke mean po-
sition between the two rotational configurations was prolbed the final fit to our data
set p6mm symmetry was used for the adatoms and the first atéokyer, resulting
in 13 independent positional fit parameters, thereof 5 am@lpositional parameters
and 1 z displacement parameter for the second substrate Eye fit was performed
simultaneously to all in-plane data, superstructure rodsGrI Rs, giving a total of 576
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data points.

Figure 5.9: Ag>,Oq model of the p(44) reconstruction, as determined by our SXRD
fit using p6mm symmetry. The mirror planes of the p6mm symynate marked by
the yellow planes.

The in-plane data set, used for the final fit, was symmetrisedrding to p6mm
symmetry. The coverage of the Ag(111) surface with thex@(¥structure, was used
as a fit parameter, giving a result of 80 %. The result of thesfigwn in figureb.8,
is x2 = 3.7 (x* = 2.6 for the in-plane data), showing a reasonable agreement with
our measurements. One scale factor was used for the in-ptaineture factors and
the surface rods, leading to a systematic offset for theutatied in-plane data, due to
the decomposition of the pf#) reconstruction during the measurements of the su-
perstructure rods. The effect of the decomposition is aisible on the superstructure
rods, since the shape of almost all calculated rods repesdiie measurements and
only an offset between measurement and calculation is wedeas for the0, 6) and
the (1,4) rod. In the case of the CTRs a remarkably good agreement batex
periment and calculation is obtained. The signal on the GERery sensitive to the
amount of silver atoms in the unit cell and to their positigivjng a strong support for
the proposed AgOg structure, which also agrees with a study including STM mea-
surements and DFT calculations [20]. The rotational avedtagructure of the p(44)
reconstruction, which was probed by our SXRD measuremesds|ts in a planar ar-
rangement of the oxygen atoms. The structural model olddhoen 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 favouraldpeeially the formation
of subsurface oxygen atoms below thesAgangles can be ruled out [19]. A lifting
of the Ag; triangles due to subsurface oxygen can also be excluded bh$XRD
measurements, which would lead to a completely differeapstof the CTRs.

Further confirmation for the AgOs; model comes from our HRCLS measurements.
The main results are shown in figuselQ The Ag 3d,» spectrum can be decomposed
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Figure 5.10: a) Decomposition of the Ag 3¢ spectrum, in presence of the p(4)
reconstruction. b) O 1s spectrum of the p@# reconstruction. The O 1s binding
energy of the bulk oxide A is labelled by the red line.

using four components, showing the following binding emesgbulk Ag has a bind-
ing energy of 368.2 eV, silver atoms in the furrows bellow tixygen atoms show a
binding energy of 368.0 eV, silver atoms in the s/Agangles have a binding energy
of 367.6 eV and the small component at 367.1 eV is attribudezmbhtaminations due
to NO and O on the surface. This assignment is in agreemehtooite level shifts
calculated from the model, as determined by DFT calculati@®]. The calculated
binding energies are shown as black lines in figud®a). The splitting of the binding
energy of the corner and side atoms of the &gngles cannot be resolved experimen-
tally. Our HRCLS measurement of the Ags3dspectrum was the first study, where
the surface contribution of the p4l) reconstruction could be completely resolved.
Interestingly, the binding energies of the Ag;3dsurface components are shifted to
lower values, which is a rather unexpected behaviour forxadized system. Nor-
mally, oxygen atoms attract a part of the charge of the métahs, due to their high
electronegativity, resulting in a less screened metal Etoore, giving rise to a higher
binding energy of the core electrons of the metal atoms. ®bservation is still not
completely understood and is also observed in XPS measutsrmtthe bulk oxide
Ag-0 [49]. The O 1s spectrum of the pf(4) reconstruction, plotted in figuf10Db),
shows only a single nonbroadened peak at a binding energd82®V. This observa-
tion is in agreement with several XPS studies [11, 12, 14]s Thalso consistent with
the proposed AgOg model, which bears no resemblance to,®8gshowing an O 1s
binding energy of 528.9 eV [49]. For comparison, the O 1sinig@nergy of AgO is
shown in figures.10b) by the red line. DFT calculations give a similar result tioe
binding energy of the O 1s spectrum [19]. The calculatedtspiiof the O 1s spectrum
by 0.12 eV, due to the different height of the oxygen atom$aAg,Os model, is
experimentally not resolved.
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The small energy barrier for the rotations of thegAgangles is reflected by the
fact, that the fitted Debye-Waller factor (DWF) of the coratams of the Agtriangles
is twice as large as the DWF of the Ag atoms in the centre of therfangles. The best
SXRD fit result was obtained with isotropic DWFs. All fitted DA are on the order
of the bulk Ag value of 0.8 A except for the DWF of the Ag atoms at the corners
of the Ag; triangles, showing a value of 1.73*A Accordingly, the rms vibrational
amplitude of the corner Ag atoms in the surface plane is ootter of 0.15 A, which
is ~ 1.4 times the value of the vibrational amplitude of the Ag atomghie centre of
the triangles.

The presence of the p#}) reconstruction leads to a pronounced rumpling of the
first substrate layer. The mean inward displacement of teedirbstrate layer is equal
to 0.06 A, showing a buckling with an amplitude of 0.12 A. Thghest lying silver
atoms of the first substrate layer are located at the bottahedtirrows in the middle of
the oxygen atoms and the lowest lying silver atoms are theetdmole substrate atoms.
The silver adatoms reproduce the buckling of the subsigateg rise to an enhanced
height of the silver adatoms in the centre of the Agangles. The interatomic distance
of the Ag adatoms is expanded with respect to the bulk valize8%F A up to 2.94 A.
The second substrate layer shows an inward relaxation a8f&.0he mean height of
the oxygen atoms above the first substrate layer is 2.28 Aremlsethey are located
~ 0.11 A below the Ag triangles. Giving rise to a Ag-O distance ef 2.2 A. The
proposed structural model of the p(4) reconstruction is a planar nano-structured
adsorbate layer, which bears no resemblance to the bulle &ggO. Correspondingly,
the p(4x4) structure is not a prototype of a trilayered surface oiide
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Figure 5.11: Standing wave profile of the oxygen atoms of {d&g) reconstruction,
showing a coherent position P of 0.85 and a coherent fraétioi0.69.

The height of the oxygen atoms of the p(4) reconstruction with respect to the
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bulk Ag(111) planes was determined in addition by NIXSW meesents. The stand-
ing wave profile of the oxygen atoms of the p() structure was determined from the
oxygen species showing a component in the XPS spectrum atiabienergy of 528.2
eV. One spectrum of the measured data set is shown in f&@8r&he preparation con-
ditions for the p(4«4) structure will be described in secti@?2 The result of the fit
to the XSW profile is a coherent positidh= 0.85 and a coherent fractiofi = 0.69,
which is shown in figuré.11 The XSW result agrees with a planar oxygen arrange-
ment at a height of 2.00 A above the bulk Ag(111) planes. Tt fraction F of
0.69, can be explained by the rotations of the; Atangles, leading to a distribution
of the oxygen position around the mean value. The positich@bxygen atoms rel-
ative to the bulk Ag(111) planes, as determined by our SXRRsuements, is equal
to 2.23 A, corresponding to a coherent position P of 0.94.duditeon, SXRD is not
very sensitive to the position of the oxygen atoms, due tddirveatomic number of
oxygen compared to silver. The position of the oxygen atosatsrchined by SXRD
and NIXSW agree well, if the error bars are taken into account

5.5 Stability Diagram of the p(4x4) structure

For a profound understanding of the catalytic activity d¥esi it is indispensable to
determine the stable phases under industrial relevanitoamsl The phase diagram of
the O/Ag(111)-system was calculatedddy initio atomistic thermodynamics [16, 22].
It was predicted, that the pd4) reconstruction is stable under the catalytic conditions
of the epoxidation of ethylene (temperatures around 500 damospheric oxygen
pressure). We have determined the stability diagram of g 11)-system by in-
situ SXRD measurements. For this purpose scans, which amaatbristic for the
different phases, are measured against sample tempeaaiti@xygen pressure. The
presence of chemisorbed oxygen for example was monitoreddmymparison of the
signal in the minimum of a CTR at a certain oxygen pressurepawed to the clean
state under UHV conditions (cf. secti@?). Three different phases were observed:
the clean Ag(111) surface, disordered chemisorbed oxygee p(4<4) reconstruc-
tion. The measured stability diagram is shown in fighurE2a).

We have measured the stability diagram from UHV up to 2 barfeord 473 to 723
K, so we closed the so-called 'pressure gap’, which desstifre discrepancy between
ex-situ measurements and the catalytic conditions, bymesitu SXRD measurements.
The theoretically predicted phase diagram [16, 22] is ireagrent with our results, if
the errors of the calculations are taken into account. Ther & estimated from the
calculated decomposition temperature of, gt atmospheric oxygen. In the theoreti-
cal phase diagram the temperature is underestimated by 4h@ khe oxygen pressure
is 3 orders of magnitude too high (cf. secti®2.5. At low temperatures and low oxy-
gen pressures the clean Ag(111) surface is stable. An iperaaxygen pressure leads
to dissociative chemisorption of oxygen. From DFT caldola it is known, that oxy-
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Figure 5.12: a) Stability diagram of the O/Ag(111)-systesasured by in-situ SXRD.

