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1. Einleitung 1

1 Einleitung

Die Photoelektronenspektroskopie ist eine der wichtigsten experimentellen Methoden der Fest-

körperphysik, weil sie einen sehr direkten Zugriff auf die elektronischen Zustände von Festkörpern

und ihrer Oberflächen ermöglicht. Über die Ausnutzung des Photoeffekts kann die elektronische

Struktur dabei heutzutage mit Hilfe von Strahlung aus Laborquellen und Synchrotrons bei nahe-

zu beliebigen Bindungsenergien analysiert werden. Als besondere Strahlungsquellen für Photo-

emissionsexperimente stehen ultrakurze Laserpulse im Mittelpunkt der vorliegenden Arbeit. Mit

diesen hochintensiven Laserpulsen werden die Photoelektronen nicht nur in Zustände angeregt,

die der Energieübertragung durch einzelne Photonen entsprechen, sondern es können auch Viel-

fache der Einzelphotonenenergien auf die Elektronen übertragen werden. In diesen nichtlinearen

Prozessen spielen die optisch angeregten, im Grundzustand ursprünglich unbesetzten Zwischen-

zustände eine große Rolle. Mehrphotonen-Photoemission (mPPE) bietet auch deswegen einen

einzigartigen Zugang zu diesen Zuständen, weil über die eingesetzten ultrakurzen Laserpulse mit

Zeitdauern im Femtosekundenbereich zusätzlich auch dynamische Prozesse analysierbar sind.

Die angeregten Photoelektronen sind nicht nur durch ihren Impuls und ihre Energie, sondern

auch durch den Spin charakterisiert. Durch die direkte Verknüpfung eines magnetischen Mo-

ments mit dem Elektronenspin ist dieser Freiheitsgrad naturgemäß für die Untersuchung ferro-

magnetischer Proben außerordentlich relevant. Der Elektronenspin ist aber nicht nur eine Schlüs-

seleigenschaft für die verschiedenen magnetischen Ordnungsprozesse, sondern er ist ebenfalls

bestimmend für die chemische Bindung und elektronische Struktur in Festkörpern überhaupt.

Ganz generell wird durch das Pauli-Prinzip und die elektromagnetischen Wechselwirkungen zwi-

schen den Elektronen eine Vielzahl von korrelierten Effekten in aktuell relevanten Forschungs-

richtungen der Festkörperphysik direkt oder indirekt auch vom Elektronenspin beeinflusst. Dies

macht die Wichtigkeit eines experimentellen Zugangs zum Elektronenspin in Festkörpern deut-

lich.

Optische Felder herkömmlicher Ultrakurzpulslaser wechselwirken jedoch nicht direkt mit Spins,

da die magnetischen Anteile dieser Pulse normalerweise dafür nicht stark genug sind. Jedoch

kann über die Kopplung des Spins eines Elektrons mit seiner Bahnbewegung im Mechanismus der

Spin-Bahn-Kopplung ein indirekter Zugriff auf den Spinfreiheitsgrad über die Anregung der Elek-

tronenorbitale erfolgen. Zum Beispiel können mittels zirkular polarisierter Strahlung die Dipol-

Auswahlregeln für optische Übergänge zwischen verschiedenen Elektronenzuständen genutzt

werden, um gezielt Elektronen mit einer bestimmten Spinausrichtung aus einem insgesamt un-

polarisierten Ensemble anzuregen.

In Verbindung dieser verschiedenen Ideenstränge beschäftigt sich die vorliegende Arbeit mit der

Untersuchung des Einflusses der Spin-Bahn-Wechselwirkung in der optischen Mehrphotonenan-

regung von spin-polarisierten Photoelektronen an nichtmagnetischen und magnetischen Metall-

oberflächen. Dabei werden drei relevante Systeme untersucht:
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1. Die optische Anregung spin-polarisierter Elektronen über Drei-Photonen-Photoemission

(3PPE) aus d-Bändern von (nichtmagnetischem) Kupfer in Oberflächenzustände oberhalb

des Ferminiveaus

2. Die Auswirkungen der Spin-Bahn-Kopplung in unbesetzten Zuständen von nichtmagneti-

schen Oberflächenlegierungen von Wismut auf Cu(111)-Oberflächen (Rashba-Effekt)

3. Die magnetisierungsabhängige Photoemissionsintensität in Zwei-Photonen-

Photoemission (2PPE) durch Spin-Bahn-Kopplung in unbesetzten Quantentopf-Zuständen

von ferromagnetischen Kobalt-Filmen auf Cu(001)-Oberflächen (Magnetischer Dichrois-

mus)

Die im Rahmen dieser Arbeit untersuchten Themengebiete werden in den folgenden Abschnitten

näher vorgestellt. Dazu wird in Abschnitt 1.1 die allgemeine Bedeutung der Spin-Bahn-Kopplung

in der elektronischen Struktur von Festkörpern erläutert. Dies geschieht in Bezug zu potentiellen

technischen Anwendungen der grundlegenden spin-abhängigen Effekte in Kristallen und an ihren

Oberflächen. Es folgt in Abschnitt 1.2 die Vorstellung der herkömmlichen Photoemissionsspektro-

skopie mit Spin-Analyse. In Abschnitt 1.3 werden dann die besonderen Vorteile der nichtlinearen

Photoemission mit ultrakurzen Pulsen herausgearbeitet. Die experimentelle Voraussetzungen zu

den in Kapitel 3 vorgestellten Ergebnissen werden in Kapitel 2 behandelt. Eine Zusammenfassung

gibt einen Ausblick auf weitere Arbeiten. Die für diese Arbeit relevanten Originalpublikationen

sind in Kapitel 5 zusammengestellt. Auf diese Veröffentlichungen wird jeweils mit [AW 5.1] . . . [AW

5.11] im Text Bezug genommen.
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1.1 Spin-Bahn-Kopplung in der elektronischen Struktur von
Festkörpern

Die elektronischen Zustände in Atomen, Molekülen und Festkörpern sind durch die Bewegung

der negativ geladenen Elektronen in den dort vorliegenden elektrischen Feldern bestimmt. Zu-

sätzlich zu seiner Ladung, Masse und Geschwindigkeit besitzt das Elektron den „Spin“ als einen

relativistisch begründeten intrinsischen Drehimpuls, welcher mit einem magnetischen Moment

verknüpft ist. Die Wirkung eines elektrischen Feldes E auf ein bewegtes Elektron mit Geschwin-

digkeit v kann nun im Ruhesystem des Elektrons auch als ein effektives Magnetfeld B gesehen

werden. Wenn dieses effektive Feld B (v ,E ) auf das mit dem Spinσ verknüpfte magnetische Dipol-

moment m(σ) des Elektrons wirkt, ergibt sich somit auch eine entsprechende Energiedifferenz für

Zustände mit gleichem Geschwindigkeitsvektor, aber entgegengesetzter Spinorientierung ±m(σ)

in einem elektrischen Feld. Dies ist der Mechanismus der Spin-Bahn-Kopplung, der die besonde-

re Wirkung von relativistischen Effekten auf elektronische Zustände verdeutlicht. Die Kopplung

der Bahnbewegung v mit dem Spin des Elektrons trägt somit zur Energie des Systems über einen

eigenen Anteil HSOC im Hamiltonian bei [1]:

HSOC =−m(σ) ·B (v ,E ) = µB

2c2σ · (v ×E ) = ~2

4i m2c2σ · (∇V ×∇) (1.1)

woσ der Paulische Spin-Operator ist, ∇V ist der Gradient des Potentials und ∇ wirkt auf den Orts-

anteil der Wellenfunktion. Für die Zwecke der vorliegenden Arbeit wird die Form von HSOC hier

durch die eingehenden Erläuterungen motiviert und als gegeben betrachtet, HSOC kann aus der

relativistischen Elektronentheorie abgeleitet werden [2].

Die zentrale Rolle im Mechanismus der Spin-Bahn-Kopplung spielt, wie in Gleichung (1.1) zu er-

kennen, der Potentialgradient∇V und das damit verbundene elektrische Feld. Aus der räumlichen

Struktur dieses Potentialgradienten in einem betrachteten spezifischen System resultieren eben-

so spezifische Auswirkungen auf die Kopplung zwischen dem Spin und dem Geschwindigkeits-

vektor. Nach ihren unterschiedlichen, symmetriebedingten Spin-Bahn-Kopplungseffekten kann

man zum Beispiel das kugelsymmetrische Potentiale freier Atome, das dreidimensional periodi-

sche Potential im Volumen von Festkörpern sowie die Potentiale an Grenz- und Oberflächen von

Festkörpern unterscheiden.

In der Atomphysik führt die Spin-Bahn-Kopplung dazu, dass der Bahndrehimpuls l und der Spin s

zum Gesamtdrehimpuls j verknüpft sind [3]. Wegen der Kugelsymmetrie des Potentials gilt ∇V =
(r /r )dV /dr und der Spin-Bahn-Hamiltonian (1.1) kann explizit als eine Kopplung von l und s

geschrieben werden:

HSOC = 1

2m2c2

1

r

dV

dr
(s · l ) (1.2)

mit s = 1
2~σ und l = r × p = −i~r ×∇. Für die durch diese Kopplung entstehenden Wellenfunk-
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tionen beschreiben die Clebsch-Gordan-Koeffizienten den Anteil der jeweiligen ml und ms für

Zustände mit einem zu j gehörigen m j . Für die beiden möglichen atomaren |p1/2;m j =±1/2〉 Zu-

stände ergeben sich zum Beispiel die Kombinationen [4] :

|p1/2;m j =±1

2
〉 = ∓

√
2

3
|ml = 1〉 |ms =−1

2
〉 ±

√
1

3
|ml = 0〉 |ms =+1

2
〉 (1.3)

Die beiden Zustände |p1/2;m j =±1/2〉 sind ohne Magnetfeld entartet und insgesamt liegt kei-

ne Spinpolarisation bei der Energie dieser Zustände vor. Wie man aber an den Vorfaktoren in

(1.3) sieht, enthält ein spezifischer m j Zustand keine Gleichverteilung der Spinkomponenten

ms und ist somit potentiell zur Erzeugung einer Spinpolarisation nutzbar. Unter Anregung ei-

nes Atoms mit zirkular polarisiertem Licht zum Beispiel können je nach der Helizität des Lich-

tes gezielt Übergänge mit einer Änderung von ∆m j = +1 oder ∆m j = −1 angeregt werden. Aus

s-Ausgangszuständen mit m j =±1/2 können also p1/2 Endzustände mit festgelegtem m j addres-

siert werden. Über diesen Effekt kann man eine Spin-Polarisation von optisch gepumpten Ato-

men erzeugen („Optical Spin Orientation“ [5]). In Festkörpern ist die Kugelsymmetrie des Atoms

gebrochen, so daß dort entsprechend modifizierte Clebsch-Gordan-Koeffizienten benutzt werden

müssen, um die Mischung von Spin- und Ortskomponenten in den elektronischen Zuständen zu

beschreiben. Der wesentliche, auf der Symmetrie der elektronischen Zustände beruhende Mecha-

nismus bleibt aber bestehen [4]. Als sehr wichtige Anwendung ist hier die optisch spin-selektive

Anregung von Photoelektronen aus GaAs zur Erzeugung von spinpolarisierten Elektronenstrah-

len zu nennen [6, 7]. Analog zur Bildung des p1/2 - p3/2 Spin-Bahn-Dubletts in Atomen spalten

zum Beispiel auch in Kupferkristallen die d-Bänder mit∆5-Symmetrie in der Nähe des X -Punktes

in zwei Bänder auf, deren Symmetrie mit ∆6 und ∆7 bezeichnet wird (siehe die Ergebnisse in Ab-

schnitt 3.2 über spinpolarisierte Photoemission von Cu(001)).

Wenn man von der nichtrelativistischen Schrödinger-Gleichung ohne ein zusätzliches angeleg-

tes Magnetfeld ausgeht, sind die elektronischen Zustände in Atomen und in Festkörpern je-

weils doppelt mit Elektronen unterschiedlichen Spins besetzt. Diese Entartung kann im Prinzip

durch den spinabhängigen Anteil HSOC im Hamiltonian aufgehoben werden, wodurch Zustän-

de mit verschiedenem Spin auch unterschiedliche Energien hätten. Im Festkörper wie im Atom

wird dies jedoch durch symmetriebedingte Restriktionen eingeschränkt [8,9]. Das Vorliegen einer

Zeitumkehr-Invarianz im System führt zur zweifachen Entartung (Kramersche Entartung) jedes

Energieniveaus: E a(+k ,↑) = E a(−k ,↓). Dabei bezeichnen (↑,↓) die beiden Spin-Eigenzustände zu

einem gegebenen Blochvektor k im Kristall, welche nicht notwendigerweise auch Eigenzustände

z.B. des Spin-Operatorsσz für eine fest gewählte z-Komponente des Elektronenspins sein müssen

(das bedeutet, dass die Quantisierungsachse des Spins im Allgemeinen von k abhängen kann).

Die Zeitumkehr-Invarianz fordert ebenso für Zustände mit dem selben k , aber dem anderen Spin-

Eigenzustand: E b(+k ,↓) = E b(−k ,↑), was aber im allgemeinen nicht heißt, dass auch E a = E b . Dies

kann an einzelnen hochsymmetrischen k-Punkten der Fall sein, wird jedoch für einen beliebi-

gen k-Punkt erst bei Inversionssymmetrie des Potentials gefordert. Wenn die Operation +r →−−−r
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eine Symmetrieoperation des Systems ist (Inversionssymmetrie, Zentrosymmetrie), folgt auch:

E(+k ,↑) = E(−k ,↑). Damit ergibt sich bei Zeitumkehrinvarianz und Inversionssymmetrie insge-

samt: E(k ,↑) = E(k ,↓), so dass die Energie der elektronischen Zustände in zentrosymmetrischen

nichtmagnetischen Kristallen nicht vom Spin abhängt. Dies bedeutet zum Beispiel für die Volu-

menzustände der fcc-Kristalle von Cu, Ag und Au, dass jedes Band doppelt entartet bezüglich des

Spins ist. Wie wir oben am Beispiel der Spin-Bahn-Kopplung in Atomen gesehen haben, verbietet

dies aber nicht, das Spin- und Bahnmoment auf bestimmte Weise gekoppelt sind, sondern be-

stimmt nur, dass in einem Energieniveau keine Gesamtspinpolarisation vorliegen kann. Dies war

auch in Gleichung (1.3) für ein p1/2-Niveau zu sehen: wenn man die beiden entarteten m±1/2-

Anteile bei einer Energie zusammen betrachtet, liegt keine Spinpolarisation vor. Im Gegensatz

zu zentrosymmetrischen Elementkristallen können zum Beispiel bei GaAs, das nicht zentrosym-

metrisch ist, auch im Volumen spin-aufgespaltene Zustände vorkommen [10–13]. Wegen der im-

mer noch vorliegenden Zeitumkehr-Invarianz in diesem nichtmagnetischen Kristall gibt es wegen

E(+k ,↑) = E(−k ,↓) für ein (+k ,−k)-Paar von Elektronen mit entgegengesetzten Wellenzahlvekto-

ren keine Gesamtspinpolarisation des Grundzustandes.

Die Inversionssymmetrie ist notwendigerweise auch an der Oberfläche von Kristallen gebrochen,

was dann prinzipiell erlaubt, dass für ein k die beiden Eigenzustände unterschiedliche Energie be-

sitzen: E(k ,↑) 6= E(k ,↓). Die Potentialänderung an der Oberfläche wirkt sich über die Spin-Bahn-

Kopplung weiterhin auch in einer im allgemeinen spin-abhängigen Transmission der Oberfläche

für Elektronen aus [14, 15]. Die durch Spin-Bahn-Kopplung bewirkte Spinstruktur von bestimm-

ten Oberflächenzuständen spielt ebenso eine Rolle bei den neuartigen Effekten die bei den so-

genannten „topologischen Isolatoren“ (topological insulators) oder Quanten-Spin-Hall-Systemen

beobachtet werden [16, 17]. Ein grundlegender Mechanismus von Spin-Bahn-Kopplungseffekten

an Oberflächen kann über das Rashba-Bychkov-Modell verstanden werden [18]: Wenn der Po-

tentialgradient in Gleichung (1.1) in der z-Richtung der Oberflächennormale angenommen wird,

∇V = ez ·dV /d z, mit dem Einheitsvektor ez , dann ist die durch die Richtung des effektiven Ma-

gnetfelds bestimmte Quantisierungsachse nach Gleichung (1.1) über (∇V ×∇) =−i~(∇V ×p) so-

wohl senkrecht zu ez als auch zur Richtung des Impulses p eines Elektrons in einem Oberflächen-

zustand. Die dann durch HSOC bewirkte Energieaufspaltung hängt damit nach (1.1) linear von

dem Anteil von p ab, welcher zu ez senkrecht, also parallel zur Oberfläche ist: |p||| = |~k|||. Eine

solche Situation liegt zum Beispiel für die Spin-Bahn-Kopplung im Shockley-Oberflächenzustand

von Au(111) vor [19]. Als weitere prototypische Systeme für den Rashba-Effekt an Oberflächen ha-

ben insbesondere Strukturen von schweren Atomen (Bi,Pb,Sb) auf (111)-Oberflächen von Silber

und Kupfer Bedeutung erlangt, weil sie große spin-abhängige Energieaufspaltungen zeigen (siehe

die Ergebnisse in Abschnitt 3.3 über Wismut-Oberflächenlegierungen auf Cu(111) ).

Aufgrund der Verknüpfung des Elektronenspins mit einem magnetischen Moment spielt der

Spin eine zentrale Rolle in Fragestellungen des Magnetismus. In magnetischen Festkörpern

ist die Zeitumkehrinvarianz durch die Magnetisierung M gebrochen und führt zu einer spin-
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abhängigen elektronischen Struktur. Die Magnetisierungsrichtung kann bevorzugt an bestimm-

te Kristallrichtungen gekoppelt sein (magnetokristalline Anisotropie). Dieser Effekt wird wieder-

um durch die Spin-Bahn-Kopplung vermittelt [20]. Wie oben in Gleichung (1.1) prinzipiell zu se-

hen, ist eine Energie-Anisotropie bzgl. der Richtung der Geschwindigkeiten in den elektronischen

Zuständen mit der Ausrichtung der Spins gekoppelt. Zur Minimierung der Gesamtenergie kann

also eine bestimmte feste Ausrichtung der Magnetisierung bezüglich der den räumlichen Anteil

der elektronischen Zustände bestimmenden Kristallstruktur bevorzugt sein. Dies ist insbesonde-

re an Oberflächen und in ultradünnen Filmen wichtig, wo die gegenüber dem Volumen veränderte

Struktur auch die magnetische Anisotropie beeinflusst [21–23]. Umgekehrt können Veränderun-

gen der Magnetisierung über die Spin-Bahn-Wechselwirkung auf die elektronische Struktur und

auf die Kristallstruktur zurückwirken.