Black line is the calculated stability border f16 ML chemisorbed oxygen, as de-
termined in b). The blue line is the stability border of the; AQs model determined

in [22]. The red line is the stability border of the A@®¢ model including effects due
to van der Waals interaction [19]. b) Calculated phase diagn terms of surface en-
ergy~ and oxygen chemical potentiah,. The values for the AgDs model are taken

from [18]. The values fot /16 ML chemisorbed oxygen are from [22].

gen coverages higher than 0.25 ML lead to a strong repulditdregartially negative
charged oxygen atoms [22,43]. A further increase of the erygressure results in
the formation of the p(44) reconstruction, if the temperature is high enough to-over
come kinetic barriers, since a considerable rearrangeoiesiliver atoms takes place,
when the p(4«4) reconstruction is formed. For example, excess silvenatmust be
transported away from the area were thexpfd structure grows. The calculated phase
diagram in terms of surface energyand oxygen chemical potential, is shown in
figure5.12b). The theory ofb initio atomistic thermodynamics is explained in sec-
tion B.2. The structure showing the lowest value-ois stable for the corresponding
values of the oxygen chemical potential. The stability leosdn terms of oxygen pres-
sure and temperature are calculated by use of the ideal gai@u The clean surface
acts as a reference and is stablefor 0 eV/A2, which is the horizontal line figure
5.12b). The clean surface is stable up to an oxygen chemical pater -0.78 eV,
for higher values of.o disordered chemisorbed oxygen with a coveragé/at ML
becomes stable [22]. The calculated stability border ofrikerbed oxygen is shown
as black line in figuré.12a). The result is in agreement with our measurements, if
the error bars of the calculations and our measurementsieltedled. These are 2-3
orders of magnitude in the oxygen pressure for the calanatj22] and~ 1 order of
magnitude in the oxygen pressure for our measurementsiding) van der Waals-like
interactions between the Ag atoms, the;#@; model is by 0.8 eV per unit cell more
stable, than the A@s model, which is the most stable structure in regular DFTwealc
lations [19]. The energy gain is explained by the fact, thatAg atoms in the AgOg
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model have bulk like Ag-Ag distances. In the &g model, which is related to the
bulk oxide Ag O, the Ag-Ag distances are expanded by a factor of 1.2. The@g
and the AgO; structures have the same amount of oxygen atoms per uniteslilt-
ing in parallel lines of the surface energy, shown in fighE2b) (cf. sectiorB.2). The
p(4x4) reconstruction is stable for values of the oxygen chelhpiagential higher than
-0.65 eV. The corresponding stability border of the;Ag; including van der Waals
interactions is shown in figurg.12a) as red line. For comparison, the stability border
of the Ag;;Os model, as determined in [22], is shown by the blue line in &guid 2
a). The calculated stability border of the A@®¢ model, shown in figur&.12a), is
in agreement with our SXRD measurements, giving a more stargiresult, than the
previously proposed AgOgs model.
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Figure 5.13: Reversible formation and decomposition offgf#x4) reconstruction
monitored by in-situ SXRD. a) Variation of oxygen pressuré28 K. b) Variation of
sample temperature at 2 mbar of oxygen.

Once formed, the p(44) reconstruction is stable in UHV up to a temperature of
523 K. This is in agreement with several Temperature ProgradiDesorption (TPD)
measurements, reporting desorption peaks associatedheitiecomposition of the
p(4x4) structure between 560 and 580 K [10, 11, 14]. The onset efdgsorption
during the TPD experiments agrees with the value of 523 K meskeby our SXRD
measurements. At elevated temperatuiies-(523K) in-situ measurements are indis-
pensable, due to the decomposition or desorption of therdiit phases if the oxygen
pressure is reduced. An extrapolation from ex-situ measengs is not possible in this
temperature region. For temperature$23 K chemisorbed oxygen and the g@)
structure are in thermodynamic equilibrium with the sunding gas phase. The varia-
tion of the oxygen pressure in this temperature region l&ads instantaneous decom-
position or formation of the p(44) reconstruction, which can be followed by in-situ
SXRD. Figureb.13shows two series of temperature and oxygen pressure SEsss Ccr
ing the phase boundary of the p(4) reconstruction, where the reversible growth and
decomposition of the pf44) structure was observed in-situ. The formation and de-
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composition of the p(#4) reconstruction is completely reversible under the ciooas
shown in figures.13

Another important result is the fact, that the p@) reconstruction is stable under
the catalytic conditions of the epoxidation of ethylene3®and an oxygen pressure
of 2 bar), which can be seen in figusel2a). This might be an indication, that the
p(4x4) reconstruction plays an important role for the catalgtitivity of silver for the
epoxidation of ethylene. The structure of the p#) reconstruction remains unaffected
by changing temperature and oxygen pressure, which wagpioymeasuring an in-
plane data set of the pf#) reconstruction at 553 K and 80 mbar of oxygen, showing
the same behaviour as the one measured at room temperaina is figure5.8a).

Further theoretical input including DFT arab initio atomistic thermodynamics
calculations on the basis of the new A@¢ model is needed to determine possible
reaction pathways for the epoxidation of ethylene in thes@nee of the p(44) re-
construction. Thereby, it is most likely that the p(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 stddiy systematic SXRD
and LEED measurements, revealing several previously wmmkioaygen induced struc-
tures. The results presented here, range from the detdramtd the relaxation of the
clean Ag(111) surface to the formation of the bulk oxide,®@gThe chapter is struc-
tured as follows: at first the results for the clean surfaegaesented, the formation of
disordered chemisorbed oxygen was studied by SXRD and NIXS\te following
we will focus on oxygen induced structures, involving oetechemisorbed oxygen,
then three reconstructions built up by Ag triangles will besented, the formation
of the bulk oxide in {11) orientation will be discussed, showing a coexistence with
a p(7x7) reconstruction, which is most likely a surface oxide andlfy the stability
diagram of the O/Ag(111)-system will be presented.

6.1 The clean Ag(111) Surface

-
o
w

F [arb. units]

Figure 6.1: Measured CTRs of the clean Ag(111) surface amddiresponding fit.

63
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The relaxation of the clean Ag(111) surface was determiryea &imultaneous fit
of five independent CTRs, which were measured under UHV ¢tiomdiand room tem-
perature. The CTRs and the corresponding fit are shown irefiyr For the structure
refinement 7 independent parameters were used: 2 scalesfa@to-displacement pa-
rameters of the first 3 layers and the Debye-Waller factothefirst and second layer
B, and B. The Debye-Waller parameter, Bf the third layer was fixed to the bulk
value of 0.8 R. The agreement between the fitted and the measured CTRsyis ver
good, as can be seen in figuBel, which is reflected in a2 of 1.20. The result of the
fit is a reduction of the first interlayer spacing by 1.23 % arwbatraction by 1.17 %
of the second interlayer spacing, which is shown in figh&

$-1.23%
$-1.17%

Figure 6.2: Relaxation and Debye-Waller factors of thertlag(111) surface deter-
mined by SXRD.

From the fit one obtains a value of 1.62 for the Debye-Waller factor Bof the
topmost silver layer and a value Bf = 1.10 A? for the second substrate layer. This
means, that the vibrational amplitude of the atoms of the siiger layer is strongly
enhanced, which is an expected behaviour for a materialisigaow Debye tempera-
ture. The results are in agreement with a LEED-1(V) study g serve as a reference
for the studies of the oxidized Ag(111) surface. The resufltthe LEED-I(V) study
are a contraction of the first interlayer spacing(bys + 0.8)% and (0.4 + 1.2)% for
the second interlayer spacing.

6.2 Disordered chemisorbed Oxygen

For low temperatures and low oxygen pressure, disordessdiative chemisorption
of oxygen on Ag(111) can be observed [14,42]. The chemisormf oxygen was
studied by STM at a coverage of 0.05 monolayers (ML) [42]. pulsive interaction
of the partially negative charged oxygen atoms was obsereedlting in a minimum
distance of~ 10 A between two oxygen atoms. The presence of this oxygetiespe
can be observed by XPS, showing an O 1s component at a bindargyeof 530
eV [14]. In this work the height of oxygen atoms above the Brgbstrate layer was
determined by a fit of the x-ray standing wave profile of the Ccdsiponent at a
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binding energy of 530 eV. The height of the oxygen atoms abwowérst substrate layer
can be extracted from the fitted coherent position P. Thencheg111) surface was
oxidized by 600 Langmuir (1 Langmuir = T®@ mbar- seconds) N@at a temperature
of 518 K. A coexistence of three different oxygen species olEerved by measuring
the O 1s photoelectron spectrum, which is shown in figuge
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Figure 6.3: XPS spectrum of the oxidized Ag(111) surfaces p#x4) reconstruction
shows a component at 528.2 eV, the component at 529.7 eMignhad4o chemisorbed
oxygen and the one at 531.3 eV is due to the presence of NO cutfaze.

The presence of the pt) reconstruction was proven by LEED measurements
(not shown here). The pfdd) reconstruction shows a component at 528.2 eV,
chemisorbed oxygen gives rise to the component at 529.7 d\thenpresence of NO
on the surface is reflected in the component at 531.3 eV. Thereéd values of the
binding energies are in agreement with other XPS measutsrfie?y 14]. The mea-
sured XPS spectrum was decomposed using a Gaussian/Liareptaduct form line
shape for the three components and a Shirley-type backdrmutake the observed
asymmetry into account. The standing wave profile for cherbisd oxygen with the
fit is shown in figures.4.

The result is a coherent position P of 0.67, which correspda@n oxygen height
of 1.57 A above the first substrate layer. The value of the iottdraction of 0.43 is
rather low, which is an indication for a broad distributidnifte oxygen position around
the mean value of 1.57 A due to static and dynamic displactsnerhis implies,
that small changes in P only lead to small variations of tleading wave profile,
which means that a wide range of P values is in agreement wélexperimentally
observed standing wave profile. This fact is shown in figlilBewhere the value of?
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Figure 6.4: Standing wave profile of disordered chemisor»eggen on Ag(111),
showing a coherent position P of 0.67 and a coherent fra€tioh0.43.