Diese vielfältigen Wechselwirkungen sind insbesondere auch bei ultraschnellen Prozessen von Be-

deutung, bei denen magnetische Proben mittels optischer Femtosekundenpulse angeregt wer-

den und eine Magnetisierungsänderung im Bereich weniger zehn Femtosekunden stattfinden

kann [24, 25]. Dies ist für die Frage der prinzipiell möglichen Schreibgeschwindigkeit magneti-

scher Informationen von fundamentalem Interesse. Die mikroskopischen Details der komplexen

Wechselwirkungen zwischen den elektronischen Zuständen, den Spins und den phononischen

Anregungen sind dabei teilweise noch nicht vollständig verstanden und unterscheiden sich in

ihrer Bedeutung zum Teil für Metalle, Isolatoren oder ferromagnetische Halbleiter [26–36]. Die

Spin-Bahn-Kopplung in den angeregten Zuständen ist einer der Mechanismen, welche bei diesen

schnellen Entmagnetisierungsprozessen eine Rolle spielen [36]. Es stellt sich heraus, dass durch

die Spin-Bahn-Kopplung in magnetischen Systemen die Absorption polarisierter Strahlung von

der vorliegenden Magnetisierungsrichtung abhängig ist. Dies ist die Grundlage des magnetischen

Dichroismus, den man zum Beispiel in der Absorption von Röntgenstrahlung [37, 38] und in spin-

und winkelaufgelöster Photoemission [39, 40] beobachten kann. Der quantitative Zugang zum re-

lativen Anteil von magnetischem Orbitalmoment und dem durch den Spin bewirkten Beitrag zum

magnetischen Moment in elektronischen Rumpfniveauzuständen wird zum Beispiel über Sum-

menregeln für den Dichroismus in der Absorption zirkular polarisierter Strahlung (X-ray magnetic

circular dichroism, XMCD) ermöglicht [41]. In Kombination mit ultrakurzen Laserpulsen ermög-

licht der Effekt des magnetischen Dichroismus die Analyse der Dynamik von Spin- und Orbitalmo-

ment bis hinab zur Femtosekundenskala [42, 43], was Einblicke in Fragen des optisch angeregten

Nichtgleichgewichtsmagnetismus erlaubt. Weil angeregte Zustände generell eine Schlüsselrolle in

optisch gesteuerten spin-abhängigen Prozessen spielen können, ist es deshalb von großem Inter-

esse, die Spin-Bahn-Kopplung in diesen angeregten Zuständen zu charakterisieren. Dazu werden

klare spektroskopische Informationen benötigt, die insbesondere mittels einer Kombination von

magnetischem Dichroismus und Zweiphotonen-Photoemission von magnetischen Proben erhal-

ten werden können, mit den optisch angeregten Zuständen als Zwischenzuständen (siehe die Er-

gebnisse in Abschnitt 3.4 über optisch angeregte Quantentopfzustände in Kobaltfilmen).
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Wir sehen, dass die Spin-Bahn-Kopplung einen fundamentalen Wechselwirkungsmechanismus in

elektronischen Systemen beschreibt, über den sich der Freiheitsgrad des Spins in verschiedenen

physikalischen Effekten auswirkt. Über die magnetische Datenspeicherung hinausgehend, ist die

Nutzung des Elektronenspins in technischen Bauelementen ein Ziel der sogenannten „Spintro-

nik“ [44], die potentiell auf den räumlichen Skalen der Nanotechnologie, mit höheren Verarbei-

tungsgeschwindigkeiten und mit weniger elektrischen Verlusten als die herkömmliche Elektronik

arbeiten würde. Nicht zuletzt für die Realisierung solcher Technologien sind genaue Kenntnisse

der spinabhängigen elektronischen Struktur von Festkörpern und der möglichen Kopplungs- und

Steuermechanismen von Spins von großer Bedeutung.
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1.2 Winkelaufgelöste Photoemission mit Spin-Analyse

1.2.1 Photoemission

Die Photoelektronenspektroskopie (PES) ist eine leistungsfähige Methode zur Analyse der elek-

tronischen Struktur von Festkörpern und ihrer Oberflächen [45–47]. Sehr allgemein betrachtet,

bestimmt man in dieser Methode, wieviele Elektronen mit einer bestimmten Energie die bestrahl-

te Probe in festgelegte Richtungen verlassen. Da die Anregungsphotonen bei den verwendeten

Wellenlängen nur einen vernachlässigbar kleinen Impuls übertragen können, läßt der außerhalb

der Probe beobachtete Elektronenimpuls Rückschlüsse auf den Zusammenhang zwischen Im-

puls und Energie der Elektronen im Ausgangszustand zu. Dies reicht von den Rumpfniveaus mit

Bindungsenergien im Röntgenbereich bis zu den Valenzelektronen, die mittels kurzwelliger UV-

Strahlung erreichbar sind. In grundlegende festkörperphysikalische Effekte wie Supraleitung [48],

Metall-Isolator-Übergänge [49], die elektronische Struktur von Graphen [50–52], topologische Iso-

latoren [16, 17], und niedrigdimensionale Systeme [53–55] können mit Photoelektronenspektro-

skopie Einblicke erhalten werden.

Der Photoemissionsstrom J resultiert in einer vereinfachten theoretischen Beschreibung im Ein-

teilchenbild aus photoinduzierten Übergängen zwischen besetzten (|ψi 〉, Ei , ki ) und unbesetz-

ten (|ψ f 〉, E f , k f ) Zuständen (für eine Diskussion von Mehrteilcheneffekten in der Photoemissi-

on siehe z.B. [56]). Diese Einteilchenzustände besitzen einen Energieunterschied E f −Ei , welcher

der einfallenden Photonenenergie hν entspricht. Es wird angenommen, dass nach dem Übergang

das Photoelektron sofort vom übrigen System entkoppelt ist („sudden approximation“). Der durch

die einfallende Strahlung bewirkte Übergang wird mittels eines Wechselwirkungsoperators V̂I be-

schrieben. Im sogenannten „three-step-model“ werden dann (I) die Anregung des Photoelektrons

im Festkörper, (II) der Transport zur Oberfläche und (III) der Durchgang durch die Oberfläche als

unterscheidbare Phasen im Gesamtprozess betrachtet, denen separate Effekte auf das Photoemis-

sionssignal zugeordnet werden können [46]. In einer vollständigen theoretischen Beschreibung

sind die drei Schritte im allgemeinen nicht trennbar und werden als ein zusammenhängender

kohärenter Prozess betrachtet („one-step-model“). Der Endzustand des Photoelektrons kann im

Festkörper und an seiner Oberfläche gestreut werden und entspricht am Detektor einer auslaufen-

den ebenen Welle („inverser LEED-Zustand“) [57]. Der Photostrom J bei der kinetischen Energie

Eki n und der Parallelkomponente des Wellenzahlvektors im Vakuum kV
|| ergibt sich als

J (Eki n ,kV
|| ) ∝ ∑

i , f ,G ,g ||
|M f i (k f ,ki )|2 ·δ(E f −Ei −hν) ·δ(k f −ki −G) (1.4)

· δ(Eki n −E f +Φ) ·δ(kV
|| −k f ||−g ||)

Die Deltafunktionen in der ersten Zeile von Gleichung (1.4) beschreiben eine ideale Energie- und

Impulserhaltung (modulo eines reziproken Gittervektors G) des Übergangs im Festkörper, sowie
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in der zweiten Zeile eine ideale energie- und winkelaufgelöste Detektion, wobei beim Übergang

nur der Impuls kV
|| parallel zur Oberfläche modulo eines reziproken Oberflächengittervektors g ||

erhalten bleibt. Die kinetische Energie Eki n = E f −Φ ergibt sich dabei aus der Differenz der End-

zustandsenergie und dem Vakuumniveau Φ. Die Photoemission wird im wesentlichen durch das

Übergangsmatrixelement M f i gesteuert [58]:

M f i = 〈ψ f |V̂I |ψi 〉 (1.5)

V̂I = −e

mc
[A(r ) ·p +p · A(r )]+ e2

2mc2 |A(r )|2 (1.6)

Im Wechselwirkungsoperator V̂I wird häufig der Term p · A(r ) auf Null gesetzt (Coulomb-Eichung

im Volumen), und der quadratische Term wird ebenfalls vernachlässigt (dies ist bei hohen Laser-

intensitäten nicht mehr zulässig [59]). Im verbleibenden Term A(r ) ·p kann durch A(r ) = A0e die

Dipolnäherung durchgeführt werden, wobei das Vektorpotential A(r ) der einfallenden Strahlung

als konstant angenommen wird, mit dem Polarisationsvektor e. Diese Näherungen werden z.B.

in [58] detailliert beschrieben. In der Dipolnäherung reduziert sich dann das Matrixelement auf:

M f i ∝ A0 〈ψ f |e · r |ψi 〉 (1.7)

Im Rahmen der in der vorliegenden Arbeit untersuchten Effekte ist als wichtige Eigenschaft des

Matrixelementes (1.7) festzuhalten, dass der Spin des Ausgangszustandes und des Endzustandes

nicht explizit im Wechselwirkungsoperator vorkommen und dass damit der Spin durch die opti-

sche Anregung nicht verändert wird. Aus (1.7) folgen jedoch auch die optischen Auswahlregeln für

Dipolübergänge, insbesondere für atomare Zustände auch die Auswahlregeln für zirkular polari-

sierte Strahlung j f = ji ± 1 und m f = mi ± 1. Diese Auswahlregel ist für die oben erwähnte op-

tische Anregung spinpolarisierter Elektronen unter Einfluss der Spin-Bahn-Wechselwirkung rele-

vant, wenn entweder |ψi 〉 oder auch |ψ f 〉 eine (1.3) analoge Zusammensetzung haben. Eine Verall-

gemeinerung dieser Auswahlregeln auf elektronische Zustände in Kristallen findet sich in [60, 61].

Die Anregung mit zirkular polarisiertem Licht in einer chiralen experimentellen Geometrie kann

das Matrixelement (1.7) zu richtungsabhängigen Interferenzeffekten bei der gleichzeitigen Anre-

gung von verschiedenen Orbitalen führen. Dieser Effekt wird als zirkularer Dichroismus in der

winkelaufgelösten Photoemission (circular dichroism in the angular distribution, CDAD) [62] be-

zeichnet. Mit einer zusätzlich vorliegenden Magnetisierung entsteht über die Transformationsei-

genschaften der Spin-Wellenfunktion in analoger Weise der verallgemeinerte Effekt des magneti-

schen Dichroismus [63].

1.2.2 Spin-Analyse der Photoelektronen

Das Ziel der Photoelektronenspektroskopie ist die zuverlässige Charakterisierung aller Eigen-

schaften von Photoelektronen. Neben der kinetischen Energie und dem Impuls der Elektronen



10 1. Einleitung

gehört dazu potentiell natürlich auch ihr Spin [14, 64, 65]. Spinpolarisierte Photoströme können

durch verschiedene Effekte entstehen [66–68]. Die Spinpolarisation kann (a) schon im elektro-

nischen Grundzustand vorliegen, (b) im Anregungsprozess nach Matrixelement (1.7) zwischen

Grundzustand und Endzustand entstehen und (c) durch spinabhängige Streuprozesse im Endzu-

stand, z.B. bei der Transmission durch die Oberfläche [15] produziert werden. Diese Anteile kön-

nen im allgemeinen Fall nicht notwendigerweise voneinander getrennt werden. Wenn die optisch

angeregten Elektronen jedoch ihren Spin während des Photoemissionsprozesses nicht ändern,

können die Photoelektronenspektren direkt die Majoritäts- und Minoritätsbänder von magneti-

schen System widerspiegeln [14, 69, 70].

Wegen der elektrischen Ladung des Elektrons und der damit verbundenen zusätzlichen Lorentz-

kraft kann man den Spin eines freien Elektrons nicht wie in einem Stern-Gerlach-Experiment

durch die Ablenkung in einem inhomogenen Magnetfeld messen [64]. Das Arbeitsprinzip von

Spin-Analysatoren für freie Elektronen beruht deswegen auf spinabhängigen Streuprozessen, wo-

bei man an Prozessen mit möglichst unterschiedlichen Streuquerschnitten für Elektronen mit ent-

gegengesetzten Projektionen des Spins (+~
2 → I ↑↑ oder −~

2 → I ↑↓) auf eine durch das Streuexperi-

ment festgelegte Quantisierungsachse z interessiert ist.

Aus den experimentell gemessenen Intensitäten für parallele (I ↑↑) und antiparallele (I ↑↓) Ausrich-

tung wird die experimentelle Asymmetrie Az und daraus die Polarisation Pz bezüglich der gewähl-

ten Quantisierungsachse mit Hilfe der Spinsensitiviät S berechnet . Die anderen Komponenten Px

und Py müssen in unabhängigen Experimenten mit entsprechend angepasster Quantisierungs-

achse bestimmt werden [71]. Die Spinsensitivität (auch Sherman-Funktion genannt) gibt dabei

an, welche Spin-Asymmetrie für 100% polarisierte Elektronen gemessen werden würde.

Az = I ↑↑− I ↑↓

I ↑↑+ I ↑↓
(1.8)

Pz = Az /S (1.9)

Aus der Gesamtintensität I können die Partialspektren I+, I− der beiden Spinkomponenten be-

rechnet werden:

I = I ↑↑+ I ↑↓ (1.10)

I+ = I

2
(1+P ) (1.11)

I− = I

2
(1−P ) (1.12)

Die Effektivität eines Spinpolarisationsanalysators wird durch eine Gütezahl F („figure of merit“)

gemessen. Dabei gibt 1/F an, wieviel mal mehr Ereignisse man in einer spinaufgelösten Messung

zählen muss, um den gleichen statistischen Fehler wie eine nicht-spinaufgelöste Messung zu er-

reichen (für die Fehlerrechnung bei der Bestimmung der Spinpolarisation aus den gezählten Er-
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eignissen I ↑↑ und I ↑↓ siehe [64,72]). In die Gütezahl F geht die Reflektivität I /I0 für die einfallende

Intensität I0 linear ein, und die Spinsensitivität S quadratisch [64]:

F = S2 · I /I0 (1.13)

Ein systematischer Vergleich von verschiedenen Typen von Spin-Analysatoren findet sich in [73]

und [74], [75]. Eine große Gruppe von Spin-Analysatoren nutzt den Einfluss der Spin-Bahn-

Kopplung im Mott-Streuquerschnitt aus, was z.B. zu einer Links-Rechts-Asymmetrie im Streupro-

zess für spin-polarisierte Elektronen führt. In den meisten Fällen dominiert jedoch die Coulomb-

Streuung den Streuquerschnitt im Vergleich Spin-Bahn-Kopplung. Das bedeutet, dass man, da-

mit die Spin-Bahn-Kopplung relevant wird, experimentell solche Streubedingungen wählen muss,

unter denen die Coulomb-Streuung relativ klein ist. Dies geht notwendigerweise mit einer Verrin-

gerung der Zählrate um ein bis zwei Größenordnungen einher [64]. Typischerweise resultieren

insgesamt Faktoren in der Größenordnung 1/F ≈ 104. Dies verdeutlicht auf der einen Seite die

Erhöhung des Zeitaufwands, der für spin-aufgelöste Photoemissionsmessungen nötig ist, auf der

anderen Seite illustriert dieser Faktor das Potential, welches Verbesserungen in der Spinanalyse

freier Elektronen für den weiträumigeren Einsatz in spinaufgelösten elektronenspektroskopischen

Methoden haben.

Ein weiterer Typ von spinabhängigen Wechselwirkungen besteht in der Austauschwechselwirkung

in magnetischen Systemen. Die entsprechende Wechselwirkungsenergie ist in der Größenord-

nung von 2 eV in ferromagnetischem Eisen. Diese Energie ist signifikant im Vergleich zu Streu-

energien von sehr niederenergetischen Elektronen (< 20eV ) an Oberflächen und es kann deshalb

erwartet werden, dass die Streuquerschnitte merklich durch die spin-abhängige Austauschener-

gie beeinflusst werden können. Magnetische Oberflächen können zum Beispiel spin-abhängige

Bandlücken besitzen, was dazu führt, dass Elektronen mit unterschiedlichem Spin entweder Zu-

stände im Kristall besetzen können oder nicht, also auch eine spin-abhängige Reflektivität für die

beiden möglichen Spinkomponenten vorliegt. Wenn die Streuenergie niedrig genug ist, sind au-

ßerdem keine gebeugten Strahlen erlaubt, in welche zusätzliche Intensität verloren gehen könnte.

Dies führt dann zu einer hohen über den Spin gemittelten Reflektivität. Ferromagnetische Eiseno-

berflächen sind hier von besonderem Interesse, da für sie eine große Streu-Asymmetrie bei gleich-

zeitiger hoher Streueffektivität vorhergesagt [76] und auch gemessen wurde [77, 78]. Auf der Basis

dieser Beobachtungen wurde der für die hier vorgestellten Arbeiten eingesetzte Spinanalysator am

MPI Halle durch J. Kirschner entwickelt. Die technischen Parameter sind in Abschnitt 2.2 zusam-

mengestellt.

Im Gegensatz zur explizit spinaufgelösten Photoelektronenspektroskopie erfordert die Beobach-

tung des Effekts des magnetischen Dichroismus keinen zusätzlichen Spinanalysator. Dies ist ge-

genüber spin-aufgelösten Methoden einerseits experimentell von Vorteil, andererseits aber ist we-

gen des Fehlens der expliziten Spinanalyse für quantitative Rückschlüsse oftmals eine Kombinati-
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on mit entsprechenden theoretischen Rechnungen notwendig [63]. Wenn keine quantitative Spin-

analyse erforderlich ist, bildet der magnetische Dichroismus zum Beispiel eine effektive Möglich-

keit zur Abbildung magnetischer Domänen im Photoelektronenemissionsmikroskop (PEEM) [79].

Völlig analog zur spinabhängigen Asymmetrie Az in Gleichung (1.8) benutzt man zur Quantifizie-

rung des magnetischen Dichroismus die normalisierte Intensitätsänderung bei Umschalten der

Magnetisierung (M+, M−) bzw. bei Änderung der Polarisation der anregenden Strahlung (π+,π−):

AM = I M+ − I M−

I M+ + I M− (1.14)

Aπ = Iπ
+ − Iπ

−

Iπ+ + Iπ− (1.15)

Der magnetische Dichroismus in der Photoemission ist im wesentlichen ein Interferenzeffekt zwi-

schen verschiedenen möglichen Anregungspfaden und spiegelt damit den Spin nur indirekt wie-

der, da zusätzlich die spezifischen Eigenschaften des Anregungsprozesses (Matrixelemente, Pho-

tonenergie, Geometrie von Magnetisierung und Photoelektronenimpuls) den Interferenzeffekt

quantitativ bestimmen [63]. In einem spinaufgelösten Photoemissionexperiment mit magneti-

schem Dichroismus kann die gemessene Intensität aber natürlich zusätzlich durchaus noch nach

dem Spin der Photoelektronen analysiert werden. Dann ergibt sich ein Datensatz von insgesamt 8

möglichen Photoelektronenspektren I±s,M±,π±
, zwischen denen bestimmte Symmetriebeziehun-

gen bestehen müssen [80]. Hieraus lassen sich wertvolle Infomationen über den relativen Anteil

der Austausch- und der Spin-Bahn-Wechselwirkung in dem jeweiligen System erhalten [81].
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1.3 Ultrakurze optische Anregungen und spinaufgelöste
nichtlineare Photoemission

Der bekannte äußere photoelektrische Effekt kann durch die Energieübertragung einzelner Licht-

quanten auf die Elektronen erklärt werden [82]. Die Möglichkeit von Prozessen bei denen nicht

nur ein einzelnes Photon, sondern gleichzeitig zwei oder mehrere Quanten ausgetauscht wer-

den, wurde durch M. Göppert-Mayer [83, 84] schon Anfang der 1930iger Jahre beschrieben. We-

gen der niedrigen Wahrscheinlichkeit dieser Mehrquantenprozesse und der dafür notwendigen

Strahlungsintensitäten wurden solche Prozesse jedoch erst mit der Erfindung des Lasers regelmä-

ßig beobachtbar. Die ersten Messungen nichtlinearer Photoemission wurden von Teich et al. [85]

berichtet. Laser liefern aber nicht nur hohe Intensitäten, sondern ermöglichen über die Erzeu-

gung kurzer Lichtpulse auch den Zugang zu dynamischen Prozessen. Durch die Entwicklung der

Femtosekundenlaser als „Blitzlicht“ seit den 1980er Jahren ist die Zeitskala von chemischen Re-

aktionen zwischen 10fs und 10ps direkt in der Zeitdömane zugänglich geworden [86]. Die kür-

zesten Laserpulse sind heutzutage nur noch wenige optische Zyklen lang [87]. Diese Pulse sind

der Ausgangspunkt zum Erreichen der Attosekundenzeitskala (10−18s), mit der ein direkter Zugang

zur Elektronendynamik in Atomen und Festkörpern prinzipiell in Reichweite gekommen ist [88].

Die direkte Kontrolle über niederenergetische kollektive Anregungen in Festkörpern ermöglichen

heutzutage starke Femtosekundenpulse im THz-Frequenzbereich, womit auch kollektive magne-

tische Anregungen [89] steuerbar sind.

In nichtlinearen Photoemissionsprozessen spielen die besetzten Ausgangszustände, die anfäng-

lich unbesetzten Zwischenzustände und die photoemittierten Endzustände eine zentrale Rolle,

sowie die durch die ultrakurzen, hochintensiven optischen Pulse erzeugte Kopplung zwischen die-

sen Zuständen. Die Besonderheit von Mehrphotonenprozessen liegt in der Möglichkeit, über Mes-

sungen mit verzögerten Pulsen direkt Zugang zum zeitlichen Verhalten des angeregten Systems

zu bekommmen („pump-probe“ Experimente). Hier hat insbesondere die Zweiphotonenphoto-

emission (2PPE) bedeutende Einblicke in die Zerfalls- und Dekohärenzzeiten angeregter Elektro-

nen an Oberflächen ermöglicht [90–92]. Eine große Gruppe von Experimenten untersuchte dabei

Bildpotentialzustände an Metalloberflächen. Diese Zustände zeigen wegen ihrer weitgehenden

Entkopplung von den Volumenzuständen relative lange Lebensdauern und sie sind wegen ihres

physikalisch klaren Bildungsmechanismus [93] wichtige Modellsysteme für Elektronendynamik

an nichtmagnetischen und magnetischen Festkörperoberflächen [90, 91, 94–97].

Gegenüber der linearen Photoemission spielen in der Mehrphotonenphotoemission auf der einen

Seite die Zwischenzustände eine zentrale Rolle, auf der anderen Seite muss auch die zeitliche

quantenmechanische Entwicklung der Anregung durch ultrakurze Pulse direkt in Betracht ge-

zogen werden. Eine Beschreibung nach Fermis Goldener Regel wie in (1.4) reicht deswegen im

Allgemeinen nicht aus. Eine allgemeine Methode für die Beschreibung der Zeitentwicklung quan-

tenmechanischer Systeme in Wechselwirkung mit externe Freiheitsgraden ist der Dichtematrix-
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formalismus [98–101]. Damit ist es möglich, die Kopplungen zwischen elektronischen Zuständen

und dem optischen Anregungsfeld, sowie die Wechselwirkung mit den zusätzlichen externen Um-

weltfreiheitsgraden explizit zeitabhängig in Betracht zu ziehen [91,102–107]. Für nichtlineare Pho-

toemissionsexperimente wird in vielen Fällen eine semiklasssische Behandlung genutzt, bei der

die elektronischen Zustände quantisiert sind, aber die Strahlung als klassisches elektrisches Feld

betrachtet wird.

Für die Klärung der später benutzten Nomenklatur soll als einfachstes Beispiel der 2PPE-Prozess

dienen, an dem drei Zustände beteiligt sind. Eine verallgemeinerte Diskussion für 3PPE findet

sich in den Ergebnissen in [AW 5.1]. Das betrachtete System besteht aus drei orthonormalisierten

Zuständen (〈a|b〉 = δab), welche jeweils den Ausgangszustand |i 〉, den Zwischenzustand |m〉 und

den Endzustand | f 〉 repräsentieren, die bei den Energien εi ,m, f liegen. Der Dichteoperator ρ̂ eines

Dreiniveausystems ist:

ρ̂ =



ρi i |i 〉〈i | ρi m |i 〉〈m| ρi f |i 〉〈 f |

ρmi |m〉〈i | ρmm |m〉〈m| ρm f |m〉〈 f |

ρ f i | f 〉〈i | ρ f m | f 〉〈m| ρ f f | f 〉〈 f |


(1.16)

ρi i (t =−∞) = 1

Die Diagonalelemente beschreiben dabei die Besetzungen der jeweiligen Zustände, die Nichtdia-

gonalelemente beschreiben Überlagerungen von Zuständen, welche für Interferenzeffekte verant-

wortlich sind [98]. Das Matrixelement ρi i ist dabei dunkelgrau unterlegt, um seine Rolle als ein-

ziger besetzter Ausgangszustand zu betonen, mit ρi i = 1 ohne Laserpuls zur Anfangszeit t =−∞.

Die beobachteten Photoelektronen N (ε f ) bei der Energie des Endzustandes werden im Dichte-

matrixformalisums über die Spurbildung nach Anwendung eines der Observable entsprechenden

Operators F̂ und der Integration über die Zeit (Pulsdauer) beschrieben:

N (E f ) =
∫ +∞

−∞
d t Tr{F̂ ρ̂(t ,E f )} (1.17)

Die explizite Form des Operators F̂ ist hier relativ einfach, da wir im Prinzip nur ρ f f messen wol-

len: F̂ = | f 〉〈 f |. Diese Besetzung kann letztendlich nur aus dem Ausgangszustand kommen. Dies

passiert während der Zeitentwicklung des Systems unter Einwirkung der einfallenden Strahlung.

Die entsprechende Entwicklung des Dichteoperators ist durch die Liouville - von Neumann Glei-

chung gegeben [91, 99, 103, 104, 106]:
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dρab

d t
=− i

~
〈a|[ĤS + V̂I , ρ̂

] |b〉−Γabρab (1.18)

(a,b = i ,m, f )

Dabei ist ĤS der Hamiltonoperator des ungestörten Systems und V̂I der Wechselwirkungsoperator

(vgl. (1.5)), der die optischen Kopplungen liefert und letztendlich Intensität von einem Dichtema-

trixelement zu einem anderen transferiert. Die Dipolnäherung für V̂I führt zu den Dipolmatrix-

elementen µab welche die Stärke der Kopplung zwischen zwei Zuständen |a〉 und |b〉 durch ein

klassisches elektrisches Feld mit Amplitude E(t ) angeben. In einem Festkörper wird das interne

elektrische Feld, das zur Anregung der Photoemission führt, durch die kollektive optische Antwort

des Systems zeitabhängig beeinflusst, was durch z.B. eine komplexe frequenzabhängige Antwort-

funktion berücksichtigt werden kann [108].

In Gleichung (1.18) sind Γab phänomenologische Parameter, welche die zeitliche Relaxation des

Systems zurück zum Gleichgewicht durch Energie- und Impulsaustausch mit externen Freiheits-

graden beschreiben. Die Diagonalelemente Γaa beschreiben den Zerfall der Besetzungszahl von

Zuständen, während die Nichtdiagonalelemente Γab den zeitlichen Zerfall von Überlagerungen

(Kohärenzen) zwischen Zuständen berücksichtigen. Es sind gerade die Parameter Γ und die ihnen

entsprechenden Lebensdauern und Zerfallszeiten, die z.B. in zeitaufgelösten 2PPE-Experimenten

emittelt werden sollen.

Aus Gleichung (1.18) ergibt sich durch Einsetzen der entsprechenden Operatormatrixelemente

ein System gekoppelter Differentialgleichungen für die Dichtematrixelemente ρab , welches nu-

merisch gelöst werden kann [91]. Analytische Lösungen sind für 2PPE von Dreiniveausystemen

unter kontinuierlicher Anregung bekannt [109]. Physikalisch transparent ist eine störungstheore-

tische Entwicklung von ρ̂ nach der Anzahl der Wechselwirkungen mit dem elektrischen Feld. Dies

erlaubt es, die Entwicklung endlicher Werte in den ursprünglich unbesetzten Matrixelementen

ρab als Sequenzen zu visualisieren, bei denen die Kommutatoren
[
ĤS + V̂I , ρ̂

]
in Gleichung (1.18)

rekursiv bis zu einer bestimmten Ordnung entwickelt werden. Diese Entwicklung kann über soge-

nannte doppelseitige Feynmandiagramme symbolisiert werden, welche sowohl die Zeitentwick-

lung der Populationen (Diagonalelemente von ρ̂) als auch die der Superpositionen der Zustände

(Nichtdiagonalelemente von ρ̂) berücksichtigen [99]. Ein weiterer sehr nützlicher Typ von graphi-

schen Visualisierungen der möglichen Kopplungen zwischen beliebigen Elementen ρab und ρcd

der Dichtematrix sind Liouville-Pfade (Liouville space pathways) [99]. Aus den Liouville-Pfaden

wird erkennbar, dass eine einzelne Wechselwirkung mit dem elektromagnetischen Feld jeweils

nur horizontal oder vertikal benachbarte Elemente der Dichtematrix koppelt [106]. Damit sind

mehrteilige Photoemissionspfade möglich, die eine explizite Besetzung des Zwischenzustandes

ρmm umgehen und welche für die kohärenten Photoemissionseffekte verantwortlich sind, die in

[AW 5.1] beschrieben werden.
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Im Vergleich zum Photostrom werden elektromagnetische Signale direkt von der im System in-

duzierten Polarisation ~P und damit letztendlich von Erwartungswerten des Dipoloperators µ̂ be-

stimmt: ~P =Tr[µ̂ρ̂]. Die relevanten Dichtematrixelemente sind vom Typ |b〉〈a|, also nichtdiago-

nal [99]. Damit wird ein Vorteil des Dichtematrixformalismus klar, nämlich dass sowohl die Pho-

toemission als auch die nichtlinear-optischen Signale des beobachteten Systems in einem verei-

nigten Bild über gemeinsame Parameter behandelt werden können. Wie in [AW 5.2] gezeigt ist,

können solche kombinierten Experimente zusätzliche Informationen über die optisch angregten

Zustände geben.

Elektronische Bandstrukturen in realen Festkörpern können nur in seltenen Fällen durch ein Drei-

niveausystem angenähert werden. Eine Verallgemeinerung auf bandartige Zustände kann zum

Beispiel durch Einführung von k-abhängigen Drei- oder Mehrniveausystemen erfolgen [110]. Da-

bei muss zusätzlich die Kopplung von Zuständen bei verschiedenen E und k durch elastische und

inelastische Streuprozesse berücksichtigt werden. Hieraus resultiert die extrem steigende Kom-

plexität einer ab-initio Behandlung der nichtlinearen Photoemission in Festkörpern gegenüber

der linearen Photoemission.

Ebenso vernachlässigt wurde in der obigen Beschreibung der Spin in den betrachteten Zuständen,

welcher ja prinzipiell durch einen spin-abhängigen Wechselwirkungsoperator V̂I , spinabhängige

Matrixelemente 〈a|VI |b〉 oder spinabhängige Streuprozesse Γab beeinflusst werden könnte. Im

allgemeinen Fall muss eine Kopplung zwischen beiden Spinreservoirs berücksichtigt werden, da

Streuprozesse mit Spinumkehr ein angeregtes Elektron im Zwischenzustand von einer Gruppe

in die andere transferieren können [72, 111]. Dazu zählt eine mögliche Aufüllung eines Zustands

|a〉 durch inelastische spinabhänge Streuprozesse aus einem anderen Zustand |b〉. Damit können

die Dynamiken der Populationen mit unterschiedlichem Spin miteinander auf komplexe Weise

verbunden sein, was die Notwendigkeit einer theoretischen Beschreibung und Modellierung ver-

deutlicht.

Spinaufgelöste 2PPE wurde bis jetzt vorwiegend zur Aufklärung der spinabhängigen elektroni-

schen Struktur und Dynamik an ferromagnetischen Oberflächen eingesetzt. Erste energie- und

zeitaufgelöste Untersuchungen dazu erfolgten 1997 von Aeschlimann et al. für die Lebensdauern

von Volumenzuständen in fcc Kobaltfilmen auf Cu(001) [112]. Die spin-integrierten Lebensdau-

ern waren dabei näherungsweise zu 1/(E −EFer mi )2 proportional, was aus der Theorie der Fermi-

Flüssigkeiten erwartet wird [113]. Aus der größeren unbesetzten Zustandsdichte und der dadurch

erhöhten Anzahl von Zerfallskanälen wird in Ferromagneten allgemein für Minoritätselektronen

eine kürzere Lebensdauer im Vergleich zu den Majoritätselektronen erwartet [114, 115]. In den

erwähnten spinaufgelösten 2PPE-Messungen [112] wurde damit übereinstimmend ein Verhält-

nis von Majoritäts- zu Minoritätslebensdauern in Co von ≈ 2 für Elektronen mit einer Energie

von 1 eV über dem Ferminiveau gefunden, das sich bei 0.6 eV auf ≈ 1.3 reduziert, mit ähnlichen

Werten auch für Eisen- und Nickelfilme [116]. Die Erzeugung von Sekundärelektronen in Aus-

tauschstreuprozessen beeinflusst dabei die gemessenen Lebensdauern bei Energien näher am
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Fermi-Niveau [117]. Mögliche Verbindungen von Spin-flip Prozessen und der Magnetisierungs-

dynamik wurden ebenfalls für Messungen an Kobaltfilmen diskutiert [118]. Durch Experimente

an verschiedenen Heusler-Legierungen wurde weiterhin der Einfluss der elektronischen Struktur

auf die spinabhängigen Lebensdauern untersucht [119].

Eine weitere Gruppe von spinaufgelösten 2PPE-Experimenten von Weinelt et al. [72,96,120] nutzte

die durch die Austauschwechselwirkung spin-aufgespaltene Bildpotentialzustände [121]. Das Bild

der kürzeren Lebensdauern für Minoritätselektronen gilt auch für diese Zustände, und wegen des

gegenüber Volumenzuständen reduzierten Phasenraumes können die entsprechenden Streupro-

zesse sehr definiert untersucht werden. Für die Bildpotentialzustände an Eisen- und an Kobalt-

oberflächen wurden dabei ähnliche Lebensdauerverhältnisse gefunden, wie schon für die Volu-

menzustände [72, 96]. Die Erzeugung von Magnonen wurde für spinabhängige quasi-elastische

Streuung und daraus folgende höhere Dephasierungsraten für Minoritäts-Bildpotentialzustände

von Fe/Cu(001) verantwortlich gemacht [72, 120]. Ebenso wurde Magnonenerzeugung auf der fs-

Zeitskala für spinabhängige inelastische Intrabandstreuung diskutiert [111]. Da die Bildpotential-

zustände an die Volumenbandstruktur gekoppelt sind, können sie als Sensor für die Oberflächen-

und Volumenmagnetisierung dienen, zum Beispiel über die Analyse der Spinpolarisation in Ab-

hängigkeit von der Photonenenergie und der Polarisation der anregenden Strahlung [122]. Spin-

Bahn-Kopplungseffekte in besetzten elektronischen Zuständen waren in diesen Experimenten

ebenfalls messbar [123].

Weitere Systeme die mit spinaufgelöster 2PPE untersucht worden sind, beinhalten organische

Schichten auf ferromagnetischen Oberflächen. Hier wurde der spinabhängige Transport von Pho-

toelektronen durch die Grenzfläche analysiert [124]. Mit Bezug zur Magnetisierungsdynamik un-

ter optischer Anregung untersuchten Scholl et al. Nickelfilme auf Ag(001) [125], allerdings ohne

Energieauflösung spezifischer elektronischer Zustände. Für das wichtige Modellsystem der Alkali-

Adsorption sind spinabhängige Lebensdauern für Adsorbate auf ferromagnetischen Oberflächen

zu erwarten und wurden für Cs/Fe(110) theoretisch vorhergesagt [126].

Im Vergleich zu 2PPE Experimenten haben Prozesse höherer Ordnung und spin-aufgelöste nicht-

lineare Photoemissionsprozesse an nichtmagnetischen Festkörperoberflächen bisher vergleichs-

weise weniger Aufmerksamkeit erfahren. Dies liegt in der hohen benötigten Anregungsintensität

und in den niedrigen Photoemissionsintensitäten begründet, welche zum Beispiel durch Raum-

ladungseffekte von Photoelektronen der Prozesse niedrigerer Ordnung überlagert und verwischt

werden können [127–137]. Weiterhin können selbst durch relativ niedrige Laserintensitäten schon

nicht-photoelektrische Prozesse über Plasmonenanregung und mögliche Tunnelemission verur-

sacht werden, die zu einer direkten Beschleunigung von Elektronen durch das elektrische Feld auf

mehrere hundert Elektronenvolt führen [130, 138]. Deswegen sind die Mechanismen der nichtli-

nearen Photoemission höherer Ordnung an Festkörperoberflächen bisher wenig untersucht wor-

den, insbesondere in welchem Ausmaß diese Effekte durch die elektronische Bandstruktur des

Festkörpers und seiner Oberfläche beinflusst sind. Diese offenen Fragestellungen werden mit
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den vorliegenden Arbeiten erforscht, und insbesondere werden die Untersuchungen auf spin-

abhängige Prozesse höherer Ordnung fokussiert.



2. Spinaufgelöste Nichtlineare Photoemission 19

2 Spinaufgelöste Nichtlineare Photoemission

In diesem Kapitel werden die experimentellen Grundlagen für die hier vorgestellten Arbei-

ten erläutert. Es handelt sich im wesentlichen um ein Femtosekunden-Lasersystem, welches

mit einer Ultrahochvakuum-Oberflächenanalyseanlage zur Probenpräparation und für spin-

augelöste Photoemissionsmessungen gekoppelt ist. Die UHV-Kammer beinhaltet eine Ar-Ionen-

Sputterquelle, einen Auger-Analysator (Staib), sowie ein LEED-System (low energy electron dif-

fraction, Omicron SpectaLEED) und einen Phosphorschirm für die Beobachtung von Elektronen-

beugung bei streifendem Einfall (medium energy electron diffraction, MEED) zur Kontrolle des

Schichtwachstums ultradünner Filme. Die Photoelektronenspektren werden mit einem elektro-

statischen Energieanalysator gemessen (Focus CSA 300), der sich in der gleichen Kammer befin-

det. Dies ermöglicht es, Photoemissions- und nichtlinear-optische Messungen direkt bei zeitab-

hängigen Wachstums- oder Adsorptionsprozessen durchzuführen.
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Abbildung 2.1: Prinzipskizze des experimentellen Aufbaus zur spinpolarisierten Mehrphotonen-
Photoemission und nichtlinearer Optik. Pulse mit einer Zentralwellenlänge von 400 nm (≈3 eV)
und einer Dauer von ≈18 fs können mittels eines Mach-Zehnder-Interferometers zueinander
verzögert werden. Polarisationsoptik ermöglicht die Nutzung zirkular oder linear polarisierter
Laserstrahlung an der Probe. Die emittierten Photoelektronen werden mittels eines elektrosta-
tischen Energieanalysators (CSA 300) gemessen. Über Streuung an einem magnetischen Fe-
Film auf W(001) erfolgt die Spin-Analyse der Photoelektronen. Gezeigt ist die Analyse der z-
Komponente des Elektronenspins. Durch Drehen des W(001)-Kristalls um 90° kann die Spin-
Quantisierungsrichtung auch entlang der x-Richtung parallel zur Probenoberfläche gewählt wer-
den. Die reflektierten Photonen nach Erzeugung der zweiten Harmonischen bei 200 nm (surface
second harmonic generation, SSHG) werden über einen Prismenfilter und Photovervielfacher
(PMT) simultan mit den Photoelektronen detektiert.
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2.1 Femtosekunden-Lasersystem

Femtosekundenlaser als Lichtquelle für Photoemissionsexperimente liefern eine sehr hohe Inten-

sität auf einer ultrakurzen Zeitskala und können damit nichtlineare Prozesse induzieren. Die laser-

basierte Photoemission ist aber nicht nur wegen der Möglichkeit zur Beobachtung dieser nichtli-

nearen Prozesse interessant, sondern können auch für konventionelle (lineare, 1PPE) winkelauf-

gelöste Photoemissionsmessungen große Vorteile bieten. Dies liegt daran, dass der Laser auf ei-

ne kleine Fokusfläche mit hoher Photonenintensität in einer relativ schmalen Bandbreite fokus-

siert werden kann und die Polarisation von Licht bei optischen Wellenlängen kann leicht mittels

entsprechender λ/2- und λ/4-Verzögerungsplatten auf vorgegebene Werte eingestellt werden. Es

zeigt sich, dass Intensitäten erreicht werden können, die mit modernen Synchrotrons vergleichbar

sind [139, 140]. Die hohe Brillianz ist insbesondere für lokale Messungen mit dem Impulsmikro-

skop (siehe unten) von Vorteil.