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

The result of they?-analysis is, that the simulated standing wave profiles rare i
sufficient agreement with the data set for values of the @stigrosition between 0.5
and 0.75, which corresponds to a height of the oxygen atormgedtbe first substrate
layer of1.47 + 0.3 A. By means of DFT the energetically most favourable adsompt
site was determined to be the on-surface fcc hollow site43644]. The calculated
height of the oxygen atoms above the first substrate layees/énetween 1.21 and
1.32 A, depending on the oxygen coverage and the detailseodftulation. DFT
calculations from [16] predict a height of 1.21 to 1.32 A far exygen coverage of
0.06 to 0.25 ML, the results of a second DFT study [43] are exyigeights of 1.24 to
1.22 A for an oxygen coverage of 0.11 to 0.25 ML and in [44] ayhedf 1.32 A was
determined for an oxygen coverage of 0.25 ML. Our resulte@grith an on-surface
adsorption of the oxygen atoms at fcc sites.

In a STM study the adsorption of single oxygen atoms on Ag)idds observed,
but at the same time aggregates of up to three oxygen atonesalss present [42].
These structures show a slightly different appearanceei®iiM. We propose, that this
observation is caused by the repulsive interaction of tlemisorbed oxygen atoms,
leading to changes in the local binding geometry at the fte, siepending on the
surrounding of the individual oxygen atom. The disorderature of the adsorption
process gives rise to different possibilities of the logatimg geometry of the oxygen
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Figure 6.5:x? values for a constant coherent position of 0.43 for diffefevalues.
The standing wave profile shows sufficient agreement withdtéta set for P values
between 0.5 and 0.75, which corresponds to heights of thgesxatoms above the
first substrate layer between 1.18 A and 1.77 A.

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

Further insight into to the adsorption process of oxygemateon the Ag(111)
surface is provided by our in situ SXRD measurements. In déise of the SXRD mea-
surements the clean Ag(111) surface was oxidized by maeaxygen at elevated
sample temperatures. Rocking scans were performed at lue-08(1, 1, 1.2) in the
minimum of a CTR of the silver surface at a temperature of 572Kthis so-called
"Anti-Bragg"-position of the CTR the signal is very sengitito small changes of the
position of the silver atoms within the surface. The sigrfalhe clean surface was
measured as a reference under UHV conditions. For oxygessymes between 0.01
and 0.1 mbar a loss of intensity was observed, which can reisdigure6.6. Further
exploration of reciprocal space showed, that no orderedrstipicture was present on
the surface under these conditions. The decrease of thal ssgraused by chemisorp-
tion of atomic oxygen in a disordered state. The bonding efakygen atoms to the
silver surface leads to displacements of silver atoms withe first substrate layer.
Disordered chemisorption leads to random displacemergsvefr atoms with respect
to their mean positions in the clean state. The reductiohenrtegrated intensity of
the rocking scans, which is proportional to the structucddia can be described by
a Debye-Waller factor, since we are dealing with randomldagments with respect
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Figure 6.6: Rocking scans measured in the minimum of a CTRiifeerent oxygen
pressures at a temperature of 573 K. The loss of intensiigusex by static displace-
ments of the silver atoms of the first substrate layer, dubealtsordered 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 roaennsguare (rms) dis-
placement,/(u,2) = 0.12 A of the silver atoms in the surface plane. This result is in
agreement with DFT calculations [43], where in-plane dispments of silver atoms
between 0.03 and 0.11 A were determined, for oxygen coveraigehemisorbed oxy-
gen between 0.11 and 0.75 MLs.

In summary, we have determined a height af7 + 0.3 A of chemisorbed oxygen
atoms above the first substrate layer of the Ag(111) surfBice low coherent fraction
of 0.43 of the standing wave profile reflects the disorderedgalion geometry of the
oxygen atoms, resulting in a broad height distribution @ #éldsorbates. Our results
are in line with an adsorption of the oxygen atoms at the fdohosite, as predicted
by DFT calculations [16, 43, 44], leading to random in-plaisplacements of the sil-
ver atoms on the order of 0.12 A, as determined by our in sitRBXneasurements.
Further reciprocal space exploration by SXRD proved therdered nature of the dis-
sociative chemisorption process of molecular oxygen o\tf(@11) 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 oecoe of satellite peaks close
to the (1,0) and (0,1) CTR at an oxygen pressure of 15 mbar aacthale temperature
of 473 K. Two peaks were observed near the (0,1) CTR. One pethlei(l 1) direction
at (-0.14,0.86,0.3) and a second peak in % direction at (0.14,0.72,0.3). The corre-
sponding satellite peaks were also observed close to tAgCIR. At (0.72,0.14,0.3)
in the Q1) direction and at (0.86,-0.14,0.3) in thé&l} direction. An in-plane scan
along the (1,1) direction through the (1,0) CTR, includihg satellite peak at (0.86,-
0.14,0.3), is shown in figuré.7 a).
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Figure 6.7: a) In-plane Scan along the (110) direction thhothe CTR at (1,0,0.3).
The satellite peak from the modulated structure is visibl@®a86,-0.14,0.3). b) Sur-
face rod measured along (-0.14,0.86,L), compared withuhfase contribution of an
undistorted silver monolayer (solid line). The positiontbé satellite peaks in the
HK-plane is shown in the inset of b).

Satellite peaks are observed, if a modulated structuresisepit [24]. In this case,
the diffraction pattern consists of the Bragg peaks of thanrattice and the satellite
peaks caused by the modulation of the lattice. The wave veétthe modulation,
given byq,, = 27/\,, defines the distance between the Bragg peaks and satellite
peaks in reciprocal spacg,, defines the period length of the modulation in real space
and the direction of the modulation is given by the direcobn, . The distance to the
CTRs is equivalent for all satellite peaks. The value gfcan be determined from the
position of the satellite peaks. For the determination,gthe length of the reciprocal

lattice a] vector is needed, which is given ;| = 2w/§a1. a; = 2.89 Ais the
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lattice constant of the hexagonal Ag(111) surface in thésarplane. The result for
Am IS Obtained by

AT /3 2
W= V2 pog= T 6.1
q T 2 ~ (6.1)
Am = 098" (6.2)

The satellite peaks can be explained by an oxygen inducediletozh of the
Ag(111) surface along the (110) direction, showing a peléodith of 10.32 A. Further
exploration of reciprocal space showed, that the modulstiedtture is only periodic
along the (110) direction.

The surface rods of the modulated structure were measw@ddmg more insight
into the structure of the modulation. All surface rods shbe same behaviour and
as an example the (-0.14,0.86,L) rod is shown in figeirgb). The surface rod is
compared to the calculated signal of an undistorted sila@ratayer. The signal of the
modulated structure is similar to the calculated monolayatribution and shows a
stronger decrease of the signal for large values of L. The mgmortant result is, that
no oscillations can be observed along the surface rod, whedns, that the modulation
Is restricted to the topmost silver layer. Furthermore, wavk that the period length of
the modulation is incoherent with respect to the substedtieé. This implies, that the
repulsive oxygen-oxygen interaction dominates over thyger-substrate interactions,
resulting in arbitrary oxygen positions with respect to shistrate. The construction
of a model is straightforward and the result is shown in fighBe

Figure 6.8: Oxygen induced modulation of the first substtayer along the (110)
direction with a period length of 10.32 A. Chemisorbed oxyg#oms are shown as
red spheres. The unit cell of the p(4) reconstruction is shown as reference.
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Even though the modulation is only periodic along the (1li@@ation, we have
chosen a/3 R30 periodicity perpendicular to the (110) direction for thieigtration
of the structure in figuré.8. This assumption is in agreement with our measurements,
if the domain size of the modulated in the direction perpeuldr to the (110) direc-
tion is very small, or if the adsorption of oxygen does nodl¢a distortions of the
silver substrate in this direction. This choice is also dase the results which were
obtained for the (/3 x 2.28)rect R30 reconstruction, which will be presented in the
following section. In the model shown in figufe8 two chemisorbed oxygen atoms
are placed on two of the four possible fcc sites in the unlt cesulting in an oxygen
coverage of 0.28 ML, which can be compared to the value off)ML for the p(4x4)
reconstruction. The modulation of the first silver layer isquced by the stripes of
chemisorbed oxygen, which result in a periodic distortibthe first substrate layer.
In figure 6.8 only one of three possible domains is presented, which &by 120
° with respect to each other.

The modulated structure was observed up to a sample teapeod603 K in coex-
istence with the p(44) structure. Furthermore, we observed an increase of ginalsi
of the p(4x4) reconstruction with increasing oxygen pressure, aceoegl by a de-
composition of the satellite peaks (cf. sect®B). This observation is an indication,
that the modulated structure is a transient state trangfigrinto the p(4<4) recon-
struction. Up to a temperature of 503 K this metastable sedens to be 'frozen’, for
temperatures higher than 503 K the formation of the modutatould not be observed.
The formation of a metastable precursor of the formatiomef(4x4) reconstruction
was studied by means of DFT calculations [51]. It was suggkdhat for an oxygen
coverage higher than 0.24 ML a transient state, built up bgunface and sub-surface
oxygen, should form. From our measurements, we cannot wdathat sub-surface
oxygen is present, since the deformation of the silverdattipon adsorption of oxy-
gen below the first substrate layer, would lead to osciltetion the surface rods, which
were not observed for the modulated structure. We sugdestitte repulsive interac-
tion of the partially negative charged oxygen atoms leadlsedormation of the stripes
with a distance of 10.32 A and the repulsive interaction setnbe not strong enough
to give rise to a strong deformation of the first silver laydte to the formation of
sub-surface oxygen. The oxygen coverage of 0.28 ML for theéehaf the modulation
is midway of the formation of disordered chemisorbed oxygéh a coverage of 0.05
ML, as it was observed during STM measurements [42], and(the4) reconstruction,
showing an oxygen coverage of 0.375 ML. This is in agreemaédtt thhe assumption,
that the modulated structure is a metastable state, tnanisfg into the p(4«4) recon-
struction with increasing oxygen pressure and instaniasigdor temperatures higher
than 503 K.
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6.3.2 (/3 x 2.28)rect R30° Reconstruction

Systematic LEED measurements revealed the formation okggem induced /3 x
2.28)rect R30 reconstruction, after oxidizing the Ag(111) sample at agerature of
~ 430 K and oxygen pressures between 5 and 10 mbar for 30 minAteswerted
LEED pattern, measured at an electron energy of 48 eV, anttalaged LEED pat-
tern of a (/3 x 2.28)rect R30 reconstruction are shown in figuée9. All measured
reflections can be explained by three domains afax 2.28)rect R30 reconstruction
rotated by 120 with respect to each other, as it is shown in figéreb).

a) b)

a,=(0,1)

Figure 6.9: a) Inverted LEED image of the oxygen induce@® (x 2.28)rect R30
reconstruction, measured at an electron energy of 48 eValtuated LEED image,
reproducing all observed reflections.

The structure has a rectangular unit cell, which is commensialong the1(10)
direction with a period length of/3a; = 5.01 A, being two times the substrate lattice
plane spacing along this direction, and incoherent aloreg(110) direction with a
period length of 6.59 A. The incoherent superstructuretieeeidescribed by the Wood
notation as{/3 x 2.28)rect R30 reconstruction or in matrix notation by the following
matrix M;,conerent F€lating the in-plane unit cell vectors of the reconstrch,; andb,
to the in-plane unit cell vectors of the substrateanda, (cf. sectionA.2).

b= a (6.3a)

1 —1
93/tincohelrent - (228 228) (63b)

The construction of the simplest model is related to the rfaddd structure, which
was discussed in the preceding section. The incohetéhtq( 2.28)rect R30 recon-
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struction has no common periodicity with respect to the sabsalong the (110) direc-
tion, as itis the case for the modulated structure. This iadigation, that the repulsive
oxygen-oxygen interaction dominates over the oxygenisatesinteraction. Further-
more, the formation of sub-surface oxygen should occurrdieally at tetrahedrally
coordinated sites between the first and second substratedalow the on-surface fcc
hollow site, as it was determined by DFT calculations [163]. Such an incorpora-
tion would lead to a periodic arrangement of the oxygen atovhgch is not observed
experimentally. We suggest, that two chemisorbed oxygemstare present per unit
cell. In the model, shown in figur&.1Q they are positioned at two of four fcc hol-
low sites within the unit cell. This oxygen arrangement hssuike for the modulated
structure, in oxygen stripes, which are 6.59 A apart. Thegeryatoms are located on
arbitrary positions with respect to the substrate, due éaritbommensurability along
the (110) direction. The smallest oxygen-oxygen distanc®37 A, which is a little
bit smaller than for the modulated structure, showing angexiyoxygen distance of
3.98 A within the stripes. These values are still smalleantthe oxygen-oxygen dis-
tance in the p(%4) reconstruction showing a value of 2.84 A. This seems t@lzed
to a stronger repulsive interaction of the chemisorbed ery@toms in the modulated
structure and they(3 x 2.28)rect R30 reconstruction.

Figure 6.10: Oxygen induced/§ x 2.28)rect R30 reconstruction. Chemisorbed oxy-
gen atoms are shown as red spheres. The unit cell of the4)(deconstruction is
shown as reference.

The proposed model of the/8 x 2.28)rect R30 reconstruction has an oxygen
coverage of 0.44 ML, which is the highest coverage of all ole oxygen induced
structures on Ag(111). A coexistence of the p@) structure and they(3 x 2.28)rect
R30 reconstruction was observed after oxidizing the Ag(111ifese at a temperature
of ~ 430 K and an oxygen pressure of 1 mbar, resulting in a supiigosf the LEED
patterns of both structures (not shown here). Thexgreconstruction, which has an
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oxygen coverage of 0.375 ML, transforms into thé3(x 2.28)rect R30 structure
at an oxygen pressure of 5 mbar and a temperature of 430 K. JBex(2.28)rect
R30 reconstruction seems to be a metastable structure, whighlysstable around
430 K, since it was not observed during our in-situ SXRD measents, which were
performed for temperatures higher than 473 K. High covestgectures built up by
chemisorbed oxygen atoms are also observed on Rh(111)ew@y3 x 2v/3)R30°
reconstruction is observed, showing an oxygen coverag&ad¥iR [87].

The oxygen induced modulation along the (110) directiontaedy/3 x 2.28)rect
R30 reconstruction, which were observed by us for the first tiane,incoherent with
respect to the substrate. Similar results are obtained @madsorption on Pt(111),
where the repulsive adsorbate-adsorbate interaction rades over the adsorbate-
substrate interactions for the case of thél§ x v/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(4x4)/Ag(111): No surface oxide

Figure 6.11: Oxygen induced px4}) reconstruction. Adsorbed silver atoms within the
triangles are shown as blue spheres. Oxygen atoms are slsawd spheres.

The structure of the p{44) reconstruction was already discussed in detail in chap-
ter5. The proposed model is built up by two Atriangles of adsorbed silver atoms,
one triangle located on fcc sites and the other on hcp sitbe silver triangles are
connected by 6 oxygen atoms per unit cell, resulting in a8g stoichiometry and an
oxygen coverage of 0.375 ML. The best fit to our SXRD data set etdained with
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p6mm symmetry, which was observed in the measured in-platae @hich are shown
in figure5.8a). Applying p6mm symmetry results in a planar arrangemétiensil-
ver adatoms and the oxygen atoms. The structural model,rshofigure6.11, bears
no resemblance to a three-layered slab 0f®@(.11) and is accordingly not a surface
oxide, but rather a nano structured adsorbate layer. Tmeafiton of adsorbed silver
triangles seems to be a structural building block, whichlmansed to build models of
the oxygen induced p¢55) and c x 5v/3)rect reconstructions. This will be discussed
in the following sections.

6.4.2 O-p(5x5)/Ag(111) Reconstruction

An oxygen induced p(%55) reconstruction could be observed by us in our in-situ SXRD
measurements and in LEED for the first time. The LEED measenésnwere per-
formed at Lund, where the Ag(111) surface was oxidized with B NO, at 500 K.
The NO, was pumped down and the sample was cooled down to room tetupera
followed by an annealing cycle up to 418 K, resulting in thexfation of the p(%5)
reconstruction. The corresponding LEED pattern is showigimre6.12a).

QO
~
O

)

300 _1'.Coexistence of p(4x4) and p(5x5) reconstruction |
[

250

2001 ¢

150 4

100

Intensity [arb. units]

50 4

-~ 0

02 04 06 08 10 12 14 16 18
H[r.l.u.]

Figure 6.12: a) LEED image of the oxygen induced %) reconstruction, recorded
at an electron energy of 118 eV. The superstructure refles@oe visible at multiples
of 0.2. b) In-plane scan along the (100) direction for= 0.1, showing a coexistence
of the p(4x4) and p(5<5) reconstructions, measured at 423 K. All observed refiasti
of the p(5<5) reconstruction are marked by the red lines.

During the in-situ SXRD experiments the Ag(111) sample wedired at 473 K
and 1 bar of oxygen resulting in the formation of the p#j reconstruction. The sam-
ple was cooled down to 453 K at 1 bar of oxygen. Under theseitons the formation
of the p(5x5) reconstruction in coexistence with the g@) structure was observed.
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The same observation was made at 423 K. An in-plane scan #ier(@00) direction,
showing superstructure reflections of the & structure at multiples of 0.2 and re-
flections of the p(44) reconstruction at multiples of 0.25, measured at 423 Kland
bar of oxygen, is shown in figur@.12b). In the LEED experiment only the pb)
reconstruction was observed, because chemisorbed oxygers &ransform into the
p(4x4) reconstruction above 420 K. During the preparation, the sample, covered by
chemisorbed oxygen, was only heated to 418 K. This meansthteg(5<5) recon-
struction forms at lower temperatures than theq{fstructure.

We propose a structural model of the p@) reconstruction, which is built up by
two Ag;, triangles, located on fcc and hcp sites, as it is the casdéop(4x4) struc-
ture. The adsorbed Ag triangles are connected by 9 oxygen atoms per unit cell,
resulting in a AgyOy stoichiometry and an oxygen coverage of 0.36 ML. This model
is obtained from the structure of the p(4) reconstruction by adding one silver row to
the Ag; triangles. The structural model is shown in fig6ré3
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Figure 6.13: Oxygen induced pt®) reconstruction. Adsorbed silver atoms within the
triangles are shown as blue spheres. Oxygen atoms are sisawd spheres.

In our in-situ SXRD experiments we could observe thexiibreconstruction only
up to a temperature of 453 K. At higher temperatures the p§Structure is not stable
and either transforms into the p{4) reconstruction, which has a slightly higher oxy-
gen coverage, or it decomposes. The proposed model of thebp&ructure is not a
surface oxide, since it bears no resemblance to a threeelhwgtab of the bulk oxide
Ag,0 in (111) orientation.