Das genutzte Lasersystem (Abb. 2.1) besteht aus einem Titan-Sapphir Oszillator, dessen Laser-

pulse eine Zentralwellenlänge um 790nm und eine Zeitdauer unter 10fs haben. Die mittlere Lei-

stung bei 81MHz Repetitionsrate beträgt / 1W. Die Photonenenergie der Ausgangspulse wird in

einem β-BaB2O4 (BBO) Kristall über den nichtlinear-optischen Effekt der Erzeugung der zwei-

ten Harmonischen verdoppelt. Die zentrale Photonenenergie der so enstandenen Pulse kann von

etwa hν = 2.99eV bis 3.15 eV durch Änderung des Phasenanpassungswinkels des BBO-Kristalls

verändert werden. Durch einen weiteren Frequenzverdopplungsschritt können dann auch Pho-

tonenenergien nahe 6.0 eV für 1PPE-Messungen erzeugt werden. Die Kombination von 2PPE bei

3 eV mit 1PPE bei 6 eV erlaubt systematische Untersuchungen zum Einfluss des Zwischenzustan-

des in 2PPE im Vergleich zum 1PPE-Prozess ohne diese Zustände (siehe [AW 5.3, AW 5.10]). Für

Untersuchungen mit zeitverzögerten Pulsen wurde ein Mach-Zehnder-Interferometer (Abb. 2.1)

eingesetzt. Zur Detektion der Photonen, die durch Erzeugung der zweiten Harmonischen (surface

second harmonic generation, SSHG) von 400 nm zu 200 nm an der Probenoberfläche entstehen,

wurde ein Filteraufbau aus vier CaF2 Prismen genutzt, in welchem die Lichtwellenlängen räumlich

dispersiv getrennt und blockiert werden können so dass nur noch die Photonen bei 200 nm mit ei-

nem Photoelektronenvervielfacher detektiert werden. Bei der Photonenenergie von hν = 3.07eV

war die Pulslänge an der Oberfläche ≤ 20 fs. Die Spitzenintensität der Laserpulse auf der Probeno-

berfläche liegt in der Größenordnung von 10 GW/cm2, und die gemessenen Probenströme etwa

bei 1 nA, was weniger als 100 emittierten Elektronen pro Puls entspricht. Raumladungseffekte kön-

nen bei den mit dem Laseraufbau produzierbaren Intensitäten durchaus signifikant sein. In den

jeweiligen Experimenten wurde deswegen immer sichergestellt, dass diese Effekte die Photoelek-

tronenspektren nicht messbar beeinflussen.
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Abbildung 2.2: Links: Zeichnung der Hauptteile des Spinanalysators. (L1,L2,L3) elektrostatische
Linsen, (W) W(001) Kristall, (M) Elektromagnet, (H) Halter (rotier- und kippbar) für W, M und das
Heizfilament , (Ch B) Channeltron für die von W reflektierten Elektronen, (Ch D) Channeltron für
nicht-spinaufgelöste Messungen mit H in der Position unter der Eisenquelle (Fe). Rechts: Foto des
Spinanalysators im ausgebauten Zustand

2.2 Elektronen-Spin-Analysator

Originalveröffentlichung: [AW 5.5]

Die spinabhängige Reflektion an Eisenoberflächen wurde wegen ihrer außergewöhnlich hohen

Effektivität zur Nutzung in Spin-Analysatoren vorgeschlagen und in der Folge wurden von ver-

schiedenen Gruppen entsprechende Polarimeter konstruiert: Ein Typ basiert auf Fe(001)-Filmen

(Dicke > 3000Å) auf MgO(001) [141, 142], ein anderer auf ultradünnen Fe(001)-Filmen auf Ag(001)

[143, 144].

Wegen der relativ einfachen Präparationsmethode von Wolfram W(001)-Substraten durch kurzzei-

tiges Heizen auf hohe Temperaturen von etwa 2000°C wurde am MPI Halle der Weg über Fe-Filme

auf dieser Unterlage gewählt. Der Detektor wurde so entworfen, dass er an einen kommerziellen

Elektronen-Energieanalysator angeschlossen werden kann. Dabei handelt es sich um einen zy-

lindrischen Sektoranalysator Focus CSA300, der zu einer Ablenkung der Elektronen um 90° führt,

was die Detektion der Spinkomponente senkrecht zur Oberfläche der Probe (z-Richung in Abb.

2.1) sowie einer weiteren Komponente parallel zur Oberfläche ermöglicht (x-Richung in Abb. 2.1).

Die Energieauflösung in den hier vorgestellten spinaufgelösten Experimenten lag bei 100 meV.

Die Quantisierungsachse des Spin-Analysators ist durch die Richtung der Magnetisierung M des
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Eisenfilms gegeben. Der streuende Kristall und damit die Quantisierungsrichtung kann mecha-

nisch über eine Drehdurchführung justiert werden. Die Kalibrierung des Spindetektors erfolgte

über Vergleichsmessungen an bekannten Systemen von ferromagnetischen Filmen.

Die Dimensionen des Analysators betragen etwa 20x20x60cm3, damit ist das Gerät leicht in be-

stehende UHV-Aufbauten zu integrieren. Außer für die Elektronenstoßheizung wird keine Hoch-

spannung benötigt. Die statistische Gütezahl F des Spinanalysators wurde als 0.002 abgeschätzt,

was eine wesentliche Verbesserung gegenüber anderen Typen von Spindetektoren bedeutet. In

der Zwischenzeit wurde ein weiterer Fe(001)-Spindetektor mit sogar noch besserem F von etwa

0.02 von Okuda et al. [145] vorgestellt, was das Potential dieses Systems verdeutlicht. Eine weitere

Gruppe nutzt die Austauschstreuung an Co/W(110) in einem Flugzeitspektrometer [146].

Ein wesentlicher Vorteil des hier benutzten Spinanalysators ist seine lange Standzeit, die durch

die chemisch inaktive O/Fe(001)-Oberfläche gewährleistet wird. Spinaufgelöste Messungen sind

damit über einen Zeitraum von mindestens 2 Wochen ohne Neupräparierung des Fe-Films und

ohne wesentliche Änderung der Spinsensitivität möglich.

2.3 Impulsmikroskop

In Photoemissionsexperimenten basiert ein wesentlicher Informationsgehalt auf der möglichst

hochaufgelösten Detektion der Energie und der Emissionsrichtung der Photoelektronen. Insbe-

sondere spiegeln sich in der Winkelverteilung der emittierten Photoelektronen diejenigen Effek-

te wieder, welche mit der Symmetrie der relevanten elektronischen Zustände unter dem Einfluss

der Polarisation der anregenden Strahlung zusammenhängen. Die entsprechenden Experimente

profitieren somit sehr von einer Paralleldetektion von Elektronen bei verschiedenenen Emissi-

onswinkeln und/oder verschiedenen kinetischen Energien. Dies wird in herkömmlichen hemi-

sphärischen Analysatoren meistens durch die zweidimensionale Elektronendetektion mittels ei-

nes Multichannelplates (MCP) realisiert, wobei eine Richtung energie- und die andere winkeldi-

spersiv (~k||) arbeitet. Damit bildet man eine skalierte E(~k||)-Dispersion der Photoelektronen in ei-

nem mehr oder weniger ausgedehnten E und~k||-Bereich ab. Aktuelle hemisphärische Analysato-

ren erreichen hier einen detektierten Öffnungswinkel von bis zu 60° bei einer Auflösung von weni-

gen meV (z.B. Scienta EW4000 [147], SPECS PHOIBOS 150 WAL [148]). Andere elektrostatische An-

sätze können ausgedehnte zweidimensionale Winkelverteilungen abbilden („Display-type“ Ana-

lysatoren) [149, 150].

Eine andere sehr effektive Methode besteht in der Kopplung eines Photoelektronen-

Emissionsmikroskops mit nachfolgender Energieanalyse [152]. Das Arbeitsprinzip des PEEM

mit einer hohen Absaugspannung im Bereich mehrerer kV bringt eine mögliche Detektion quasi

aller in den Halbraum über der Probe emittierten Elektronen mit sich. Die Elektronenoptik eines

PEEM kann eine Ortsabbildung mit Auflösungen bis in den Bereich weniger Nanometer reali-
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Abbildung 2.3: Prinzipskizze
des Impulsmikroskops zur
Messung von energiegefilterten
Winkelverteilungen emittierter
Photoelektronen [151].

sieren. Bildet man jedoch die Fourier-Ebene des Objektivs ab, erhält man eine direkte Messung

der relativen Intensität der zum Bild beitragenden Elektronen nicht im Ortsraum I (x, y), sondern

im Impulsraum I (kx ,ky ) der Wellenzahlvektoren parallel zur Oberfläche. Dies ist die wesentliche

Idee hinter dem Impulsmikroskop [151, 153, 154], dessen Aufbau in Abbildung 2.3 schematisch

gezeigt ist. Das Impulsmikroskop arbeitet dabei besonders gut in Kombination mit einem Laser

als Anregungsquelle für die Photoelektronen zusammen, da das Anregungslicht sich sehr genau

in den begrenzten Analysebereich (Durchmesser ≈100µm) fokussieren läßt und somit eine effi-

ziente Detektion fast aller überhaupt bei einer gewählten Energie (Energieauflösung ≈100 meV)

emittierten Photoelektronen möglich ist. Die Energieanalyse der Photoelektronen erfolgt dabei

nach dem Durchlaufen der PEEM-Optik über zwei hintereinander geschaltete hemisphärische

Analysatoren, wobei der erste zur eigentlichen Energiefilterung dient, während der zweite die

dabei entstehenden Abbildungsfehler korrigiert. Im Rahmen dieser Arbeit wurde das Impuls-

mikroskop benutzt, um die Ergebnisse der bisherigen Studien durch zusätzliche Messungen in

einem weiten (kx ,ky )-Bereich zu komplementieren (siehe Abschnitt 3.3).
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3 Ausgewählte Ergebnisse

3.1 Elektronische Bandstrukturinformation über kohärente
Mehrphotonen-Resonanzen

Originalveröffentlichungen: [AW 5.1], [AW 5.2], [AW 5.3], [AW 5.4]

Nichtlineare optische Anregungen an Festkörperoberflächen hängen sehr empfindlich von der

vorliegenden elektronischen Struktur des untersuchten Systems ab. Entsprechende Experimente

können daher wertvolle Einsichten über die relevanten elektronischen Zustände liefern. Insbe-

sondere die Cu(001) Oberfläche bietet hier besondere Bedingungen, da im Bereich der Photonen-

energie von 3 eV starke Kopplungen zwischen ganz bestimmten Zuständen stattfinden, wie unten

gezeigt wird. Dies ist experimentell sehr vorteilhaft, da 3 eV als zweite Harmonische von Ti:Sa La-

sern eine relativ leicht zugängliche Photonenenergie ist.

Viele der in dieser Arbeit vorgestellten Ergebnisse wurden an Cu(001)-Oberflächen erhalten. Kup-

fer ist eines der am besten mit herkömmlichen Photoemissionsmessungen und theoretischen

Rechnungen untersuchten Matrialien, was für die Analyse der hier erhaltenen neuen Resultate

wichtig ist. Die elektronische Bandstruktur von Cu(001) ist in Abbildung 3.1 gezeigt. Dort sieht

man die Möglichkeit einer Drei-Photonen-Resonanz, welche von den besetzten d-Bändern aus-

geht, über unbesetzte sp-Zustände und den Bildpotentialzustand. Eine solche Kombination von

Abbildung 3.1: Relativistische
Bandstruktur [155] von Cu(001)
für Normalemission entlang
Γ − X . Eine mögliche Drei-
Photonen-Resonanz bei einer
Photonenenergie nahe 3eV ist
durch senkrechte Linien nahe
des X -Punktes gezeigt. Zusätzlich
liegen der n = 1 Bildpotentialzu-
stand bei 4.04 eV [91] und eine
unbesetzte Oberflächenresonanz
bei 1eV [156] vor. Die Nomenkla-
tur ∆5
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Volumenzuständen, die in einem nichtlinearen Photoemissionsprozess mit Oberflächenzustän-

den gekoppelt sind, stellt wegen der verschiedenen Eigenschaften der involvierten Zustände ein

interessantes Modellsystem dar, welches in mehreren der folgenden Untersuchungen analysiert

wurde.

In Abbildung 3.2 werden Multiphotonen-Photoemissionsspektren für Cu(001)- und Cu(111)-

Oberflächen verglichen. Es wurden Elektronen gemessen, welche durch zwei, drei oder vier Pho-

tonen angeregt wurden. Die Energieskala ist auf das Fermi-Niveau EF bezogen. Die niederener-

getische Seite der Spektren ist durch die Austrittsarbeit von 4.6 eV für Cu(001) und 4.9 eV für

Cu(111) [91] bestimmt. Die höchsten Energien, welche durch Elektronen vom Ferminiveau durch

Absorption von zwei, drei oder vier Photonen (2PPE, 3PPE, 4PPE) erreicht werden können, sind

als vertikale Linien eingezeichnet.
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Abbildung 3.2: Nichtlineare Photoemissionsspektren von Cu(001) (scharze Quadrate) und Cu(111)
(graue Punkte). Emission senkrecht zur Oberfläche, Photonenergie hν =3.07eV, p-polarisiertes
Licht. Markiert sind Regionen die von den besetzten Zuständen aus mit jeweils 2, 3 oder 4
Photonen erreicht werden können. Es können die Multi-Photonen-Replikate des n = 1 Bildpo-
tentialzustandes (IP) und des Cu(111) Shockley-Zustandes (SS) unterschieden werden. Above-
Threshold-Prozesse werden bei Energien beobachtet, die größer sind als die Austrittsarbeit
(schwarze sebkrechte Linien) plus eine weitere Photonenenergie hν (ATP). Die Energieauflösung
war ≈100meV. Die beiden Spektren sind nicht zueinander normalisiert.
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In der 2PPE-Region von Cu(111), kann der bekannte Shockley Oberflächenzustand (SS) bei EF −
0.4 eV gesehen werden, während das Cu(001)-Spektrum keine solchen auffallenden Merkmale

zeigt. Im 3PPE-Teil beider Oberflächen sieht man den n=1 Bildpotentialzustand (IP) bei einer End-

zustandsenergie von 7.1 eV. Die Bindungsenergie der n=1 Zustände relativ zum Vakuumniveau

sind 0.59 eV für Cu(001) und 0.84 eV für Cu(111) [91]. Wegen des Unterschieds von 0.3 eV in der

Austrittsarbeit zwischen beiden Oberflächen befinden sich damit die n=1 Bildpotentialzustände

bei etwa der gleichen Energie relativ zum Ferminiveau.

Bei Energien höher als die der Bildpotentialzustände sind die Positionen des Vakuumniveaus plus

einer Photonenenergie als „ATP“ eingezeichnet. Diese Elektronen haben eine kinetische Energie,

die größer ist als eine einzelne Photonenenergie und könnten die Probe prinzipiell also schon mit

Absorption eines Photons weniger verlassen. Deswegen wird dieser Effekt als „above threshold

photoemission“ (ATP) bezeichnet. Der 3PPE-Peak des Cu(111) Oberflächenzustandes bei 8.8 eV

zeigt dies besonders klar: diese Elektronen können ja auch mit 2PPE bei 5.7 eV photoemittiert

werden. Ein ähnlicher Prozess findet zwischen dem 4PPE Bildpotentialzustand und seiner 3PPE-

Kopie bei Cu(001) statt.

Der wichtigste Effekt jedoch kann in der Intensität des 3PPE Peaks von Cu(001) relativ zu Cu(111)

gesehen werden: Das 3PPE-Signal von Cu(001) am Bildpotentialzustand hat eine höhere Intensität

als der 2PPE-Teil des Spektrums und ist auch um Größenordnungen höher als das 3PPE-Signal von

Cu(111). Im folgenden wird analysiert, wie die Cu(001) Bandstruktur einen solch effektiven 3PPE-

Prozess unterstützen kann.

Um das starke 3PPE-Signal von Cu(001) zu erklären, ist in Abbildung 3.1 die relativistische Band-

struktur für Photoemission senkrecht zur Cu(001)-Oberflächenebene (∆-Linie von Γ to X) gezeigt

(Eckardt et al. [155]). In Abbildung 3.1 ist ein Drei-Photonen-Prozess für Photonenenergien nahe

3 eV gezeigt, der von den Cu d-Bändern über die unbesetzten sp-Bänder und den n = 1 Bildpoten-

tialzustand abläuft [157]. Bei einer ausreichenden Photonenintensität ist dieser resonante 3PPE-

Prozess effektiver als der nichtresonante 2PPE-Prozess. Als besondere Beobachtung kommt hinzu,

dass der 3PPE-Peak in zwei Teilpeaks aufgespalten ist, deren relative Höhe von der Photonenener-

gie abhängt [158]

Eine theoretische Bandstruktur wie in Abbildung 3.1 kann normalerweise zwar die Lage experi-

menteller Photoemissionspeaks nicht quantitativ beschreiben [159, 160], jedoch kann man an-

nehmen, dass die Band-Dispersion näherungsweise korrekt wiedergegeben wird, bei an das Ex-

periment anzupassender Lage der kritischen Punkte an den Brillouinzonengrenzen. Dann sucht

man nach k-erhaltenden (senkrechten) Resonanzen als Funktion der Photonenenergie. Graphisch

kann dies durch Verschieben der jeweiligen Bänder erfolgen, wobei um das jeweilige Vielfa-

che der Photonenenergie verschoben wird, mit dem der Endzustand erreicht wird. Eine exakte

Mehrphotonen-Resonanz liegt dann vor, wenn sich die Bänder in einem einzigen Punkt kreu-

zen [161]. Wegen der Dispersion der Bänder erzeugt dies erhebliche Restriktionen für den relativen
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Abstand der involvierten Zustände, auf den damit durch Resonanz-Experimente zurückgeschlos-

sen werden kann.

Das Ergebnis einer solchen Analyse ist in Abbildung 3.3 gezeigt. Es wurde angenommen, daß die

beobachtete spektrale Struktur vorwiegend vom Bildpotentialzustand bei 4.04 eV [91] in Kombi-

nation mit d-Band-Ausgangszuständen mit reduzierter k⊥-Dispersion in der Nähe des X-Punktes

hervorgerufen wird. Deswegen wird in Abbildung 3.3 nach einer Zwei-Photonen-Resonanz zwi-

schen n = 1 Bildpotentialzustand und den d-Bändern gesucht. Zusätzlich können die unbesetzten

sp-Bänder Zwischenzustände bereitstellen, die gleichzeitg mit d-Bändern und dem Bildpotential-

zustand in Ein-Photonen-Resonanz sind.

Eine gute Übereinstimmung mit unseren Experimenten ergibt sich mit bekannten Literaturwer-

ten für die Lage der d-Bänder mit X5 bei -1.99eV und mit X2 bei -2.18eV [159], welche mittels kon-

ventioneller ARPES-Messungen erhalten wurden. Aufgrund der Spin-Bahn-Kopplung, spaltet das

d-Band mit räumlicher∆5 Symmetrie in zwei Bänder mit relativistischer∆5
7 und∆5

6 Symmetrie auf,

mit beobachteten experimentellen Aufspaltungen zwischen 100meV [162] und 170meV [163] na-

he des X -Punktes. Zum Vergleich beträgt der theoretische Wert 160meV [159] direkt am X -Punkt.

Das obere sp-Band lag mit X1 bei 7.67eV [159] und kann deswegen mit den hier benutzten Pho-

tonenenergien nicht resonant erreicht werden. In Abbildung 3.3 findet man zwei Dreiphotonen-

resonanzen für leicht unterschiedliche Photonenenergien hν = 2.97eV (links) und hν = 3.08eV

(rechts). Da diese Photonen gleichzeitig in den ultrakurzen Pulsen mit breitem Frequenzspektrum

vorhanden sind, werden beide Resonanzen auch zusammen im Spektrum beobachtet, wenn es

mit ausreicheder Energieauflösung gemessen wird, wie man im grau unterlegten experimentellen

Spektrum in Abb. 3.3 sieht.

Die Resultate in Abb. 3.3 beweisen den Resonanzmechanismus in 3PPE von Cu(001). Die beiden

Teile von Abb. 3.3 zeigen, dass sich bei Photonenenergien von 2.97 eV und 3.08 eV drei Bänder

nahezu schneiden. Da diese Photonenenergien 110 meV Abstand besitzen, können sie vom Spek-

trum der Laserpulse mit etwa 170 meV Bandbreite gleichzeitig angeregt werden. Der Überlapp

von drei Bändern in Abb. 3.3 bedeutet, dass nicht nur eine Zwei-Photonen-Resonanz zwischen

den d-Bändern und dem Bildpotentialzustand vorliegt, sondern dass zusätzlich ein Bereich der

unbesetzten sp-Bänder in gleichzeitiger Ein-Photonen-Resonanz sowohl zu d-Band-Zuständen

als auch zum Bildpotentialzustand I P ist. Bei Vorliegen einer solchen Situation sind die in Abb.