6.4.3 ¢ x 5v/3)rect Reconstruction

STM measurements revealed the formation of :>c(5v/3)rect reconstruction after
oxidizing the clean Ag(111) surface with atomic oxygen aemperature of 500 K
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[20]. This reconstruction was observed in coexistence thighp(4x4) reconstruction
by STM. The model proposed in [20] is similar to the Qs model of the p(44)
reconstruction. The Agtriangles are arranged in another orientation with reqjpdbie
substrate, resulting in aX( 5v/3)rect periodicity, having the same oxygen coverage
as the p(4«4) reconstruction. The structural model is shown in figeré4 where
the primitive unit cell of the  x 5v/3)rect is also shown. The primitive unit cell is
described in matrix notation by the matfiX ;. ;. /s,

3 0
9:nc(3><5\/§) = (4 5) : (6.4)

Figure 6.14: Oxygen inducedX( 5v/3)rect reconstruction. Adsorbed silver atoms
within the triangles are shown as blue spheres. Oxygen aogrshown as red spheres.
The rectangular and the primitive unit cell of thed of 5v/3)rect reconstruction are
shown. The unit cell of the p¢44) reconstruction is shown as reference.

DFT calculations showed, that the3c{ 5v/3)rect reconstruction has a ground state
energy similar to the AgOs model of the p(4«4) reconstruction [20]. The 8(x
5v/3)rect reconstruction could not be observed by us during &R and LEED
measurements, which could be related to the fact, that we haver used atomic
oxygen during our experiments.

6.5 Structures related to AgO(111)

For a detailed microscopic picture of the catalytic projsrof Ag(111) it is of key im-
portance to understand, whether or not an O-Ag-O trilaydasa oxide can emerge, as
it was found for the other 4d transition metals, like Pd andRB, 4], and whether the
growth of a AgO bulk oxide on Ag(111) is even possible. The oxidation behavof
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Ag(111) was studied by means of in-situ surface x-ray difftmn at atmospheric oxy-
gen pressure [21]. Exposure to 1 bar oxygen at 773 K reveasn@eting growth of
three different oxygen-induced structures on Ag(111), elsuthe well-known p(44)
reconstruction, a surface oxide in a p(#) coincidence structure and the bulk oxide
Ag20 in (111) orientation. The latter two exhibit the same honeycomb oragen
arrangement of the Ag sublattice with respect to the Ag(kslitjace. An inverted
stacking of Ag planes in the bulk oxide islands is observetbaspared to the Ag(111)
substrate, which sheds new light on the,®gformation process. As we will show,
Ag->0 grows epitaxially on Ag(111) in a Stranski-Krastanow lig@wth mode [45].
Finally, we present a structural model of the p{7) reconstruction, based on a three-
layer O-Ag-O slab of AgO(111).

6.5.1 Structure and orientation of AgO on Ag(111)

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

Figure 6.15: a) AgO bulk unit cell and a three-layer slab of £9(111). Silver

atoms are shown as blue and oxygen atoms as red spheres. si)l®osientations
of the Ag;O(111) surface unit cell on Ag(111). Previously proposeadrdation of the

p(4x4) reconstruction on Ag(111), showing a row matching. Hamoeyb on hexagon
arrangement resulting in a p{7) coincidence structure.

Fcc Ag is transformed into A@ by occupation of one quarter of its tetrahedral
sites by oxygen accompanied by a lattice expansion of 15 %.|dttice constants of
the hexagonal unit cell of A@ (111) area = b = 6.675 A andc = 8.175 A. The
trilayer Ag,O(111) structure consists of a hexagonal ring structuréhwis composed
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of straight O-Ag-O chains. A silver atom is located in the digdof each O-Ag ring.
The unit cell of AgO and a three-layer slab of AQ(111) is shown in figuré.15a).

Two possible orientations of a A@Q(111) unit cell on Ag(111) are shown in figure
6.15b). Although for the left orientation a row matching perpeundar to the a and b
axis with a misfit of less then 0.1 % is present, it has not bésewed experimentally.
A honeycomb on hexagon arrangement resulting in &gjcoincidence structure is
observed in this study both for bulk oxide islands as wellasaf 2D surface oxide
layer. The large misfit for the honeycomb on hexagon arraegeimetween the oxide
and the metal is compensated by a coincidence structuréjand Ag,O(111) surface
unit cells fit within a misfit of 1% onto 7 Ag(111) surface unit cells, as sketched
schematically in the right part &.15b). This emerging coincidence lattice gives rise
to a p(#x7) superstructure of the 2D surface layer.
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Figure 6.16: a) Sketch of reciprocal space, showing theO{@§j11) CTRs (red) and
the Ag(111) CTRs (grey). Positions of Bulk Bragg peaks arekethby spheres. b)
In-plane K scan (L=0.3) showing the coexistence of threggexyinduced superstruc-
tures. c)-e) L-Scans along the CTRs for,&f111) (data points). The dashed lines
are calculated CTRs of bulk terminated A111); their intensity was adjusted to the
tails of the Bragg reflections. The solid line representsvautation of the diffracted
intensity including the contribution of the 2D layer as désed in the text.
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After exposure to 1 bar Oat 773 K and cooling down to room temperature under
constant @ pressure, reciprocal space scans in H and K direction at3.s@ve been
performed at 10 mbar Opressure. Typical experimental results are shown in figure
6.16 In addition to the crystal truncation rods (CTRs) of the Af{) surface at H=1
and H=2, two different sets of diffraction spots are obseénas explained in the fol-
lowing: reflections are visible at H=4/7, 6/7, 8/7, 9/7, 14t 12/7, compatible with
a p(7x7) superstructure. In addition we observe reflections at/2l=3/4, 5/4, 3/2 and
714, originating from the p(44) reconstruction, which is stable under the preparation
conditions described in secti@nl

To obtain more information on the three-dimensional strrecdf the oxide formed,

L scans with momentum transfer perpendicular to the sutiage been carried out at
(H=0, K=0.86) ,(H=0.86,K=0), (H=0.86, K=0.86) (figur&sl6c)-e)). These H and
K values lay in between the nominal positions for CTRs from@®(111) surface
and for a p(%7) superstructure. Within the experimental resolutioa,gignal of both
structures is detected simultaneously. As a first obsenmvabulk Bragg reflections are
observed at multiples akL=3 x 0.86, corresponding to the fcc stacking of subsequent
Ag planes in AgO, with a hexagon-on-hexagon arrangement to the Ag(11iaeair
It can be clearly recognized that the 'ABC’ like stacking bétAg(111) substrate is
not maintained, because e.g. on the (0,0.86) rod reflectibbs0.86 and L=l x 0.86
are observed, whereas for the corresponding Ag (0,1) roectefhs at L=2 and L=5
are present. The resulting 'CBA' stacking inversion is akzed in figure6.17.

Normal Inverted
Stacking Stacking

Figure 6.17: Inverted and normal stacking sequence eAfy11) on Ag(111). Under
the experimental conditions applied in this study, the iiteck stacking is favoured.
Silver atoms are shown as blue and oxygen atoms as red spheres

Interestingly, the same epitaxial orientation and staghknversion was reported

for the iso-structural system of cuprite {&(111) on Cu(111) under electrochemical
conditions [93].
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Bulk Ag-O grows in form of domains with a wide height distribution,vas can
conclude from the missing finite film thickness oscillationghe L scans in figure
6.16 ¢)-e). In addition, in specular reflectivity measurememist (shown here), no
film thickness oscillations were observed, in agreemenh @&itvery rough surface.
Nevertheless, from the width of the Bragg peaks in the L dioe¢ a height of 50
A can be estimated. For a 50 A thick, homogeneousQ\§lm, the intensity of the
Ag->0O Bragg reflections is expected to be orders of magnitudeehititan observed
experimentally. Therefore, we argue that the,@gbulk oxide does not cover the
whole surface and grows as islands. The stacking inverdidheoAg planes in the
bulk oxide islands is not compatible with the simple pictaféAg,O formation, that
oxygen atoms would enter into the Ag substrate, therebypmydng tetrahedral sites
and expanding the Ag lattice to A@. Instead, a silver mass transport perpendicular to
the surface must be invoked to grow the,&gislands.

6.5.2 O-p( x 7)/Ag(111): A surface oxide
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Figure 6.18: Structural model of the surface oxide with>p[} coincidence structure.
In the inset a side view is presented. Silver atoms are shewiua and oxygen atoms
as red spheres. Hexagon on hexagon arrangement of silves et@isible at the origin
of the unit cell.

Surprisingly, we observe additional signal in the L scanfigare 6.16 c)-e) in-
between the AgO Bragg reflections. If we assume a perfectly smooth@@11) sur-
face, one would expect a CTR signal plotted as dashed lingunef6.16¢)-e), falling
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significantly below the experimental data points. The remmg intensity, which is
varying slowly along the oxide rods, can be explained by tlesence of a 2D layer,
laterally coexisting with the AgD islands. This layer exhibits the same in-plane epi-
taxial alignment and interatomic row distances as the@QX¥@11) islands. We argue
that this 2D layer gives rise to the satellite peaks at mieipf 1/7 in the K scan in
figure6.16b). We propose, that this layer forms a p(#) coincidence structure on top
of the Ag(111) substrate, since 3 unit cells ofs&f111) fit almost perfectly on 7 unit
cells of Ag(111), resulting in a lattice mismatch of 1 %. A &lteof the model is shown
in figure6.18 It is build from one silver layer, which is surrounded by taxygen ion
layers in the surface oxide O-Ag-O architecture. The satiel in figuress.16c¢)-e) are
simulations of the diffracted intensity based on the strraitmodel shown in figure
6.18 including some rumpling of the first Ag(111) layer, whichm®st likely to occur
because of the (¢7) coincidence structure. Although we can not perform arage
guantitative analysis on the basis of the present data, duehexplains the main fea-
tures in the L scans like the minima at43. They occur because of the interference
of the scattered waves from the Ag atoms in the 2D oxide lagdrthe rumpled first
substrate layer. The stoichiometry of this layer is,®g, in correspondence to the en-
ergetically most stable O-Ag-O surface oxide layer on AG(119], according to DFT
calculations. It was shown in a recent DFT study [18] of O-@grilayers constructed
from a AgO(111) slab, that Ag atoms located in the middle of the O-Amysiare
energetically not favourable. A Ag-Ag interface of the p(#) reconstructed layer and
the Ag(111) substrate is not considered, as it would leadhtavourable on-top posi-
tions of the Ag atoms. We propose, that the observed alighofehhe surface oxide
layer and the bulk oxide is preferred because of the hexagdreragon arrangement
of the silver atoms in the oxide layer and the substrate rsdt@ms, which leads to a
low mismatch coincidence structure with a lateral repestatice of 7 substrate unit
cells.

This layer is the first observation of a surface oxide O-Agd@yer on Ag(111)
and should have severe ramifications for our microscopierstanding 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 measheestability diagram of
the O/Ag(111)-system from UHV up to an oxygen pressure of 2 bae so-called
'pressure gap’, describing the discrepancy between UHfisstand the catalytic con-
ditions, was closed by our experiments. Scans in recipregate, which are typical
for the clean surface, disordered chemisorbed oxygen xygem induced modulation
along the (110) direction and the p{4) reconstruction were measured in dependency
of sample temperature and oxygen pressure. The resultigist diagram of the
O/Ag(111)-system is shown in figuel19
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Figure 6.19: Stability diagram of the O/Ag(111)-system mead by in-situ SXRD.
The black line is the calculated stability borderlgfic ML chemisorbed oxygen. The
red line is the calculated stability border of the AQs model including effects due to
van der Waals interaction [19]. For the details of the caltiahs see also chaptgs.

A common feature, which was observed for the entire studiegberature range of
473 to 723 K, is, that the oxidation of the Ag(111) surfacetstaith the formation of
disordered chemisorbed oxygen. This oxygen species cesupost likely fcc sites on
the silver surface, which was proposed by DFT calculatia6s43,44] and STM mea-
surements [42] and is also in agreement with our SXRD and MX¥8easurements
(cf. section6.2). An increase of the oxygen pressure, which is accomparyieshlen-
hanced oxygen coverage, leads to a strong repulsion of tiielyanegative charged
oxygen atoms. The repulsive interaction is stabilised hydviferent mechanisms. On
the one hand, we observed the formation of an incoherent fatolu of the Ag(111)
surface along the (110) direction, and on the other hand(the4) reconstruction starts
to form. We propose, that the modulation is caused by stopebemisorbed oxygen
with a period length of 10.32 A on the Ag(111) surface, whiekra to minimise the
repulsive interaction of the oxygen atoms (cf. sec8d® ). The stability region of the
modulated structure is shown in figuBelQ The modulation along (110) was always
observed in coexistence with the p(4) reconstruction and only up to a temperature of
503 K. With increasing oxygen pressure the scattered sajrthé modulated structure
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decreased, while the signal of the p@) structure increased. The incommensurate
modulation was only observed up to an oxygen pressure of 120.re suggest, that
the modulated structure is a metastable transient phasesforming into the p(44)
reconstruction, minimising the repulsive oxygen-oxygetelaction, which is 'frozen’

up to a temperature of 503 K.

The measured stability diagram is compared vathinitio thermodynamic cal-
culations, resulting in the stability border for disordtighemisorbed oxygen with a
coverage of 1/16 ML and the stability border of the,AQs model of the p(4«4) re-
construction including van der Waals interactions of theesiatoms within the Ag
triangles, which are shown in figu&19 Details of the calculations were already
discussed in sectioh.5 A good agreement between calculations and measurements
is obtained, reproducing the slope of the stability borderdemperatures> 523 K.
Between 473 and 503 K kinetic effects play an important roletfie formation of
the p(4x4) reconstruction, since a considerable transport of iIsdtems takes place,
explaining the rather big discrepancy between calculateomd measurements in this
temperature region. For temperature$23 K only disordered chemisorbed oxygen
and the p(44) reconstruction were observed. Under these conditiotissiauctures
are in thermodynamic equilibrium with the surrounding ghage, resulting in an in-
stantaneous growth or decomposition, if the stability leoscare passed (cf. section
5.5.

The incoherenty(3 x 2.28)rect R30 reconstruction, which was observed by ex-
situ LEED measurements after oxidizing the Ag(111) surface 430 K and 5 to
10 mbar of oxygen, was not observed during our in-situ SXRpeerents in the
temperature range shown in figuBel9 The model, which was described in section
6.3.2 is built up by oxygen stripes, showing an oxygen coverage.44 ML, being
the highest coverage of all observed structures. This hogkrage structure seems to
be only stabilised at rather low temperatures about 430 iil&i results are obtained
for the p(5<5) reconstruction, which was only observed between 423 &3dkdand
1 bar of oxygen in coexistence with the p(4) structure. The proposed structure
of the p(5x5) reconstruction is built up by silver triangles, as it i€ ttase for the
p(4x4) reconstruction, showing an oxygen coverage of 0.36 MLsWggest, that the
p(5x5) reconstruction either transforms into the p@ reconstruction, which shows
an oxygen coverage of 0.375 ML, for higher temperatured,dg¢omposes.

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

The formation of the bulk oxide Ag(111) and the p(% 7) reconstruction in coex-
istence with the p(44) structure was observed after oxidizing the Ag(111) serfat
773 K and 1 bar of oxygen and cooling down under constanpr@ssure. Increasing
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the temperature from 300 K at 1 bar of oxygen leads to the foomaf the p(4x4)
reconstruction at 420 K, the formation of small amounts eflthlk oxide is observed
at 473 K. In addition to the already mentioned growth expernits, we also analysed
in-situ the decomposition behaviour of the oxide strudufiéhe p(44) reconstruction
decomposes at 523 K in UHV, whereas the bulk oxide®@@11) already decomposes
at 510 K. Altogether, the bulk oxide shows a higher growthgerature at 1 bar of oxy-
gen and decomposes at lower temperatures than thelpgtructure. Keeping in mind,
that by increasing the temperature at elevated pressumesaho bulk oxide is formed,
we suggest, that the ptl) reconstruction acts as a passivating layer with resjpect t
the formation of the bulk oxide and the p(7) reconstruction on Ag(111). Only on
the small amount of unreconstructed surface area the butle@nd the p(%(7) co-
incidence structure can grow. By reducing the temperatuna 773 K at 1 bar of
oxygen one reaches a temperature region, where the susfaoecompletely covered
by the p(4x4) reconstruction. Under these circumstances (523 K and a&flexygen)
the bulk oxide and the p§/7) structure start to form and cover larger surface areas.
In both cases a coexistence of the p# reconstruction, AgO(111) and the p(%7)
reconstruction is observed. The competing growth of thegtubserved oxide phases
is in line with the observation of different oxygen inducegbsrstructures on Ag(111)
with more or less degenerate energetics [20]. Therefoiemiost likely, that not only
the p(4x4) reconstruction is responsible for the catalytic praperof silver, but also
energetically degenerate surface structures gfgulk oxide islands.
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Chapter 7

Summary

The oxidation behaviour of the Ag(111) surface was studigdsystematic in-situ
SXRD, HRCLS, NIXSW and LEED measurements, revealing a caimgpgrowth of
several oxygen induced reconstructions and the bulk oxigi€An (111) orientation,
which leads to strong implications for the understandinthefcatalytic properties of
Ag(111)facets. In this chapter the main results are sunsadyincluding a new model
of the oxygen induced pf44) reconstruction and the observation of axp{7 coinci-
dence structure, which is most likely the first observatiba surface oxide on the
Ag(111) surface.

The clean Ag(111) Surface

The clean surface is stable under UHV conditions and at lomp&ratures and low
oxygen pressures, before the dissociative chemisorpfiaxygen takes place. We
have determined the relaxation of the clean Ag(111) suigc®XRD measurements,
whereas our results agree with a LEED-I(V) study [41]. Thstfinterlayer spacing
is contracted by 1.23 % and the second interlayer spacinglay%. The results for
the fitted Debye-Waller factors of 1.62 Aor the topmost silver layer and 1.1 Aor
the second silver layer show an enhanced vibrational anagjtcompared to the bulk
value of 0.8 &, which is already adopted by the third silver layer.

Disordered chemisorbed Oxygen

Disordered chemisorbed oxygen is stable in a wide range\ajexxpressure and tem-
perature, prior to the formation of oxygen induced ordeesmbnstructions, as it was
determined by our in-situ SXRD experiments. The height efdkygen atoms above
the first substrate layer is47 4 0.3 A, which was determined by means of NIXSW. It
is most likely, that the adsorption takes place at on-serfec sites, as it was predicted
by DFT calculations [16,43,44]. The low coherent fractidnhe fitted standing wave

profile points to a broad height distribution of the oxygeonas, which is caused by
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the disordered nature of the adsorption process, due t@pusive interaction of the
oxygen atoms, resulting in many possibilities of the logating geometry at the fcc
hollow site. The disordered chemisorption process leadartdom distortions in the
first substrate layer on the order of 0.12 A, which resultsnfraur SXRD measure-
ments. A further increase of the oxygen coverage leads téotineation of ordered
structures, which minimise the repulsive oxygen-oxygeeractions. These super-
structures will be discussed in the following section.

Oxygen induced Reconstructions and AgO(111)

During our SXRD, HRCLS, NIXSW and LEED studies we have obsdrsix different
periodic oxygen induced structures: the p#, p(5x5) and p(47) reconstructions,
the modulation along (110), a/8 x 2.28)rect R30 reconstruction and bulk oxide
islands in {11) orientation. All structures can be observed in coexistenith the
most prominent superstructure, namely thexp@treconstruction.