3.3 identifizierten k-spezifischen Drei-Photonen-Prozesse sehr bevorzugt, da in ihnen die Ener-

gieerhaltung für die Anregungsschritte d → sp → I P sowohl für die Ein-Photonen-Übergänge mit

hν als auch auch für die Zwei-Photonen-Übergänge mit 2hν näherungsweise erfüllt ist. Die bei-

den separaten Resonanzen sind durch A und B in den experimentellen 3PPE-Spektren in Abb. 3.3

markiert. In Betrachtung des relativ einfachen Modells, das auf der Band-Dispersion und der mög-

lichst guten Energieerhaltung in Einzelschritten basierte, ergibt sich eine akzeptable Übereinstim-

mung mit den gemessenen Werten für die Separation von A und B und den bei der Formierung

von A und B wirksamen Photonenenergien. Die Doppelpeakstruktur in 3PPE bei A und B in Abb.
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Abbildung 3.3: Analyse der möglichen Resonanzbedingungen zwischen den d-Band-
Ausgangszuständen (schwarz), den sp-Band-Zwischenzuständen (gepunktet) und dem Bild-
potentialzustand (strich-punkt-punkt) Die Bänder sind wie in Abb. 3.1 nummeriert. Die
d-Band-Ausgangszustände werden um 3 Photonenergien hν nach oben verschoben, die
sp-Band-Zwischenzustände um 2 hν, und der n = 1 Bildpotentialzustand um hν zur Endzu-
standsenergie. Eine Überschneidung aller Bänder würde gleichzeitige Zwei-Photonen- und zwei
Ein-Photonen-Resonanzen bedeuten. Aufgrund des breiten Pulsspektrums (≈170meV), können
zwei separate Resonanzen beobachtet werden, welche von den beiden spin-Bahn-aufgespaltenen
d-Bändern ausgehen und für hν = 2.97eV (links) und hν = 3.08eV (rechts) als Peaks A und B
im experimentellen Spektrum (grau gefüllt, für 3.04eV mittlerer Photonenenergie) gleichzeitig
beobachtet werden. Energieauflösung ≈50meV).

3.3 durch die Summe zweier Gauss-Peaks mit Breiten (FWHM) von 110 meV für (A) und 130 meV

für (B) angepasst werden, mit der Separation von 150 meV (gegenüber den im Modell abgeschätz-

ten 110 meV). Peak A ist bei einer Endzustandsenergie von 6.95 eV und Peak B bei 7.15 eV.

In Betracht der Breite des Anregungsspektrums von 170 meV ist es bemerkenswert, dass die Breite

der Peaks im 3PPE-Spektrum deutlich unter der Anregungsbreite ist [158]. Bei näherer Betrach-

tung wird eine weitere sehr interessante Eigenschaft der diskutierten Multiphotonenresonanzen

deutlich, nämlich, dass diese über den selben Bildpotentialzustand verlaufen müssen, aber in den

Endzuständen eine Doppelpeakstruktur aufgrund der verschiedenen Ausgangszustände zeigen.

Für ein Elektron, dass vor dem Übergang im Bildpotentialzustand ist und von dort aus durch ein

Spektrum von 170 meV Breite photoemittiert wird, sollte sich ein einziger Endzustandspeak mit ei-

ner minimalen Breite des Anregungsspektrums (170 meV) ergeben, aber nicht zwei Peaks, welche

auch noch schmaler als dieses Spektrum sind. Das weist auf den Einfluss von solchen Mehrpho-

tonenprozessen hin, welche nicht als schrittweise Übergänge von Elektronen von einem Niveau

zum nächsten erklärt werden können, in welchen die Information über die vorherigen Anregung-
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schritte verloren gehen würde. Diese kohärenten Anregungen können zur Analyse der elektroni-

schen Bandstruktur genutzt werden.

Der Mechanismus, welcher der Bildung der Doppelpeakstruktur und der beobachteten Peakbrei-

ten in Abb. 3.3 unterliegt, kann mittels des Dichtematrixformalismus (Abschnitt 1.3) näher analy-

siert werden, in dem die Populationen und die Superpositionen (Kohärenzen) zwischen elektroni-

schen Zuständen gemeinsam berücksichtigt werden können, jeweils in den Diagonal- (ρaa) und

Nichtdiagonalelementen (ρab) der Dichtematrix ρ [91, 103–107].

Dazu muss man annehmen, das der relevante Bereich der Cu Bandstruktur durch ein Viernive-

ausystem angenähert werden kann. Dies ist näherungsweise dadurch erfüllt, dass die Übergän-

ge nur in einem sehr eng begrenzten k-Bereich stattfinden können. Der ungestörte Hamiltonian

ĤS des Systems wird in der Basis von vier orthonormalisierten Zuständen (〈a|b〉 = δab) geschrie-

ben, welche jeweils die besetzten Ausgangszustände der d-band Bänder |i1,2〉, die unbesetzten

sp-Zustände |s〉, den Bildpotentialzustand |m〉 und den Photoemissionsendzustand | f 〉 an den

dazugehörigen Energieniveaus εi ,s,m, f repräsentieren. Diese Vereinfachung vernachlässigt (a) die

Dispersion der elektronischen Zustände mit k welche ein bedeutender inhomogener Beitrag zu

nichtresonanten 2PPE-Spektren sein kann [105] und (b) die verschiedenen Inter- und Intraband-

Relaxationsmechanismen welche Teil eines quantitativen Modells in einem kristallinen Festkör-

per sein müßten. Dieses Problem könnte zum Beispiel durch die Einführung eines Satzes von k-

abhängigen Mehrniveausystemen gelöst werden, in denen die oben erwähnten Prozesse über ent-

sprechenden Kopplungsterme berücksichtigt werden [105,110]. Weiterhin wird angenommen, das

die Störung durch den Laserpuls insgesamt als schwach beschrieben werden kann und dass die

3PPE-Prozesse unabhängig von zwei verschiedenen d-Bandzuständen |i1,2〉 ausgehen. Der Dich-

teoperator ρ̂ eines solchen vereinfachten Vierniveausystems ist:

ρ̂ =



ρi i |i 〉〈i | ρi s |i 〉〈s| ρi m |i 〉〈m| ρi f |i 〉〈 f |

ρsi |s〉〈i | ρss |s〉〈s| ρsm |s〉〈m| ρs f |s〉〈 f |

ρmi |m〉〈i | ρms |m〉〈s| ρmm |m〉〈m| ρm f |m〉〈 f |

ρ f i | f 〉〈i | ρ f s | f 〉〈s| ρ f m | f 〉〈m| ρ f f | f 〉〈 f |


(3.1)

ρi i (t =−∞) = 1

Das Matrixelement ρi i ist dabei dunkelgrau unterlegt, um seine Rolle als besetzter (d-band) Aus-

gangszustand zu betonen, es ist das einzige Matrixelement welches im Grundzustand zur Zeit

t =−∞ ungleich Null ist.

Das andere, hellgrau unterlegte Matrixelement ρ f f bestimmt das Signal, welches im Experiment
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gemessen wird: die (sehr kleine) Population die in den Endzustand angeregt wird während der

Wechselwirkung mit dem Laserpuls. Vor dem Laserpuls ist ρ f f = 0, und es erreicht einen nichtver-

schwindenden Wert durch die optische Kopplung über das elektrische Feld des Pulses E (t ) zum

Ausgangszustand über die Zwischenzustände. Wir nehmen hierbei an, das die stärksten Kopplun-

gen zwischen denjenigen Zuständen bestehen, welche etwa eine Photonenergie ~ωp voneinander

im Energieniveauschema entfernt sind:

|i 〉 ~ωp←→|s〉 ~ωp←→|m〉 ~ωp←→| f 〉 (3.2)

Beginnend bei t =−∞ für nur ρi i 6= 0 , bewirkt der Wechselwirkungsoperator V̂I (siehe Gleichung

(1.6)) die Entwicklung von endlichen Werten in den anderen Matrixelementen während der zeit-

lichen Entwicklung des Dichteoperators ρ̂. Diese Zeitentwicklung wird durch die entsprechende

Liouville - von Neumann Gleichung (1.18) beschrieben. Neben der sequentiellen Besetzung von

Populationen von einem Zustand zum nächsten (vgl. Relation (3.2)):

ρi i → ρss → ρmm → ρ f f (3.3)

existieren auch andere Beiträge, die nach ρ f f nur über die Nichtdiagonalelemente verlaufen:

ρi i → ρi s → ρi m → ρi f → ρ f f , (3.4)

Die letzteren Beiträge produzieren keine Population im Zwischenzustand |m〉 (einer Observable

Nm=Tr[|m〉〈m| ρ̂] entsprechend), da ja die ρmm (sowie ρss) gar nicht von diesen Prozessen beein-

flusst werden. Dabei muss betont werden, dass die Zwischenzustände selbst natürlich eine Rolle

in diesem Anteil der Übergänge spielen, aber nur durch ihre quantenmechanische Überlagerung

mit anderen Zuständen (Dipolmoment) und nicht dadurch, dass man eine Population in ihnen

mit der Observable Nm messen könnte. Diese Interpretation zeigt, dass in den experimentellen

Daten der Anteil der kohärenten Kopplung der d-Bandzustände an den Bildpotentialzustand die

zwei Ausgangszustandspeaks im Photoelektronenspektrum ρ f f (E) bewirkt.

Auch die reduzierte Peakbreite kann über das Dichtematrixmodell erklärt werden. Die Forde-

rung der Energieerhaltung muss streng nur für den Gesamtprozess in 3PPE erfüllt werden, bei

dem der Ausgangszustand um ~ω03 vom Endzustand entfernt ist. Alle Drei-Photonen-Prozesse

mit ~ω03 = ~ω01 + ~ω12 + ~ω23 sind im Prinzip erlaubt (mit i.a. unterschiedlichen Einzelphoto-

nenenergien ~ω01,12,23). Wenn jedoch die Anregungsenergie zusätzlich in Einphotonenresonanz

~ωR ≈ ~ω01 ≈ ~ω12 ≈ ~ω23 zwischen Niveaus in der Bandstruktur ist (vgl. Abb. 3.3), dann besteht

auch Energieerhaltung für die Zwischenschritte. Die entsprechenden Übergänge sind damit auch

wahrscheinlicher, da die Energie-Zeit-Unschärferelation den Zeitraum nicht beschränkt, in der

ein Zwischenzustand bei einer bestimmten Energie existieren kann. Insgesamt werden damit die-

jenigen Photonenenergien ~ωR aus einem breiten Spektrum herausgefiltert, welche gleichzeitig

Ein-, Zwei-, und Drei-Photonenresonanzen ~ω03 = ~(≈ ωR )+~(≈ ωR )+~(≈ ωR ) im nichtlinearen
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Abbildung 3.4: Prinzip zur Detektion von kohärenten Bandstrukturresonanzen in 3PPE über Bild-
potentialzustände an Cu(001)-Oberflächen [AW 5.4].
Links: nichtresonante k⊥-unspezifische Anregung des Bildpotentialzustandes in senkrechter
Emission (k|| = 0). Die Farben des Pfeile repräsentieren verschiedene Photonenfrequenzen im An-
regungspuls, und deren Dicke dem jeweiligen spektralen Anteil. Die Photonen wechselwirken in
beliebiger Reihenfolge in schrittweisen Anregungsschritten. Der Bildpotentialpeak ist durch die
Zentralwellenlänge des Pulses bestimmt und seine Breite durch die Breite des Anregungsspek-
trums.
Mitte: Kohärente 3PPE-Resonanzen zum Bildpotentialzustand produzieren die k⊥-spezifische
Peaks A und B . Eine feste Photonenfrequenz bestimmt den einen jeweiligen resonanten Anre-
gungspfad. Die Breite von A und B ist nicht durch die Pulsbreite bestimmt.
Rechts: Der analoge 1PPE-Prozess im gleichen Niveauschema mit Photonenenergie 3hν ist nicht
k⊥-selektiv wenn keine Resonanz zu einem Endzustand vorliegt. Der 1PPE-Prozess ist durch die
Symmetriebrechung an der Oberfläche beeinflusst.

Anregungsprozess bewirken.

Aus der Beobachtung zweier getrennter Peaks lassen sich weiter Schlüsse über die Dynamik der

Kohärenz (Dephasierungsraten) zwischen involvierten Zuständen ziehen. Dazu kann man nach

dem Model von Wolf et al. [109] die analytische Lösung für eine Dreiniveausystem anwenden. Es

stellte sich dabei heraus [AW 5.4], dass für sehr schnelle Dephasierung zwischen Bildpotentialzu-

stand und den d-Band-Ausgangszuständen nur ein einzelner Peak zu beoachten ist (wie dies nach

der Diskussion oben für sequentielle Anregungen zu erwarten wäre). Um eine Doppelpeakstruk-

tur zu beobachten, muss die Dephasierungszeit der Ausgangszustände im Bereich von etwa 10 bis

20 fs liegen, bei Annahme einer dazu im Vergleich sehr großen Dephasierungszeit im Bildpotenti-
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alzustand. Dies ist in guter Übereinstimmung mit direkt zeitabhängigen Experimenten, in denen

Cu d-Band Dephasierungszeiten von > 20 fs in der d-Band-Region nahe des X -Punktes beobach-

tet wurden [164].

Die in diesem Abschnitt vorgestellten Studien von 3PPE an Cu(001)-Oberflächen sind relevant

für die Anwendung der nichtlinearen Photoemission in der Analyse der elektronischen Struktur

mittels hochintensiver Labor-Laserquellen und beschleunigerbasierter Freie-Elektronen-Laser. Es

wurde z.B. theoretisch vohergesagt [161], dass resonante Zwei-Photonen-Photoemission den Ab-

stand zwischen elektronischen Zuständen in zwei Volumenbändern mit einer Genauigkeit liefern

könnte, die nur durch die intrinsische Energie- und Impulsverbreiterung der gekoppelten Zustän-

de begrenzt wäre. Ein bedeutender Vorteil solcher Zwei-Photonen-Messungen ist, dass der opti-

sche Anregungsschritt zwischen dem Ausgangszustand und dem Zwischenzustand nicht durch

die Symmetriebrechung an der Oberfläche beeinflusst ist [165] und damit der senkrechte k⊥-

Vektor exakt erhalten wäre. Dies würde genauere Analysen optisch angeregter Volumenbänder

ermöglichen [166]. Die Erweiterung dieser Idee auf 3PPE ist in Abb. 3.4 gezeigt, wo der qualita-

tive Unterschied zwischen unspezifischen inkohärenten Volumenanregungen im Vergleich zu k-

abhängigen Resonanzen gezeigt ist. Dabei ist eine Generalisierung auf die Nutzung verschiedener,

variabler Photonenenergien impliziert, mit denen man systematisch nach Einzelphotonenreso-

nanzen im Mehrphotonenprozess suchen kann. Die Nutzung von Mehrphotonenresonanzen bei

spezifischen k-Positionen ist ebenfalls für zeitaufgelöste Messungen relevant [92], zum Beispiel

zur Analyse von band-aufgelöster Elektronendynamik, da man gezielt auf verschiedene d-Bänder

zugreifen kann. Die hier demonstrierte kohärente Kopplung von Volumenlektronen an Oberflä-

chenzustände verbessert auch die Steuermöglichkeiten von Elektronenströmen an Oberflächen

mittels interferometrischer Methoden, da dabei die Erhaltung der Kohärenz von elektronischen

Zuständen und deren Interferenzmöglichkeit von zentraler Bedeutung ist [167, 168].
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3.2 Optische Steuerung der spin-polarisierten Photoemission
von Cu(001)

Originalveröffentlichungen: [AW 5.6], [AW5.7], [AW 5.5], [AW5.8]

Die im vorhergenden Abschnitt 3.1 diskutierten spezifischen Mehrphotonenresonanzen können

zur Steuerung der Spinpolarisation von angeregten Elektronen genutzt werden, weil die Ausgangs-

zustände in den involvierten d-Bändern durch die Spin-Bahn-Wechselwirkung beeinflusst sind

und damit spin-abhängig auf eine Anregung mit zirkular polarisiertem Licht reagieren.

Wie oben gezeigt, sind die d-Bänder in der Nähe des X-Punktes in ∆6 und ∆7 Symmetrien aufge-

spalten, mit einer Energiedifferenz in der Größe von etwa 150meV. Die spin-abhängigen Photo-

emissionsintensitäten können dann anhand von optischen Auswahlregeln für elektronische Zu-

stände unter Spin-Bahn-Kopplung analysiert werden [169]. Wenn sowohl die Photoemission als

auch der Strahlungseinfall senkrecht zur Oberfläche stattfinden, müssen die Endzustände die

Symmetrie ∆1
6 haben1. In diese Zustände werden durch rechts-zirkular polarisiertes Licht unter-

schiedlich spin-polarisierte Elektronen aus den beiden Ausgangszustandssymmetrien angeregt

(entsprechend umgekehrt für links-zirkular polarisiertes Licht) [169]:

|↑〉 :∆5
7 →∆1

6 (3.5)

|↓〉 :∆5
6 →∆1

6 (3.6)

Diese Auswahlregeln bleiben für die hier untersuchten Fälle auch für nicht-senkrechten Lichtein-

fall und nicht-senkrechte Emission näherungsweise bestehen [170].

Im Rahmen der vorliegenden Arbeit wurde untersucht, wie die mittels zirkular polarisierten

Lichts angeregte Spin-Polarisation in Drei-Photonen-Photoemission experimentell gesteuert wer-

den kann. Die durchgeführten Experimente lassen sich dabei in drei Gruppen unterteilen, die in

Abbildung 3.5 anhand von schematisch vereinfachten Bandstrukturen gezeigt sind:

1. Prinzip A: Änderung der Anregungs-Photonenenergie zur Steuerung der Kopplung an un-

terschiedliche d-Band-Zustände,

2. Prinzip B: Verschiebung des Energieniveaus des Bildpotentialzustandes durch Änderung der

Austrittsarbeit über Cs-Adsorption.

3. Prinzip C: Detektion für nicht-senkrechte Emission (k|| > 0) unter Ausnutzung der Dispersi-

on der beteiligten Zustände.

1Die Nomenklatur ∆1
6 beschreibt Zustände mit ∆6 Doppelgruppensymmetrie, deren räumlicher Anteil ∆1-Symmetrie

besitzt [169].
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Abbildung 3.5: Prinzipien der optischen Anregung spin-polarisierter Elektronen in der Bandstruk-
tur von Cu(001) [AW 5.8]
(A): Änderung der Anregungs-Photonenenergie zur Steuerung der Kopplung an unterschiedliche
d-Band-Zustände,
(B): Verschiebung des Energieniveaus des Bildpotentialzustandes durch Änderung der Austritts-
arbeit über Cs-Adsorption.
(C): Detektion für nicht-senkrechte Emission (k|| > 0) unter Ausnutzung der Dispersion der betei-
ligten Zustände.
In allen drei Teilabbildungen symbolisieren die Pfeile an den Ausgangszustandsbändern den spin-
selektiven Anregungsprozess mit zirkular polarisiertem Licht und nicht eine etwaige vorhandene
Spinpolarisation dieser Bänder.

Die erste Gruppe von Experimenten (Prinzip A) nützt die Photonenenergieabhängigkeit der

Mehrphotonenresonanzen auf einer reinen Cu(001)-Oberfläche. Dies ist in Abb. 3.5A gezeigt, wo

man sieht, dass für zirkular polarisiertes Licht eine Umkehrung der Spinpolarisation stattfinden

kann, weil die Mehrphotonenresonanz für kleinere Photonenenergien von den besetzten d-Band-

Zuständen mit∆5
7 und dann für größere Photonenenergien zu den∆5

6 bei größeren Bindungsener-

gien wechselt und damit nach den Auswahlregeln (3.5) und (3.6) entgegengesetzte Spinkompo-

menten ausgewählt werden. Die experimentellen Untersuchungen in [AW 5.6] bestätigen diese

theoretischen Erwartungen. Als Beispiel ist dazu im linken Teil von Abb. 3.6 gezeigt, dass sich bei

Umkehrung der Photonenhelizität das spin-polarisierte 3PPE-Signal ebenfalls umkehrt, wie dies

nach den optischen Auswahlregeln zu erwarten ist. Im Spektrum links in Abb. 3.6 erkennt man zu-

sätzlich, dass das 2PPE-Signal gegenüber dem 3PPE-Peak keine messbare Spinpolarisation zeigt.