We have put forward a new AgOs model of the p(44) reconstructions, which
was determined by a collaborative work, including SXRD, STHRCLS measure-
ments and DFT calculations [19]. The structure is build uptwg Ags triangles,
showing bulk-like silver-silver distances. One triangddacated on fcc sites and the
other on hcp sites. The Adriangles are interlinked by 6 oxygen atoms per unit cell,
whereas always to oxygen atoms are located in the furrowseaet two silver tri-
angles, resulting in an oxygen coverage of 0.375 MLs. Thempostate structure
determined by DFT at 0 K shows small clockwise and countecikalise rotations of
the Ag; triangles in the surface plane, resulting in an up and dowwement of the
oxygen atoms. Our SXRD experiments were performed at roompéeature. Under
these conditions the Agdriangles flip between the two rotational configurations, re
sulting in a vanishing rotation of the silver triangles anplanar arrangement of the
oxygen atoms, as it was obtained by the structural refinemoeotir SXRD data set,
which shows p6mm symmetry. Furthermore, the A% model of the p(4«4) recon-
struction is not a prototype of a surface oxide in the O-Agilayer architecture, but
rather a nano-structured adsorbate layer.

Additionally, we have determined the stability of the gé) reconstruction by our
in-situ SXRD measurements. The p{4) reconstruction is stable for a wide range of
oxygen pressure and temperature. Our results are in agnéeviik ab initio thermo-
dynamic calculations, if van der Waals interactions of tihees atoms within the Ag
triangles are included. Thereby, the g@) structure is stable under the catalytic con-
ditions of the epoxidation of ethylene (523 K and up to 2 bamxafgen). The p(%4)
reconstruction and disordered chemisorbed oxygen aremibdynamic equilibrium
with the surrounding gas phase for temperatureés?3 K. Under these conditions an
instantaneous growth or decomposition of the respectiasgdis observed, if the sta-
bility borders are passed.

A modulation of the first silver layer along the (110) directiwas observed up
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to 503 K during our in-situ SXRD experiments. We proposet tha modulation is
caused by stripes of on-surface chemisorbed oxygen withriadpkength of 10.32

A. The stripes are aligned perpendicular to the (110) disacand show an oxygen
coverage of 0.28 ML. The structure is incoherent along th@) #lirection, which is an
indication, that the repulsive oxygen-oxygen interadiolominate over the oxygen-
silver interactions. We suggest, that the modulated sirads a metastable transient
state, which is 'frozen’ up to 503 K. With increasing oxygemgsure this structure
transforms into the p(44) reconstruction, as it was observed by our in-situ SXRD
measurements.

A (v/3 x 2.28)rect R30 reconstruction was observed by LEED after oxidizing the
clean Ag(111) surface at 430 K and 5 to 10 mbar ef @his reconstruction shows
a behaviour similar to the modulated structure, since ilse acoherent along the
(110) direction. The construction of a model is straightfard, resulting in stripes of
on-surface chemisorbed with a period length of 6.59 A. Thislet shows an oxygen
coverage of 0.44 ML, which is the highest coverage of all olese superstructures.
The reconstruction is only stabilised at temperaturesrat@i80 K, due to the strong
repulsive interaction of the oxygen atoms. Oxidation of Agg111) surface at 430 K
and 1 mbar of @leads to a coexistence of the/§ x 2.28)rect R30 reconstruction
and the p(4«4) superstructure.

The formation of adsorbed silver triangles, as it is the das¢he p(4x4) recon-
struction, seems to be a structural building block, whicil$® observed in the oxygen
induced p(%5) structure. This reconstruction is stable between 423458IK at
atmospheric oxygen and shows a coexistence with the4)#deconstruction. We pro-
pose a model, which contains two Agriangles, being located on fcc and hcp sites,
which are connected by 9 oxygen atoms per unit cell, reguitiran oxygen coverage
of 0.36 MLs. The p(%5) reconstruction was not observed for temperatd$3 K.

We have demonstrated, that bulk A111) grows on Ag(111) in a Stranski-
Krastanow like growth mode after exposure to 1 bar of oxyges0& C and cooling
down to room temperature [21]. The bulk oxide and the 2D serfaxide like layer
form a honeycomb on hexagon arrangement with respect tod(¥1A) surface. The
2D layer exhibits a p(¥7) coincidence diffraction pattern and its structure is tos
likely explained by an AgOgs layer, rotated by 3Q as compared to the alignment in
the earlier models for the pf#) structure. In this model, the bonding of the layer
to the substrate is mediated by interfacial oxygen sittingnear on-top, threefold and
bridge sites of the Ag(111) surface. The ) reconstruction acts as a passivating
layer with respect to the formation of the bulk oxide and tfie4¥) structure, since it
shows a lower growth temperature at 1 bar ¢f Binally, the formation of the bulk ox-
ide islands cannot be explained by simple incorporatiorxgfien atoms at tetrahedral
sites in the silver bulk. The inverted stacking sequencé®bulk oxide is very likely
associated to a silver mass transport perpendicular taittece plane.
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Conclusions

Systematic LEED and in-situ SXRD studies revealed the ftionaof the p(5<5),
p(7x7) and /3 x 2.28)rect R30 reconstructions, the modulated structure and bulk
oxide islands, besides the already knownxpgdreconstruction. Furthermore, we have
closed the so-called 'pressure gap’ by our in-situ SXRD drpents, by measuring the
stability diagram of the O/Ag(111)-system. Our resultsdshew light on the catalytic
properties of Ag(111) facets, thereby reconstructiony stabilised at temperatures
between 423 and 453 K, as the¢/{ x 2.28)rect R30 and the p(55) reconstruction,
does not seem to play an important role for the catalytiovagtof Ag(111) facets,
since real catalytic processes are conducted at tempesabetween 500 and 600 K.
The modulated structure cannot be made responsible foatagytic activity of silver
as well, since it is not stable at atmospheric oxygen pressiunder the catalytic
conditions we have observed a competing growth of thexg§dreconstruction, the
p(7x7) coincidence structure and inversely stacked bulk oxstends. Therefore, it
is most likely, that not only the p¢44) reconstruction is responsible for the catalytic
properties of silver, but also energetically degenerattase structures or A@ bulk
oxide islands.

Outlook

Further SXRD studies and theoretical modelling have to eopeed to confirm the
structural models of the p¢b), p(7x7) and ¢/3 x 2.28)rect R30 reconstructions un-
ambiguously. Additionally, our in-situ SXRD experimen&vie to be extended to real
catalytic conditions, by using mixtures of molecular oxygad ethylene, to determine
the active oxygen species on the Ag(111) surface under ttwes#itions. A final step
to a full understanding of the catalytic properties of sineuld be the study of epitax-
ially grown silver nano particles supported on oxides, #egO;, MgO or ZnO, under
in-situ x-ray diffraction control. In this context, sizef@fts of the nano particles and if
oxygen induced reconstructions can form on (111) facetee@hano particles, which
were already observed on the Ag(111) surface, should bstigated.



Appendix A
2 and 3D Crystallography

A.1 Ag(111) Surfaces

Silver crystallises in the fcc structure, showing a lattioastant, = 4.0853 A. Com-
monly, (111) surfaces of fcc metals are described by hexalgomt cells. The trans-
formation from fcc coordinate&; to hexagonal (111) surface coordinagess given

by

a = —A1/2 +A2/2 (Ala)
a3 == Al + AQ + A3 (AlC)

The same transformation holds for the Miller indices H, K an@3]. a; anda,
enclose an angle df20° and lie in the (111) plane, whete,| = |a| = a/Vv?2. a3
is standing perpendicular to the (111) plane, having a leofjt/3a,. Resulting in
a Ag(111) lattice plane spacinty;; = ao/v/3 = 2.36 A. The hexagonal unit cell
contains 3 atoms, showingm1 symmetry [77]. The positions; are

r=0 (A.2a)
2 1 1

[y =—-a; +-a + —a A.2b

2 31+32+33 ( )
1 2 2

4 = =& —a —a A.2C

3 31+32+33, ( )

giving rise to an ABC stacking of silver layers along the1] direction (expressed
in surface coordinates). The selection rules for the altbBeagg reflections can be
easily calculated from equatioBsl2andA.2, resulting in
2H4+K+L=3m and H+2K+2L =3n ;m,ne€Z (A.3)
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The CTRs can be calculated by equat®i For (1,1,L)-type CTRs one obtains

_efiﬂL/iS

FCTR(q) - ng 2 sin % 5
showing Bragg peaks a&t= 0, 3,6, - - -. Similar results are obtained for the (1,0,L)
CTR, showing Bragg peaks at= 1,4,7,--- and the (0,1,L) CTR, showing Bragg
peaks for. = 2,5,8,---.
Stacking faults occur to some extent in any fcc metal. Relefa this study are
so-called 'twins’, showing an inverted stacking sequenBACThe twinning has an

effect on the shape of the (1,0,L)- and (0,1,L)-type CTRsshim figureA.1.

(A.4)

(1,0) CTR of Ag(111)
—ABC
——CBA

" (0,1) CTR of Ag(111)
—— ABC

_
o
w
I
_
o
w
I

F [arb. units]
=

F [arb. units]

2 3 2 3
L[r.lu] L[r.lu]

Figure A.1: Effect of twinning on the shape of the (0,1,L) g&,L) CTRs.
(1,1,L), (3,0,L) and (0,3,L)-type CTRs are not sensitivéhe stacking sequence.

A.2 2D Crystallography, Wood and Matrix notation

Any surface structure can be classified by 5 types of 2D Bsawaits’: square, primi-
tive and centred rectangular, hexagonal and oblique [®8¢iibed by, anda,.