Für das 2PPE-Signal sind nämlich die sp-Bänder nahe des Fermi-Niveaus als Ausgangszustän-

de wirksam, und diese zeigen keine relevanten Spin-Bahn-Kopplungseffekte. Im rechten Teil von

Abb. 3.6 ist gezeigt, wie bei Änderung der Photonenenergie um nur 140 meV von 3.14 eV zu 3.00 eV
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Abbildung 3.6: Optische Anregung spin-polarisierter Elektronen in 3PPE von Cu(001) [AW 5.6]
Links: Partialspektren in 2PPE und 3PPE, hν=3.02 eV, rechts-zirkular polarisiertes Licht (oben)
und Spinpolarisation in Abhängigkeit von der Photonenhelizität (unten). Umkehrung der Helizität
führt zur Umkehrung der erzeugten Spinpolarisation. Wegen der vernachlässigbaren Spin-Bahn-
Wechselwirkung in den sp-Ausgangszuständen entsteht in 2PPE keine messbare Spinpolarisation.
Rechts: Spinpolarisation des 3PPE-Signals in Abhängigkeit von der Photonenenergie für rechts-
zirkular polarisiertes Licht. Durch Kopplung and verschiedene d-Bänder wechselt die Spinpolari-
sation das Vorzeichen.

die diskutierte energieabhängige Umkehrung der Spinpolarisation tatsächlich stattfindet.

Das Anregungspektrum für den 3PPE-Prozess kann sehr spezifisch über die Interferenz zweier

zueinander verzögerter optischer Pulse gesteuert werden. Ultrakurze Pulse enthalten ein verbrei-

tertes Spektrum an Photonenenergien und die Interferenz beeinflusst gleichzeitig den zeitlichen

Verlauf und das resultierende Frequenzspektrum des resultierenden optischen Feldes. Dies führt

zum Beispiel dazu, dass bei einer relativen Phasenänderung um π zwischen zwei optischen Pul-

sen jeweils der höher- oder der niederenegetische Teil des Frequenzspektrums destruktiv interfe-

riert. Damit ist eine Steuerung der spinpolarisierten 3PPE über die Kontrolle der Pulsverzögerung

möglich. Dies ist in Abb. 3.7 gezeigt. Im linken oberen Teil sieht man, wie die beobachtete Spinpo-

larisation als Funktion der Pulsverzögerung variiert. Im Extremfall kehrt sich die Spinpolarisation

nahe einer Verzögerung von etwa 15 fs innerhalb eines optischen Zyklus von -20% auf +40% um.

Für eine Phasenänderung von 10.75 zu 11.25 optischen Zyklen ist im unteren Teil von Abb. 3.7

gezeigt, wie sich das nichtspinaufgelöste Photoemissionssignal gegenüber einer Verzögerung von

Null zwischen den Pulsen ändert. Dies führt zu einer Änderung der Spinpolarisation nach dem

photonenenergieabhängigen Mechanismus von Abb. 3.5A.

Über Prinzip B in Abb. 3.5 kann man die Abhängigkeit der elektronischen Struktur an der Cu(001)-
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Abbildung 3.7: Interferometrische Steuerung der Anregung spin-polarisierter Elektronen in 3PPE
von Cu(001) [AW 5.7]
Links: Interferenz zweier gegeneinander verzögerter optischer Pulse steuert das Frequenzspek-
trum der 3PPE-Anregung und führt zur Betonung jeweils entegengestzt spin-polarisierter Reso-
nanzen für eine relative Phasenänderung von π (unten: 10.75 gegenüber 11.25 optischen Zyklen).
Rechts: Signatur der Elektronendynamik im zeitaufgelösten 3PPE-Signal. Gegenüber dem opti-
schen Signal (surface SHG, oben) zeigt die interferometrische Korrelationskurve für die 3PPE-
Anregung (Mitte) einen klar verstärkten Anteil der verdoppelten Fundamentalfrequenz, was sich
auf die Verzögerungsabhängigkeit beobachteten Spinpolarisation (unten) auswirkt.

Oberfläche von z.B. einer Adsorbatbedeckung ausnutzen. Durch Adsorption von Cs wird die Aus-

trittsarbeit verringert, womit sich das Referenzniveau für die Bildpotentialzustände zu geringe-

ren Energien relativ zum Ferminiveau verschiebt. Bei konstanter Photoenenenergie erlaubt dies,

die Mehrphotonenresonanz von den d-Bändern bei geringerer Bindungsenergie zu denjenigen in

größerem Abstand zum Ferminiveau zu verschieben. Damit einher geht folgerichtig eine Umkeh-

rung der Spinpolarisation der emittierten Photoelektronen im 3PPE-Peak, wie im oberen Teil von

Abb. 3.8b zu sehen ist [AW 5.11].

Im unteren Teil von Abb. 3.8b ist das Resultat von Experimenten nach Prinzip C gezeigt: die Aus-

nutzung der Dispersion der elektronischen Zustände mit der Parallelkomponente des winkelauf-

gelöst detektierten Elektronenimpulses. Dabei verhalten sich die Bildpotentialzustände wie nahe-

zu freie Elektronen mit einer in~k|| quadratischen Dispersion, während die d-Bänder eine deut-

lich weniger ausgeprägte Dispersion zeigen. Für Winkel, die nahe der Normalemission sind, läßt

sich in erster Ordnung die Dispersion der d-Bänder vernachlässigen und damit führt bei fester

Photonenenergie die Dispersion des Bildpotentialzustandes zu höheren Energien wiederum zu
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Abbildung 3.8: Vergleich ver-
schiedener Methoden zur
Anregung spinpolarisierter
Photoelektronen an Cu(001)-
Oberflächen [AW 5.8]
(a): Die Abhängigkeit der
erzeugten Spinpolarisation
für 1PPE, 2PPE und 3PPE in
Normalemission zeigt einen
sehr ähnlichen spektralen
Verlauf als Funktion der
Ausgangszustandsenergie.
(b): Cs-Adsorption erzeugt
Spinpolarisationsänderun-
gen, die einer Änderung der
Photonenenergie äquivalent
sind (oben). Für steigende
Abweichung von der Nor-
malemission an der reinen
Cu(001)-Oberfläche entsteht
eine Kopplung an andere
Ausgangszustände mit einer
veränderten resultierenden
Spinpolarisation (unten).

einem Wechsel der Mehrphotonenresonanz, diesmal vom niedrigeren zum höheren d-Band [AW

5.8]. Die effektiven Ähnlichkeiten der Resultate nach Prinzip A,B,C sind in Abb. 3.8b im Vergleich

zur reinen Cu(001)-Oberfläche in Normalemission gezeigt. Man erkennt dort auch, dass größere

Abweichungen für die winkelabhängige Spinpolarisation für Winkel > 10◦, was durch die entspre-

chend größere Änderung der Bandstruktur mit dem detektierten Impulsvektor plausibel ist.

In den für diese Arbeit durchgeführten Untersuchungen wird die zentrale Rolle der Ausgangszu-

stände für die produzierte Spinpolarisation deutlich. Demzufolge sollten sich unabhängig von der

Anzahl der Photonen, die für die Anregung relevant ist, auch ähnliche Spinpolarisationswerte er-

geben. Dies ist in Abb. 3.8a für 1,2, und 3PPE gezeigt. Die 1PPE-Resultate betreffen Messungen von

Schneider et al. mit einer Photonenenergie von 11 eV, die 2PPE-Messungen wurden für Cu(001)-

Oberflächen mit einer erhöhten Cs-Bedeckung gemacht, bei der die d-Bänder schon in 2PPE emit-

tiert werden. Man erkennt deutlich den annähernd gleichen spektralen Verlauf der Spinpolarisa-

tion in allen drei Messungen als Funktion der Ausgangszustandsenergie. Dabei muss in 3PPE die

Spinpolarisation an der Resonanzposition des Bildpotentialzustandes bestimmt werden, um die-

se Übereinstimmung zu erhalten. Wegen der Mischung von verschiedenen Übergängen in den

3PPE-Prozessen entsteht außerhalb der Bildpotentialresonanz eine komplexere Abhängigkeit der

Spinpolarisation, die nicht allein durch die Polarisation der Ausgangszustände sondern durch die
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relative Gewichtung resonanter und nichtresonanter Übergänge bestimmt ist [AW 5.8].
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3.3 Rashba-Effekt in unbesetzten Zuständen von Bi/Cu(111)

Originalveröffentlichung: [AW 5.9]

An Oberflächen von Festkörpern ist wegen der dort vorhandenen Brechung der Symmetrie des

Volumenkristalls und unter dem Einfluss der Spin-Bahn-Kopplung die Enstehung von speziell ge-

ordneten Spinstrukturen auch in nichtmagnetischen Systemen möglich. Die zu beobachtenden

Effekte sind dabei für schwere Elemente besonders ausgeprägt und zeigen sich zum Beispiel in

einer~k -abhängigen Aufspaltung des Au(111) Shockley-Oberflächenzustandes [19]. Die resultie-

rende Spin-Polarisation der Au(111) Oberflächenzustände wurde mit spinaufgelöster ARPES un-

tersucht [171] und durch theoretische Rechnungen bestätigt [172, 173]. Ähnliche Effekte treten

zum Beispiel auch bei W(110)-(1x1)H Oberflächen auf [174], an Wismut-Oberflächen [175–177]

und in Au und Ag-Filmen auf W(110) [178,179]. In magnetischen Systemen tritt eine Kombination

aus Spin-Bahn- und Austauschwechselwirkung auf, wie für Gd(0001) gezeigt wurde [180]. Potenti-

elle Effekte der Spin-Bahn-Kopplung in Graphen [181, 182] wurden ebenfalls mit spin-aufgelöster

ARPES untersucht [183–185]. Die nahezu 100%ige Spinpolarisation der durch den Rashba-Effekt

beeinflussten Oberflächenzustände auf Au(111) kann praktisch zum Beispiel zur Kalibrierung von

Spin-Detektoren genutzt werden [186].

Das Bychkov-Rashba-Modell [18] für ein 2D-Elektronengas beschreibt die Auswirkung der Spin-

Bahn-Kopplung auf die Dispersion der elektronischen Zustände in einem unmagnetischen Sy-

stem. Dabei zeigen die Zustände für Elektronen der effektiven Masse m∗ eine Aufspaltung, welche

linear von |k| abhängt und deren Größe durch den Parameter αR bestimmt ist:

E(k) = ~2

2m∗ k2 +αR |k| (3.7)

Die Spin-Quantisierungsachse liegt in diesem Modell senkrecht zu~k|| in der Oberflächenebene.

Für eine feste Energie ergibt sich eine Spinstruktur wie in Abbildung 3.10a gezeigt ist: zwei kon-

zentrische Kreise, auf denen die Spins entgegengesetzt und jeweils senkrecht zu~k|| orientiert sind.

Besonders intensiv sind auch die Oberflächenstrukturen von Bi, Pb und Sb an Cu(111), Ag(111)

und Si(111) Oberflächen mit ARPES und spinaufgelöster ARPES untersucht worden [187, 188].

Diese Experimente sind nur für die besetzten Zustände empfindlich. Nach diesen vorhergehen-

den Studien konnte im System Bi/Cu(111) das Vorhandensein von unbesetzten Zuständen ver-

mutet werden, die durch den Rashba-Effekt beeinflusst sind und welche in einem Energiebereich

liegen würden, der in unserem Experiment mit Photonen von 3 eV zugänglich ist. In der Folge

fanden wir in experimentellen 2PPE-Messungen von Bi/Cu(111) entsprechende Signaturen unbe-

setzter Zustände [AW 5.9]. Dies ist in der Abb. 3.9 durch Vergleich von 1PPE-Messungen bei 6 eV

mit 2PPE-Messungen bei 2×3.1 eV gezeigt. In den 2PPE-Messungen zeigen sich dort bei niedrigen

kinetischen Energien Zustände, deren Dispersion durch zwei entlang der~k||-Achse verschobene
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Abbildung 3.9: Identifizierung unbesetzter Zustände für Bi/Cu(111) durch Vergleich der Photoe-
mission in 1PPE (hν =6 eV, links) und 2PPE (2hν =6.2 eV, rechts) im Impulsmikroskop. Gezeigt
ist die Intensität als Funktion von k|| im Γ̄M̄-Azimuth senkrecht zur optischen Ebene, Anregung
p-polarisiert, Einfallswinkel 65°. In 1PPE ist ein sp − sp Volumenübergang sowie die besetzten
Bi/Cu(111)-Zustände (o) gekennzeichnet. In 2PPE erscheinen unbesetzte Zustände (u), die durch
zwei in k verschobene Parabeln angenähert werden können [AW 5.9]. Die einhüllenden Parabeln
kennzeichnen die Dispersion für freie Elektronen, ausgehend von der Energie die um die Austritts-
arbeit höher liegt als das Ferminiveau.

Parabeln angenähert werden kann. Diese Zustände sind in den 1PPE-Resultaten nicht sichtbar,

was darauf hinweist, dass sie unbesetzt sind und damit für den 1PPE-Prozess keine Rolle spie-

len. Dafür spricht auch die in den 1PPE-Messungen zusätzlich zu erkennende parabelartige In-

tensitätsverteilung, die durch einen sp-sp-Übergang in der Volumenbandstruktur von Cu(111)

hervorgerufen wird [158, 189]. Dieser Volumen-Übergang ist in den 2PPE-Messungen nicht mehr

dominant, was durch den Einfluss unbesetzter Zwischenzuständen and der Oberfläche und einer

damit einher gehenden wesentlich erhöhten Effizienz der Oberflächen-2PPE-Prozesse gegenüber

von Volumen-2PPE-Prozessen erklärt werden kann. Neben unserer ersten Beobachtung von un-

besetzten, durch den Rashba-Effekt beeinflussten Zuständen in Oberflächenlegierungegen von

Bi/Cu(111) wurden ein ähnlicher Effekt auch für unbesetzte Quantentopfzustände in dickeren Bi-

Filmen auf Cu(111) gemessen [190].

Eine theoretische Analyse der unbesetzten Zustände in Bi/Cu(111) erfolgte in Zusammenarbeit

mit H. Mirhosseini und J. Henk [AW 5.9]. Dabei konnten die entsprechenden unbesetzten Zu-

stände in Bi/Cu(111) identifiziert werden. In den Rechnungen wurde ebenfalls der Spincharakter

dieser Zustände analysiert. Hier ergab sich die Voraussage einer veränderten Spinstruktur in den

unbesetzten Zuständen durch Hybridisierung mit niederenergetischen Zuständen. Die resultie-

rende Anordnung der Spins ist in Abb. 3.10b im Vergleich zum Standard-Rashba-Modell daneben

in Abb. 3.10a gezeigt. In der vorhergesagten „unkonventionellen“ Anordnung sind die Spins für
~k -Vektoren in gleiche Richtungen gleich ausgerichtet, d.h. es stehen bei dem umgekehrten Vek-

tor -~k keine Zustände des gleichen Spins zur Verfügung und Streuung in diese Zustände könnte
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Abbildung 3.10: Bi/Cu(111) Theorie. Rechts: Mögliche Spinstrukturen bei konstanter Energie (a)
konventionelles Rashba-Modell, (b) durch Hybridisierung veränderte Spinstruktur. Links: k||-
Bandstruktur für Bi/Cu(111), mit den Fällen (a) und (b) für besetzte (a) und unbesetzte (b, und
Abb. 3.9) Zustände. (5.9, [191])

nur durch einen Prozess mit Spin-Umkehr stattfinden. Dies könnte für die Elektronendynamik in

diesen Zuständen von Bedeutung sein. Außerdem beruhen Vorschläge für spintronische Bauele-

mente u.a. direkt auf dem Vorhandensein der konventionellen Rashba-Struktur [192], was bedeu-

tet, dass die Möglichkeit einer veränderten Spinstruktur im jeweils vorliegenden System explizit

in Betracht gezogen werden muss. Die Wichtigkeit einer spin-aufgelösten Analyse der elektro-

nischen Zustände wird dadurch unterstrichen, dass die beiden verschiedenen Fälle die gleiche

nicht-spinaufgelöste Struktur aus zwei Kreisen bei einer konstanten Energie zeigen können, wie

in Abb. 3.10 zu sehen ist. Die Verifizierung dieser theoretischen Vorhersage zur Spinanordnung

durch spin-aufgelöste 2PPE-Messungen ist ein Ziel zukünftiger Untersuchungen.
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3.4 Magnetischer Dichroismus von angeregten
Quantentopfzuständen in Co/Cu(001)

Originalveröffentlichungen: [AW 5.10], [AW5.11]

Weil angeregte Zustände eine Schlüsselrolle in optisch gesteuerten spinabhängigen Prozessen

spielen, ist es von großer Wichtigkeit, die Spin-Bahn-Kopplung in diesen angeregten Zuständen

charakterisieren zu können. Die dazu notwendigen spektroskopischen Informationen können

insbesondere mittels einer Kombination von magnetischem Dichroismus und Zweiphotonen-

Photoemission von magnetischen Proben erhalten werden können, mit spezifischen optisch an-

geregten Zuständen als Zwischenzuständen.

In 2PPE-Experimenten wurden bis zu den hier vorgestellten Arbeiten sowohl magnetischer linea-

rer Dichroismus [123] also auch Zirkulardichroismus [193] von zwei anderen Gruppen beobachtet.

Dabei konnten jedoch die magnetisierungsabhängigen Intensitäten nicht mit spezifischen ange-

regten elektronischen Zuständen in Zusammenhang gebracht werden. Im ersten Fall beobachte-

ten Pickel et al. [123] dichroische Signale von bis zu 20%, welche mit besetzten, von der Spin-Bahn-

Wechselwirkung beeinflussten Zuständen in ultradünnen Kobaltfilmen in Verbindung standen.

Im zweiten Falle von Hild et al. [193] handelte es sich um Experimente an Heusler-Legierungen

mit einem Signal von 0.35% in nichtspektroskopischen total-yield Messungen, welche keine Iden-

tifizierung der Zwischenzustände ermöglichen.

In den Veröffentlichungen [AW 5.10], [AW5.11] wird von uns dazu im Vergleich erstmals demon-

striert, dass magnetischer Dichroismus auch zu spezifischen optisch angeregten Zuständen zu-

geordnet werden kann. Dazu dienen uns gut charakterisierte unbesetzte Quantentopfzustände

in Kobaltfilmen auf Cu(001) [194, 195], welche hier als Zwischenzustände in 2PPE-Prozessen be-

obachtet werden. Über die gezielte Änderung der Polarisation des einfallenden Lichtes können

wir das gemeinsame Prinzip demonstrieren, welches sowohl den linearen als auch den Zirkular-

dichroismus bestimmt: die Interferenz zweier optischer Anregungspfade, welche durch zwei zu-

einander orthogonale Feldkomponenten gekoppelt sind. Die experimentellen und theoretischen

Daten, die in den Studien [AW 5.10], [AW5.11] erhalten wurden, ermöglichen die Zuordnung der

Spin-Bahn-Kopplung in den Quantentopfzuständen als Ursache des beobachteten magnetischen

Dichroismus. Dies wird im Folgenden näher erläutert.

Die für die Entstehung der betrachteten Quantentopfzustände relevanten Bandstrukturen von

Kupfer und Kobalt entlang der Richtung der Cu(001)-Oberflächennormalen sind in Abb. 3.11 ge-

zeigt. Man erkennt für Kobalt einen Bereich mit elektronischen Zuständen, die in Kupfer keine er-

laubten Wellenzahlvektoren bei derselben Energie besitzen, also räumlich auf den Kobaltfilm be-

schränkt sind. Die dadurch entstehenden quantisierten Zustände sind ebenfalls in Abb. 3.11 ein-

gezeichnet, sie sind das Resultat einer theoretischen Rechnung von J. Henk für tetragonale Kobalt-

filme auf Cu(001) [196]. In der ferromagnetischen Kobaltschicht sind durch die spin-aufgespaltene
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Abbildung 3.11: Elektronische Bandstrukturen von fcc Cu (a) und tetragonalem Co (b) zur Bildung
der unbesetzten Quantentopfzustände von Co/Cu(001) (c) [AW 5.11].
Im grau unterlegten Energiebereich können sich quantisierte Zustände durch stehende Elektro-
nenwellen im Kobaltfilm formieren, da im diesem Bereich in Kupfer eine Bandlücke entlang der
∆-Linie vorliegt.