Size and orientation of a reconstruction of/on the surfacgiven by the matrix
M, defining the in-plane unit cell of the reconstruction, egsed in terms df; and

b, [56].
b= a (A.5)

The matrix notation can be used to describe any type of réxwart®n. Neverthe-
less, the Wood notation [94] is generally applied to descalsuperstructure. In this
case, primitive and centred structures are marked by arigaglior 'c’. The length of
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b, andb, is given in units ofa; anda,, a rotation ofx° of the unit cell with respect to
the substrate is indicated byxR A typical example of a reconstruction on a (111) sur-
face of a fcc metal is a(@/3 x v/3)R 30° reconstruction. The Wood notation cannot be
applied if the angle enclosed by the unit cell vectors isedéht for the reconstruction
and the substrate.

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

» Simple Structures: Defined by|9t| € Z. In this case andb are simply related
to each other. Example(:\/§ X \/§)R 30° on hexagonal surface mesh, where

1 -1
n= (i)
* Incommensurate layers: Defined by|9t| € Q. Typical examples are coinci-
dence structures, lik®t = (4/3 0

0 4/3
perfectly on 4 substrate cells.

). In this case, 3 superstructure cells fit

* Incoherent structures: Defined by|?t| € R. In this case no common peri-
odicity between substrate and adlayer exists. This casbdeatserved, if the
interactions between the adatoms exceed the interacteinebn substrate and
adsorbed atoms.
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Appendix B

Theoretical Methods

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

B.1 Density Functional Theory

The ground state of an interacting electron gas in a statienpial, cannot be solved
analytically due to the interactions of the electrons. Infalculations the exchange
and correlation effects are included in the functioBal[n(r )], which is the exchange
and correlation energy of the system ar(@) is the electron density [95]. It can be
shown, ifn(r) is a slowly varying number, that the ground state of the systan be
calculated by solving the one-particle Schrodinger eguati

{597+ (o) + pcln(O)] } 40) = (1), (8.12)
n(r) = Y[’ (B.1b)

EquationB.ladescribes a system of N noninteracting electrons movingpo-a
tential p(r) + iy (n(r)), whereu,.(n(r)) is the contribution to the chemical potential
due to exchange and correlation. The difficult task is toedhe equations defining
¢ and ., the stationary condition and equatidddl self-consistently, which is de-
scribed in [95] for different approximations. In the lasaye big advance was made in
DFT calculations. Standard code packages like the Vienmaitidsimulation package
(VASP) are available [96].

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

B.2 Abinitio Thermodynamics

Ab initio thermodynamics is a theoretical approach to extend DFTitsgsuhich are
calculated fofT' = 0 K and no oxygen partial pressure, to ambient conditionsckvhi
are relevant for industrial applications [22, 97, 98].

The surface is thought to be in contact with an oxygen resergving oxygen
atoms to the surface or taking oxygen atoms away, withoutgihg the pressure and
temperature of the system. The appropriate thermodynaoténpal is the Gibbs free
energyG(T, p, Nag, No) for the case of a silver surfacély, andN are the number
of silver and oxygen atoms per surface unit cell. The stmectvith the lowest surface
free energyy(T, p) is thermodynamically stable. The surface free energy isrghy

1
Y(T,p) = X G(T,p,Nag, No) — Nag ttag(T,p) — No po(T,p) |, (B.2)

where A is the area of the surface unit cell gng and o are the chemical po-
tentials of the Ag and O atoms, respectively. For calcutetithe oxygen chemical
potential is referred to half the binding energy of an oxygeseculel /2 E{!, which
is calculated by DFT [22, 98].

1
AMO(T7 p) = MO(T7 p02) - 5 EtOogtal ) (B3)
The Gibbs free energy is given by
G=F-TS""4+pV, (B.4a)
G=E"* +E"" - TS"" 4+ pV. (B.4b)

It can be shown, that the pV term can be neglected for pressomesr than 100
atm [97]. The energy of the vibratios"™* and their entropic contributiofS*® can
be calculated, which is shown in references [22,97]. In meases the vibrational
contributions can also be neglected.

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

1
MMTMZMQ§H5@TmC$>, (B.5)

wherep® = 1 atm. The relevant values gfo (T, p°) are tabulated in [97]. An
approximation for the surface free energy, which is validthin oxide layers, neglects



B.2. AB INITIO THERMODYNAMICS 97

the vibrational contributions and the terms containing ¢hemical potential of the
substrate atoms [98]. The surface free energy is then detednby

Y(Apo(T,p)) = % [E%‘“d +A uo} : (B.6)

The binding energy per oxygen atdifi"! = E**al /N, is obtained by total energy
calculations of the system by means of DFT. The phase diaggatetermined by
computing equatiorB.6 for all oxygen induced structures, where the clean surface
is stable fory = 0 eV/A%2. The higher the oxygen content the steeper the slope of
v(Auo). The stable phase in terms 4fuo, is the one showing the smallest surface
free energy. By using equatidd.5, the phase diagram in terms of temperature and
oxygen pressure can be calculated.
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Appendix C

Abbreviations and Acronyms

AES
ANKA
BM
CTR
DFT
DS
DWE
ESCA
ESRF
FWHM
HRCLS
ID

L
LEED
MAX-lab
ML
NIXSW
RTR
STM
SXRD
TDS
TPD
UHV
VASP
VUV
XIF
XPS
XSW

AugerElectronSpectroscopy
Angstromquellekarlsruhe

BendingM agnet

Crystal TruncationRod
DensityFunctionalTheory

DoniachSunijic

DebyeWaller Factor
ElectronSpectroscopy foChemicalAnalysis
EuropeanSynchrotronRadiationFacility
Full Width atHalf Maximum

High ResolutionCore L evel Spectroscopy
I nsertionDevice

Langmuir

Low EnergyElectronDiffraction
Synchrotron in Lund, Sweden
Mondayer
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Appendix D

Symbols used in Equations

Surface X-Ray Diffraction

29

H, Kand L

G = Haj + Ka; + La;
€

©

b1 andbg

m
n=1-90—1if0
o

Q;

Qs

aC

)

e~M;(a*T)

photon wavelength

wave vector of incident x-rays

wave vector of scattered wave

unit cell vectors in real space

wave vector transfer

in-plane momentum transfer
out-of-plane momentum transfer
scattered intensity

scattering amplitude

classical electron radius

atomic form factor

structure factor of the unit cell

angle betweeR; andk

number of illuminated unit cells

Miller indices

reciprocal lattice vector

absorption per atomic layer

coverage

in-plane unit cell vectors of a reconstructed surface
matrix, which relate® anda

index of refraction

electron density

incident angle with respect to the surface plane
exit angle

critical angle for total external reflection
instantaneous displacement of an atom
Debye-Waller factor

101



102

i(T) = 8m2(65;(T))

g EF T < I

© ZHr

N
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o]
N
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temperature factor

Patterson function

volume of the unit cell in real space
rocking angle

differential scattering cross section
integrated intensity

goodness of the fit

number of data points

number of fitting parameters

total error bar

High Resolution Core Level Spectroscopy

Ekin
Ebind

h

hv

)
Y(AE)
AE

r

o

v

kinetic energy of the photoelectron
binding energy of the electron
Planck’s constant

photon energy

work function of the metal
photoelectron yield function
energy offset

gamma function

asymmetry parameter

lifetime of the core hole

Normal Incidence X-Ray Standing Waves

K
IKI=1/A=k
Ko

Ku

d

H;H =1/d
FH)=F +{F”
k()

I'= 7"0)\2/7'('\/
h=h/2r

hw

S(H) + f'(hw) + i f" (hw)

A

wave vector of incoming wave outside the crystal
value of incoming wave vector

wave vector of incident wave inside the crystal
wave vector of scattered wave inside the crystal
lattice plane spacing

wave vector transfer

structure factor

complex dielectric constant

abbreviation

Planck’s constant

photon energy

atomic form factor with dispersion corrections
electric or magnetic field vector
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9
Eo
En

P

§o

{n

)

m

D

9 or g

A

T] — ,’7/ + Z',r]//
R

FWHM
wp

W RTR

XH

C

e, andey
v

My

|2)

/)

b= —ihV
Yl
FH

PH

YH

Sr, St and)
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electric field vector

magnetic field vector

electric field amplitude of incident wave

electric field amplitude of scattered wave
polarisation factor

difference betweefK | and k corrected by, atcrial
difference betweefK | and k corrected by, aterial
offset of the Bragg peak

order of the Bragg reflection

distance of diameter points of the dispersion surface
Bragg angle

offset from the Bragg anglé

complex variable, used for the calculation of the Darwinveur
reflected intensity

angular full width at half maximum of the Darwin curve
width of the region of total external reflection

Fourier component of the susceptibility

speed of light in vacuum

polarisation unit vectors

phase betweeh, andEy

matrix element

initial state

final state

momentum operator

photoelectron yield in dipole approximation
coherent fraction

coherent position

generalised yield function

multipole corrections

Low Energy Electron Diffraction

> T >

=h/p

wavelength of the electron
momentum of the electron
de Broglie relation

Density Functional Theory

n(r)

electron density
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functional of the electron energy due to exchange and atioels

nabla operator

static potential of the atoms
chemical potential due to exchange and correlations
one-particle wave function
eigenvalue of the Hamiltonian

Ab initio Thermodynamics

Z>=2T 40

X

W

1/2 Bl
Apo(T, p)

Gibbs free energy

temperature

pressure

surface free energy

area of the surface unit cell

number of atoms of element X per surface unit cell
chemical potential

half binding energy of an oxygen molecule
chemical potential referred tgy2 E&'#!

free energy

entropy

volume

atmospheric oxygen pressure

Boltzmann’s constant

total energy of the system determined by DFT
binding energy per oxygen atom
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