Bandstruktur Majoritäts- und Minoritäts-Quantentopfzustände unterscheidbar, die sich im Ener-

giebereich zwischen etwa 1.8 eV und 3 eV über dem Fermi-Niveau befinden.

Die energieaufgelösten 1PPE- und 2PPE-Intensitäten, die während des Wachstums der Co-

Schichten auf Cu(001) gemessen wurden, sind in Abbildung 3.12 gezeigt. Beim Vergleich der jewei-

ligen 1PPE und 2PPE-Spektren erkennt man in 2PPE eine zusätzliche Struktur, die sich mit zuneh-

mendender Filmdicke von den niedrigsten kinetischen Energien zum Ferminiveau bewegt. Ab ca.

10ML Co ist der Beginn eines zweiten, in ähnlicher Weise dickenabhängigen Zustandes zu sehen.

Diese Strukturen können als Beiträge von unbesetzten Quantentopfzuständen als Zwischenzu-

stände identifiziert werden, da die Ausgangs- und Endzustände für 1PPE bei einer Photonenener-

gie von hν und 2PPE bei 2∗hν/2 übereinstimmen. Der Energiebereich und die charakteristische

Energiedispersion der beobachteten Zwischenzustände mit der Filmdicke sind mit den Quanten-

topfzuständen im unbesetzten sp-Band von Co konsistent [194, 195]. Die generell erhöhte Inten-

sität in der Nähe des Fermi-Niveaus im Vergleich zur reinen Kupferoberfläche bei etwa 6.0 and

5.8 eV in 2PPE and 1PPE kann der hohen Zustandsdichte der besetzten Co d-Bänder zugeordnet

werden. Weiterhin zeigen die gemessenen Spektren sowohl in 1PPE als auch in 2PPE klare Oszilla-

tionen der Gesamtintensität als Funktion der Filmdicke, die mit dem Lagenwachstum der Kobalt-

filme korrelieren, mit dem für Co/Cu(001) charakteristischen anfänglichen Doppellagenwachs-

tum [197, 198]. Dabei fällt auf, dass die Intensität im 3PPE-Bereich der gemessenen Spektren in



44 3. Ausgewählte Ergebnisse

Abbildung 3.12: Experimentelle dickenabhängige Photoemissionsintensitäten während des
Wachstums von Co-Filmen auf Cu(001) und gleichzeitiger Messung von 2PPE und 3PPE (oben,
hν=3.1 eV) und dazu im Vergleich in 1PPE (unten, hν=6.0 eV) [81]. In der 2PPE-Messung ist der
Dicken- und Energiebereich für den direkten Vergleich zu 1PPE durch ein gestricheltes Rechteck
markiert.

Abb. 3.12 im Vergleich zur lagenabhängigen 2PPE-Intensität gegenphasig oszilliert. Dies kann mit

dem unterschiedlichen Einfluss der Oberflächenmorphologie auf die relevanten Emissionspro-

zesse begründet werden: In 2PPE enstehen die höheren Intensitäten durch indirekte Streuprozesse

an den nicht vollständigen Monolagen mit vielen zusätzlichen Streuzentren für die in 2PPE ange-

geregten Volumenzustände. Die beobachtete 3PPE-Intensität rührt dagegen vom n = 1 Bildpoten-

tialzustand auf der Co(001)-Oberfläche her. Die Lebensdauer von Elektronen in diesem Oberflä-

chenzustand wird von den Streuzentren in unvollständigen Monolagen verringert [199,200]. Diese

gegenläufigen Prozesse führen dann für unvollständige Monolagen zu einem Minimum der Inten-

sität in 3PPE gegenüber einem Maximum in 2PPE. Dies demonstriert die zusätzlichen Informatio-

nen über den Einfluss der Oberflächenmorphologie in Mehrphotonenphotoemissionsprozessen

die man in in-situ Messungen während des Schichtwachstums erhalten kann [81].
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Nach der Identifizierung der unbesetzten Quantentopfzustände in 2PPE wurde das Intensitäts-

verhalten unter Magntisierungsänderung in der in Abb. 3.13 gezeigten Geometrie untersucht.

Abb. 3.13a zeigt dabei das Setup für zirkular polarisiertes und Abb. 3.13b für linear polarisier-

tes Licht. Die Probenmagnetisierung M liegt für beide Typen von Messungen in der optischen

Ebene, with ±M parallel oder anti-parallel zu [110], welche die leichte Magnetisierungsachse der

Co-Filme ist. Man beachte, dass die in Abb. 3.13b gezeigte Geometrie nicht der üblicherweise ge-

nutzten Anordnung für linearen magnetischen Dichroismus entspricht, bei der M senkrecht zur

optischen Ebene liegt [169]. Das hier benutzte Setup erlaubt aufgrund der experimentell leicht

zu steuernden Polarisation des Laserlichts eine systematische Untersuchung der polarisationsab-

hängigen Effekte, die bei gleicher Lage von M hervorgerufen werden. Die Polarisationsebene des

linear polarisierten Lichts kann dazu kontinuierlich um den Winkel α relativ zur optischen Ebe-

ne OP gedreht werden (Abb. 3.13b, p: α = 0◦, s: α = 90◦) und die Photoelektronen werden in der

Richtung senkrecht zur Cu(001) Oberfläche detektiert.

In Abb. 3.13c und 3.13d sind die Endzustandsenergien der Übergänge durch den Quanten-

topfzustand und derjenigen vom Fermi-Niveau durch EQW + hν und EF + 2hν gekennzeich-

net. Als Maß des Dichroismus wird die normalisierte Intensitätsänderung A bei der Magneti-

sierungsänderung ±M benutzt, jeweils für linear (MLD) und zirkular polarisiertes Licht (MCD):

AMC D,MLD = (I+M − I−M )/(I+M + I−M ), wobei I±M die Photoemissionsintensitäten der beiden

Ausrichtungen der Magnetisierung M sind.

Die 2PPE-Spektren, welche mit linear (α = 82◦) und zirkular (σ−,σ+) polarisiertem Licht gemes-

sen wurden, sind im oberen Teil von Abb. 3.13 gezeigt, mit den dazugehörigen Asymmetriekurven

AMC D (links) bzw. AMLD (rechts). Man erkennt für zirkular polarisiertes Licht einen Dichroismus

von etwa 5% in der Nähe des Fermi-Niveaus, was mit den Beobachtungen für besetzte Zustän-

de von Pickel et al. [123] und Nakagawa et al. [201] kompatibel ist. Weiterhin erkennt man einen

vorhandenen Dichroismus von etwa 3% an der Position EQW +hν des unbesetzten Quantentopf-

zustandes. Dieses mit dem Quantentopfzustand verbundene Signal wird besonders deutlich in

den Messungen mit linear polarisiertem Licht, wo ungefähr 10% Asymmetrie an der Position des

Quantentopfzustandes bei einem Winkel von α≈ 82◦ beobachtet werden. Weitere Messungen für

unterschiedlich dicke Co-Schichten zeigen die Korrelation von spektraler Position des Quanten-

topfzustandes und dichroischem Signal von etwa 10% [AW 5.10]. Dies ist die erste Beobachtung

von magnetischem Dichroismus von optisch angeregten Zuständen in 2PPE.

Für nominell p- oder s-polarisiertes Licht beobachten wir keinen Dichroismus. Dieser erscheint

nur für eine gekippte Polarisationsebene (α 6= 0◦,±90◦,180◦) in Übereinstimmung mit generellen

Symmetrieerfordernissen [169], wie im Folgenden gezeigt wird: Da der Photoemissionsstrom ei-

ne reelle Größe ist, darf er sich nicht ändern, wenn das gesamte experimentelle Setup nach einer

Spiegeloperation an der optischen Ebene in sich selbst überführt wird. Für den Kristall selbst ist

das erfüllt, da wie in Abb. 3.13b erkennbar, der Photostrom in einer Spiegelebene des Kristalls liegt.

Eine Spiegelung an OP kehrt aber zusätzlich noch die Magnetisierung um, und ändert das Vorzei-
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Abbildung 3.13: Messungen des 2PPE-Dichroismus von Co/Cu(001). Experimentelle Anordnung
für (a) zirkular und (b) linear polarisiertes Licht. (c,d): Magnetisierungsabhängige Spektren (oben)
und Asymmetrie A für zirkularen (c) und linearen (d) Dichroismus. Der zirkulare Dichroismus
kehrt sich bei Wechsel der Helizität um (σ+, σ−). Im linearen Fall liegt maximaler Dichroismus bei
α≈ 82◦ vor, bei s- und p-polarisertem Licht entsteht keine Asymmetrie.

chen der s-Komponente des Lichts während die p-Komponente unverändert bleibt. Die Phase der

s-Komponente ändert sich also um 180° gegenüber der p-Komponente durch diese Spiegelung.

Das würde einer notwendigen Änderung von α auf −α entsprechen. Im Experiment wird α aber

konstant gehalten und nur M geschaltet, so dass eben nicht zwei äquivalente experimentelle Se-

tups vorliegen und eine Änderung des Photostroms unter alleiniger Umkehrung von M aus Sym-

metriegründen nicht verboten ist. Man erkennt, dass das unterschiedliche Verhalten der s- und

der p− Komponente des Lichts bezüglich der Spiegelebene für das Vorliegen des magnetischen

Dichroismus im Setup von Abb. 3.13 von zentraler Bedeutung ist. Dies gilt in gleicher Weise auch

für den zirkularen Dichroismus: hier ändert sich die Phase zwischen s und p ebenfalls um 180◦,

aber nicht von 0◦ auf 180◦ wie im linearen Fall, sondern von 90◦ auf -90◦. Die vorliegenden Experi-
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Abbildung 3.14: Symmetrie- und
spin-aufgelöste Bandstruktur von
tetragonalem Co [AW 5.11]. Die
Spin-Bahn-Kopplung mischt An-
teile der räumlichen ∆5-Symmetrie
zu den sp-Zuständen mit vorherr-
schender ∆1-Symmetrie (Kreise).
Der in den grau unterlegten Regio-
nen der Co-Quantentopfzustände
vorliegende∆5-Anteil (<1%) bewirkt
den beobachteten magnetischen
Dichroismus in 2PPE.

mente verdeutlichen also einen allgemeinen Fall, bei welchem zwei verschiedene Anteile kohärent

zum Photostrom beitragen und die relative Phase zwischen diesen beiden Komponenten um 180◦

geändert wird, was dann entsprechend zu Interferenzeffekten führen kann. Die Phasenänderung

passiert hier effektiv durch Umschalten der Magnetisierung, woraus eine höhere bzw. niedrigere

Intensität für M und −M resultieren. Andere Möglichkeiten dieser Phasenänderung bestehen in

Umschalten der Helizität des Lichts oder der Einstellung der linearen Polarisation von α auf −α
bei konstanter Ausrichtung der Magnetisierung M .

Die Symmetrieargumente erlauben nur festzustellen, dass der beobachtete Dichroismus prinzi-

piell erlaubt ist, aber es können keine quantitativen Aussagen gemacht werden. Inbesondere sa-

gen uns diese Symmetrieargumente nichts über die Rolle der unbesetzten Quantentopfzustände

für das Zustandekommen des beobachteten Signals. Dies kann nur über theoretische Photoemis-

sionsrechnungen unter Einbezug der elektronischen Struktur geschehen. Aus diesen Rechnun-

gen, die von J. Henk durchgeführt wurden, resultiert ein klares Bild über die jeweiligen Anteile

der Quantentopfzustände, welche jeweils auf die s und die p-Polarisationsanteile reagieren. Da-

bei handelt es sich jeweils um Anteile mit ∆1 und ∆5 Symmetrie, welche in der Bandstruktur von

Abb. 3.14 gezeigt sind. Während die ∆1 Symmetrie dominant ist, entsteht ein Anteil von ∆5 durch

Spin-Bahn-Kopplung in der durch Kreise gekennzeichneten Hybridisierungsregion [AW 5.4]. Aus

den Rechnungen kann die Größe dieses Anteils als <1% abgeschätzt werden. Dies verdeutlicht die

hohe Empfindlichkeit der eingesetzten Methode für Spin-Bahn-Kopplungseffekte in der elektroni-

schen Struktur. Wir haben damit durch die Beobachtung von magnetischem Dichroismus in 2PPE

von Co-Quantentopfzuständen gezeigt, dass selbst die relativ schwache Spin-Bahn-Kopplung in

diesen optisch angeregten Zuständen nachweisbar ist. Dies ist für zukünftige Untersuchungen von
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großer Bedeutung.
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4 Zusammenfassung und Ausblick

Die vorliegenden Arbeiten untersuchten verschiedene Manifestationen der Spin-Bahn-

Wechselwirkung in der elektronischen Struktur nichtmagnetischer und magnetischer Festkörper

in der nichtlinearen Photoemission. Es wurde gezeigt, wie durch spinaufgelöste Photoelektro-

nenspektroskopie zusätzliche Informationen über die Kopplung elektronischer Volumen- und

Oberflächenzustände erhalten werden können und wie durch eine Ausnutzung der spinabhängi-

gen Anregungsprozesse die Spinpolarisation der Photoelektronen in Mehrphotonenübergängen

gesteuert werden kann. Die nichtlineare Photoemission liefert insbesondere einen Zugang zu

Spin-Bahn-Kopplungseffekten in unbesetzten elektronischen Zuständen, wie am Beispiel des

Rashba-Effekts und des magnetischen Dichroismus von optisch angeregten Zuständen gezeigt

wurde.

Die hier vorgestellten Arbeiten bieten einen Ausgangspunkt für weitere Untersuchungen auf ver-

schiedenen Gebieten. Dazu gehört zum Beispiel die Analyse zeitabhängiger Effekte der Spin-

Bahn-Kopplung, welche für das Verständnis der Dynamik von Spins in Wechselwirkung mit wei-

teren Freiheitsgraden wichtig ist. Hier ist zum Beispiel der Impulsvektor der angeregten Photo-

elektronen interessant, auf den in winkelaufgelösten Experimenten mit dem Impulsmikroskop

(Abschnitt 2.3) zugegriffen werden kann. In Kombination mit der schon demonstrierten Möglich-

keit zur gleichzeitigen parallelen Spin- und Impulsanalyse mit einem solchen Instrument [202]

könnten so zum Beispiel Wege zur räumlich-zeitlichen Steuerung spinpolarisierter Elektronen an

Oberflächen untersucht werden.
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Resonant coherent three-photon photoemission from Cu(001)
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We demonstrate the contribution of coherent excitation pathways in three-photon photoemission from
Cu�001�. We identify separate peaks in the photoelectron spectra as originating from two specific Cu d bands
that are excited at different k points via the same unoccupied image-potential state. By model calculations we
show that our experimental observations impose lower limits on the relevant Cu d-hole dephasing time on the
order of 10–20 fs. Our findings suggest extensions to future studies in electronic structure mapping with
tunable laboratory and free-electron laser sources, exploiting possible multiphoton resonances between occu-
pied bulk and unoccupied surface states.

DOI: 10.1103/PhysRevB.80.155128 PACS number�s�: 79.60.Bm

I. INTRODUCTION

The effect of quantized energy absorption by electrons1 is
at the heart of angle-resolved photoemission spectroscopy
�ARPES� as the most general and widely employed method
for mapping the occupied electronic structure in solids.2,3 In
the simplest picture, the incident radiation induces transitions
of electrons from occupied to unoccupied single-particle
states separated by the photon energy. By invoking the laws
of energy and momentum conservation, the photoemission
process can be applied to map the occupied band structure of
solids by detecting the photoelectrons in final states above
the vacuum barrier.

A generalization of the photoelectric effect can be realized
by multiphoton processes induced by ultrashort laser pulses
of high intensity, where the occupied initial states, the unoc-
cupied intermediate states, and the coupling between them
play a central role. Especially the technique of time-resolved
two-photon photoemission �2PPE� has been used to gain in-
formation on the decay rates of electronic populations and on
the survival times of coherent superpositions of states
�“dephasing times”�.4–6 Interferometric 2PPE measurements6

have been used to determine dephasing times of quantum
coherence at metal surfaces7–9 and recently the control of
directional surface currents was also demonstrated.10 Also,
interference in 2PPE can be observed directly if several
close-lying unoccupied states are excited coherently. The
2PPE yield then can show quantum beats11 and the decay of
these beats allows us to investigate the dephasing process
between the various states due to intrinsic properties of sol-
ids and scattering with the impurities.12 More indirectly,
dephasing can also be estimated from frequency domain
measurements via its influence on the measured linewidths.5

The decisive role of dephasing processes in 2PPE is also
seen by the fact that in the total absence of dephasing, under
certain circumstances intermediate surface states should not
be observed at all because of destructive interference be-
tween different excitation pathways.13,14

As multiphoton photoemission experiments depend sensi-
tively on the wave functions and energy levels of the states
that are involved in the excitation, they are expected to pro-
vide band-structure information about occupied and unoccu-

pied states in solids with high precision.15 Because photons
in the visible and UV range cannot transfer significant mo-
mentum to the electrons, such multiphoton resonances effec-
tively proceed vertically in the electronic E�k� � band-structure
�just as optical transitions in conventional ARPES measure-
ments� and thus can be used to determine the separation of
electronic bands at specific k� points by looking for reso-
nances between the multiple states coupled by the incident
radiation. The linewidth and intensity of the observed signals
depend on the dephasing rates in the relevant states. This is
why it is important to examine the implications of coherence
in optically excited solid-state systems.

In this paper we report observations of coherent multipho-
ton photoemission that carries information about the bulk
band structure of copper by resonant excitation of electronic
bulk states through unoccupied intermediate surface states.
In a three-photon photoemission experiment from a Cu�001�
surface, we identify separate peaks in the photoelectron spec-
tra as originating from different initial state Cu d bands that
are resonantly excited at different photon energies via the
same unoccupied image-potential �IP� state. The image-
potential states reside at a fixed energy for a specific surface
parallel momentum and thus can provide a reliable reference
level. This study builds on our previous investigations where
we have demonstrated that at a Cu�001� surface, three- and
even four-photon photoemission �3PPE and 4PPE� processes
with clear band-structure-related features are in principle
observable.16 Using spin-resolved detection and circularly
polarized light for excitation, we also demonstrated that the
n=1 image-potential state on Cu�001� can be selectively
coupled to two spin-orbit split d bands belonging to different
components of the double-group symmetry17 and we showed
that it is possible to control this process18 interferometrically.
In this contribution, we will analyze the role of phase-
preserving multiphoton excitation processes in conveying
bulk band-structure information.

II. EXPERIMENTAL DETAILS

The experimental setup is the same as described
before.16,17 Compared to the previous experiments, we used
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the electrostatic electron energy analyzer in a higher energy
resolution mode of about 50 meV as was estimated from the
low-energy cutoff of the photoelectron spectra. The photo-
emission experiments were carried out in an ultrahigh-
vacuum system �pressure �5�10−11 mbar�. The ultrashort
excitation pulses were provided by the frequency-doubled
output of a self-built Ti:sapphire oscillator. The pulse central
energy could be continuously varied in the range of h�
=2.99–3.15 eV by tuning the phase-matching angle of the
frequency-doubling 80-�m-thick �-BaB2O4 crystal. At the
energy of h�=3.07 eV, the pulse length at the surface was
�20 fs and the pulse energy �1 nJ. A clean and ordered
Cu�001� surface was prepared by standard sputtering and an-
nealing procedures. The optical plane was aligned parallel to
the �100� direction. All the experiments, unless specified,
were carried out at 300 K. The electrons photoemitted along
the surface normal were analyzed by a cylindrical sector ana-
lyzer �Focus CSA300�.

III. RESULTS

In Fig. 1, we show experimental 3PPE spectra taken for
different central energies of the exciting pulse using
p-polarized excitation. We show for comparison the 2PPE
part of the spectrum on top and the 4PPE part at the bottom
of Fig. 1.16 For the 3PPE spectra, four peaks A1, B1, A2, and
B2 can be identified. An analysis of the dominating double-
peak structure A1 and B1 shows that this part of the spec-
trum can be fitted by the sum of two Gaussian peaks with
widths �full width at half maximum� of 110 meV for �A1�
and 130 meV for �B1� and a separation of 150 meV. Peak A1
is located at a final-state energy of 6.95 eV and peak B1 at

7.15 eV. Considering that the optical spectrum of the excita-
tion pulses has a width of 170 meV, the resolution of the
3PPE spectrum well below the excitation linewidth in the
three-photon absorption process is striking.

The peaks A1 and B1 obviously do not disperse notice-
ably with energy but only change their relative intensities.
This relative change is connected to an underlying overall
shift of intensity, which moves at the same rate as the photon
energy �h�.17 This shift with �h� can be clearly seen from
the position of the high-energy wings of the observed peaks.
In a �generally nonresonant� three-photon photoemission
process involving states with fixed energy �i.e., not dispers-
ing with k��, it can be expected that the position of a peak
from the initial state tunes with 3�h�, the first intermediate
state with 2�h� and the second intermediate state with
1�h�.19 In our case, tuning the photon energy causes the
disappearance of the A2 peak for photon energies larger than
3.01 eV, by the overwhelming signal from the B1 peak. From
the energy separations of 0.41eV between A1 and A2, as well
as between B1 and B2, which do not change with photon
energy, we can deduce that these features are related to the
n=1 and 2 image-potential states, respectively.5 As estimated
from the final-state energies of peaks A1 and B1 and the
known position of the n=1 image-potential state at 4.04 eV
at k� =0,5 peaks A1 and B1 correspond to separations of 2.91
and 3.11 eV from the n=1 image-potential state, respec-
tively.

To further illustrate the unusual features of the 3PPE spec-
tra, in Fig. 1 we also compare 3PPE spectra with 2PPE and
4PPE spectra, which have been shifted in energy to align the
photoemission peaks from the occupied d bands. The top
2PPE spectrum taken from a cesiated Cu�001� surface at 110
K shows only a broad structure without the splitting seen in
3PPE. In a previous 2PPE study of the d bands for Cs/
Cu�001� with even higher electron energy resolution �30
meV� and lower temperature �35 K� the distinct splitting
found in Fig. 1 could not be resolved.9 As will be explained
in detail below, this is because 2PPE using photon energies
near 3 eV is nonresonant with respect to the image-potential
states. The absence of k� selectivity that is provided by a
resonance causes a reduced energy-filtering effect with re-
spect to the initial d-band states when compared to the reso-
nant 3PPE excitation via an intermediate IP state. In contrast,
the bottom 4PPE spectrum clearly displays the spin-orbit
splitting with seemingly the same resolution as the 3PPE
peaks taking into account the reduced statistics due to a di-
minished count rate by about four orders of magnitude.16

This observation is consistent with the fact that the 4PPE
process shown proceeds via the same intermediate states as
the 3PPE process to which it is compared.

IV. DISCUSSION

A. Electronic band structure of copper

In order to interpret our experimental results, we show in
Fig. 2 the relativistic band structure of copper for the k-space
line relevant to emission along the surface normal of a
Cu�001� surface �� line from � to X� according to the cal-
culated band structure of Eckardt et al.20 We indicate a three-
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FIG. 1. Experimental spectra of the 3PPE resonance as a func-
tion of the central energy of the excitation pulse, p-polarized exci-
tation �logarithmic scale�. For comparison, the 2PPE spectrum from
cesiated Cu�001� is shown shifted upward by h� and the 4PPE peak
is shifted downward by h�. Feature C in the 2PPE spectrum near
the vacuum edge is due a background of secondary electrons which
could not be further decreased. The spectra are displaced vertically
for better visibility. They are not normalized with respect to the
laser intensity.
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photon process for photon energies near 3 eV starting from
the Cu d bands via the unoccupied sp band and the n=1
image-potential state, which has been demonstrated
previously.16 This process was shown to be very effective,
leading to a 3PPE signal higher in intensity than the simul-
taneously observed 2PPE signal, which occurs through non-
resonant pathways.

As is well known, a theoretical band structure such as
shown in Fig. 2 usually does not describe experimental pho-
toemission data quantitatively.22,23 Because of this, we as-
sume in the following that the calculation still describes the
dispersion of the bands correctly but we make the absolute
values for the critical points adjustable to known experimen-
tal data. Then we try to find k-conserving resonances in the
band structure as a function of photon energy. In a first ap-
proximation this is realized by shifting the involved bands
according to the number of photons needed to reach the
final-state energy. A strong resonance can be expected when
the initial d bands, the intermediate sp bands and the image-
potential state cross; this imposes very stringent conditions
on the relative energy separation between the involved en-
ergy levels.

Adjusting the critical points, we took the position of X4 at
1.8 eV �Refs. 24 and 25� and the d bands are assumed to
have X5 at −1.99 eV and X2 at −2.18 eV.22 Due to spin-
orbit coupling, the �5 band is split into �7 and �6 bands with
reported experimental splittings between 100 �Ref. 26� and

170 meV �Ref. 27� in the region of interest near the X point.
For comparison, the theoretical value is 160 meV �Ref. 22� at
the X point. The intermediate image-potential states are
taken at 4.04 eV for n=1 and at 4.45 eV for n=2.5 The final
sp band is assumed with X1 at 7.67 eV �Ref. 22� and thus
cannot be reached resonantly with the photon energies in our
experiment. The initial state �2 d band is neglected because
of the selection rules for photoemission in the direction of
the surface normal. The result of this shifting procedure for
two-photon energies is shown in Fig. 3.

The results in Fig. 3 strongly support a resonance mecha-
nism as responsible for the observed double-peak structure.
As we show in Fig. 3, two different resonances are present
for a pair of photon energies approximately 110 meV apart,
at 2.97 and 3.08 eV. The corresponding 3PPE processes in-
volve a two-photon resonance between one of the two d
bands and the IP state and both are near one-photon reso-
nance to unoccupied sp-band states. In view of the very
simple model, both the photon energies and the separation of
the resonances are in good agreement with the measured val-
ues. These resonances involve two initial states belonging to
spin-orbit split �5 d bands. They both proceed at different k
values via the dispersing unoccupied portion of the sp-band
states to the image-potential state. The IP state is a surface
state which by definition does not show dispersion with mo-
mentum in the direction perpendicular to the surface and thus
is drawn horizontally in the bulk band structure of Fig. 2. As
can be seen by the position of the upper unoccupied sp band
in Fig. 3 �dash dotted�, a three-photon resonance involving
final states from this band can be ruled out.

Our analysis also explains why the observed peaks do not
shift according to the number of additional photons neces-
sary to reach the final state when changing the center wave-
length of the pulse. In the present case, the relatively broad
frequency spectrum of the ultrashort pulse samples a range
of resonance conditions. As long as the photon energies of
the two most prominent resonance features are supplied by
the pulse, there will only be a change in the relative peak
amplitudes of the two features as the central photon energy
of the pulse is tuned. This obviously shows that features A
and B are not a consequence of the presence of the IP state
alone but are inherently caused by a nonlinear resonance
effect between initial, first intermediate states, and second
intermediate �IP� states. Very qualitatively, a memory of its
excitation pathway must be imparted on an electron because
it starts at a specific energy level �one of the two d bands�,
then goes through the same energy level of the IP state as the
other electrons and finally it ends up at a specific energy
again. In this sequential picture where only the actual popu-
lation of the IP state is measured by the third ionizing pho-
ton, no initial-state peaks could show up in the photoelectron
spectrum if the electrons from different initial states lose
memory of their excitation pathway in the IP state before
their final ionization. In this respect, the simple observation
of two IP-state-related peaks that do not move when the cen-
tral pulse energy is tuned is a sign of specific nonlinear-
optical pathways that cannot be pictured as sequential one-
photon transitions but that allow the electron to keep its
initial-state information as it is emitted into the vacuum.

The resonance effect also provides an effective energy
filter, which would explain why the width of the observed

FIG. 2. �Color online� Relativistic band structure �Ref. 20� of
Cu�001� with the proposed three-photon resonance for a photon
energy near 3 eV. The final photoemitted states correspond to time-
reversed low-energy electron diffraction states in the direction of
the detector, with complex wave vectors in the band gap �Ref. 21�.
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peaks A and B is smaller than the optical spectrum of the
excitation pulses. Strictly, energy conservation is imposed
only on the overall coherent 3PPE process from an initial to
a final state that are separated by 	
3. In principle all three-
photon processes that fulfill 	
3=	
0+	
1+	
2 are al-
lowed. However, if we are additionally near one-photon
resonances 	
R between dispersing levels �compare Fig. 3�,
energy conservation is also approximately fulfilled for the
intermediate levels. This favors the photon energies near the
simultaneous one-photon, two-photon, and three-photon
resonances 	
3=	��
R�+	��
R�+	��
R� and thus pro-
vides an energy-filtering mechanism.

B. Quantum mechanical model for three-photon
photoemission

In order to gain a better insight into the observed three-
photon photoemission processes, the above analysis has to be
supplemented by a more quantitative theoretical model. Two-
photon photoemission has been described in the density-
matrix formalism, where the populations of the involved
states are described by the diagonal elements �aa and the
coherences between states by the off-diagonal elements �ab
of the density matrix �.5,14,28–31 The application to three-
photon photoemission is straightforward but more involved
due to the presence of more energy levels in the system. In
order to clarify the nomenclature for the various electronic
states and processes, we give the following explicit defini-
tions which will be referred to in the discussion below.

We assume that the part of the Cu band structure that is
relevant for the observed 3PPE process can be effectively
simplified to a four-level system. The unperturbed Hamil-
tonian of the system is written in the basis of four orthonor-
malized states ��a 	b
=�ab� representing either one of the ini-
tially occupied d-band states 	i1,2
, the intermediate

unoccupied sp-band 	s
, the image-potential state 	m
, and
the final photoemitted state 	f
 at the respective energy levels

i,s,m,f. In order to keep the treatment transparent, we also
include the zero matrix elements,

ĤS =�

i 	i
�i	 0 	i
�s	 0 	i
�m	 0 	i
�f 	
0 	s
�i	 
s 	s
�s	 0 	s
�m	 0 	s
�f 	
0 	m
�i	 0 	m
�s	 
m 	m
�m	 0 	m
�f 	
0 	f
�i	 0 	f
�s	 0 	f
�m	 
 f 	f
�f 	

� .

�1�

This simplification disregards the dispersion of the electronic
states with crystal momentum k that is a major inhomoge-
neous contribution to 2PPE spectra30 and it neglects the vari-
ous interband and intraband relaxation mechanisms that
would need to be part of a quantitative theory for a crystal-
line solid-state system. This could be handled, e.g., by intro-
ducing sets of k-dependent multilevel systems with appropri-
ate couplings that represent the above effects.30,32 We also
assume weak perturbation of the system by the laser pulse,
thereby excluding effects that are typically related to signifi-
cant population transfers during the action of the pulse such
as, e.g., Rabi oscillations.33 The 3PPE processes proceed in-
dependently from either of the two different sets of initial
d-band states 	i1,2
, which are uncorrelated single-particle
states. This allows us to treat two uncoupled four-level sys-
tems instead of a five-level system with two closely spaced
initial states.

The density operator �̂ of this simplified system explicitly
expands as
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FIG. 3. �Color online� Estimation of resonance conditions for h�=2.97 eV �left� and h�=3.08 eV �right� by shifting initial and
intermediate states according to the number of necessary photons to reach the final-state energy. The bands are numbered according to Fig.
2. The crossing of initial �solid black�, first intermediate �dashed red�, and second intermediate �dash-dot-dot, blue� state bands indicates
simultaneous one-photon and two-photon resonances between one of the two d bands, the sp band, and the n=1 image-potential state. Due
to the broad pulse spectrum ��170 meV�, the separate resonances connected to the two d bands are simultaneously observed in the
experimental spectrum �solid gray, experimental data for 3.08 eV central photon energy of the laser pulse, compare with Fig. 1�.
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�̂ =�
�ii 	i
�i	 �is 	i
�s	 �im 	i
�m	 �if 	i
�f 	
�si 	s
�i	 �ss 	s
�s	 �sm 	s
�m	 �sf 	s
�f 	
�mi 	m
�i	 �ms 	m
�s	 �mm 	m
�m	 �mf 	m
�f 	
� fi 	f
�i	 � fs 	f
�s	 � fm 	f
�m	 � f f 	f
�f 	

� ,

�ii�t = − �� = 1. �2�

We emphasize that the matrix element �ii is the only nonzero
element in the ground state at time t=−�, representing the
initial population of the relevant d-band state.

The matrix element � f f determines the quantity we mea-
sure in the experiment: the �very small� population that is
transferred to the final state by the ultrashort optical pulse.
Initially, � f f =0 and it can only become nonzero due to the

coupling to the initial state via the intermediate states. This
coupling is provided by the electric field E�t� of the excita-
tion pulse. For simplicity, we assume here that the most rel-
evant couplings are between those states which are nearly a
photon energy 	
p apart in the level scheme,

	i
↔
	
p

	s
↔
	
p

	m
↔
	
p

	f
 . �3�

In the density-matrix formalism, this specific coupling is
achieved by retaining only the relevant matrix elements in
the corresponding interaction Hamiltonian Hint, with the di-
pole moments �ab describing the relative strength of the cou-
pling of 	a
 and 	b
 due to the presence of a classical electric
field with amplitude E�t� �polarization effects can be in-
cluded by vectors E� �t� and �� ab�,

Ĥint�t� = − E�t� ·�
0 	i
�i	 �is 	i
�s	 0 	i
�m	 0 	i
�f 	

�is
� 	s
�i	 0 	s
�s	 �sm 	s
�m	 0 	s
�f 	

0 	m
�i	 �sm
� 	m
�s	 0 	m
�m	 �mf 	m
�f 	

0 	f
�i	 0 	f
�s	 �mf
� 	f
�m	 0 	f
�f 	

� . �4�

For a solid-state system, the internal light field that gives rise
to photoemission is influenced by the collective optical re-
sponse of the system, which can be taken into account by a
complex response function in the frequency domain.34

Starting at t=−� from only �ii�0, the interaction Hamil-
tonian allows finite values to develop in the matrix elements
during the time evolution of the density operator �̂. This time
evolution is described by the equation of motion for the den-
sity matrix �Liouville-von Neumann equation�,5,14,28,29,35

d�ab

dt
= −

i

	
�a	�ĤS + Ĥint, �̂�	b
 − �ab�ab

�a,b = i,s,m, f� . �5�

Straightforward replacement of the definitions �1�, �2�, and
�4� in Eq. �5� results in a set of coupled differential equations
for the density-matrix elements �ab which in principle can be
numerically integrated using standard algorithms.

In Eq. �5�, the �ab are phenomenological parameters
which are introduced to account for the relaxation of the
system back to equilibrium by energy and momentum ex-
change with external degrees of freedom. In our simple pic-
ture we assume that the �ab are constants, which leads to
exponential decay behavior via the structure of Eq. �5� look-
ing like �̇�−��. Qualitatively, much more complicated dy-
namics of the excited system can result if the electronic en-
ergy levels, the dipole moments, and decay rates themselves
are functions of other degrees of freedom coupled to the
system.36

The off-diagonal elements, i.e., the coherences �ab, decay
due to the influence of the population loss rates �aa and �bb
of both involved levels and, in addition, the �ab can decay
due to the randomization of the relative quantum-mechanical

phase between the states 	a
 and 	b
. In general, the coher-
ences �ab account for interference effects in the coupling
between states 	a
 and 	b
, which will be washed out when
the phase correlation of the oscillating dipole �ab between
interactions with E�t� at points in time t1 and t2 decays to
zero.

The integrated dipole moment of an ensemble of dipoles
can decay due to disappearance of dipoles from the ensemble
�population loss rates �aa and �bb� but is also destroyed by
phase randomization between dipoles that continue with the
same strength of the oscillations but with increasingly ran-
dom phases. On the single dipole level, the required phase
jumps can happen if the quantum-mechanical superposition
of 	a
 and 	b
 that created the dipole is changing its internal
phase by, e.g., momentum scattering. The contribution that is
solely due to the phase randomization �as opposed to popu-
lation loss� is assumed to proceed with an exponential decay
rate �ab

pd determined by the interactions with the bath degrees
of freedom �“pure dephasing,” supposed to be composed of
contributions that can be ascribed to both involved states
separately like �ab

pd=�a
pd+�b

pd�,

�ab = �ab
pd +

1

2
��aa + �bb� . �6�

As stated above, with the above definitions, the nonlinear
photoemission signal proportional to � f f can in principle be
obtained by numerically integrating the coupled differential
Eq. �5�. We note here that the interaction is completely de-
scribed by a classical electric field E�t� and the notion of
“n-photon processes” actually does not appear anywhere di-
rectly in the formalism we have discussed. The nonlinearities
with respect to the intensity of the incident light appear due
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to the mathematical properties of a system of coupled differ-
ential equations like the system �Eq. �5�� and not because any
quantization of energy exchange is involved directly any-
where in the formalism.

The photoemission signal N�Ef� at the final-state energy
Ef is formally obtained from the population in the final state
� f f integrated over time �for finite pulse lengths� according to
the standard procedure14,37 of taking the trace of the operator
of the relevant observable 	f
�f 	 applied to �̂�t ,Ef�,

N�Ef� = 

−�

+�

dt Tr�	f
�f 	�̂�t,Ef�� . �7�

For comparison, we note that electromagnetic signals ob-
served in purely optical measurements originate from the
induced material polarization P� as a source term in the Max-
well equations. The polarization is related to the expectation
value of the dipole operator �̂: P� =Tr��̂�̂�. Because the di-
pole operator expands into matrix elements of the type 	b
�a	
�for two generic basis states 	a
 and 	b
�,35 it probes coher-
ences between states �i.e., it measures the off-diagonal ele-
ments �ab�. The above treatment also illustrates how simul-
taneous nonlinear-optical and multiphoton photoemission
experiments from the same system using the same laser
source can be analyzed in a unified manner. Such combined
experiments can provide additional information about the op-
tically excited system under investigation.38

The numerical treatment of Eq. �5� is in principle straight-
forward. However, with respect to the physical interpreta-
tion, a perturbative expansion of �̂ with respect to interac-
tions with the electrical field is useful. Then the order of
nonlinearity of the observed quantity as a function of the
incident light field E�t� can be determined. Such a perturba-
tive expansion allows us to visualize the induction of non-
zero matrix elements �ab as a sequence of steps in which the
commutators �Hint ,�ab� in Eq. �5� are recursively expanded
up to a specified order. This expansion can represented by
double-sided Feynman diagrams which keep track of both
the time development of the population in the involved states
as well as the induced coherences between these states that
are, respectively, described by the diagonal and off-diagonal
elements of the density matrix.35 Another related visualiza-
tion allows us to show the possible coupling of two generic
elements �ab and �cd of the density matrix as Liouville space
pathways.35

These Liouville space pathways show that besides the se-
quential one-photon pumping of population from one state to
the next �compare relation �3��,

�ii → �ss → �mm → � f f , �8�

there are contributions to � f f containing only coherences,
schematically written like

�ii → �is → �im → �if → � f f , �9�

which implies that these contributions produce no population
in the intermediate states 	m
 �corresponding to the observ-
able Nm=Tr�	m
�m	�̂�� due to the fact that the density-matrix
components �mm are not affected by these processes. It is
emphasized that despite the fact that no population in the

intermediate state is involved, these states nevertheless have
a decisive role. They contribute via their coherent superpo-
sition with the other states. From our experimental data, we
see that the coherent coupling of the d-band states to the
image-potential state via the sp bands contributes to the
initial-state peaks in the photoelectron spectrum �� f f�E��. We
keep in mind that the pathways �8� and �9� are two particular
pathways in a general coherent 3PPE process and occur to-
gether with all other pathways and should be added coher-
ently in calculating � f f�E�.

C. Model calculations

As we discussed above, the theoretical modeling of our
spectra requires the treatment of a number of four-level sys-
tems at different k points in the Cu band structure. Numerical
integration of the corresponding set of Liouville-von Neu-
mann equations would need realistic dipole matrix elements
and relaxation rates of the relevant states, including their
dispersion and possible intraband and interband interactions.
However, the main physics of the effect to be explained is
expected to be already present in three-level systems of ini-
tial, intermediate, and final states. For these systems, analyti-
cal solutions exist for single-frequency interactions in two-
photon photoemission.13 Assuming that the two initial
d-band levels and the intermediate IP state play a dominant
role in the mechanism we focus on here, we can simplify our
four-level system �3PPE� to a three-level system �2PPE� by
artificially moving the two initial d-band states to the original
energy level of the first intermediate sp bands, which are
neglected in the following. The neglect of the sp bands
seems to be justified in this case since they are strongly dis-
persing and should not contribute significant additional spec-
tral structure by themselves. The validity of this assumption
would have to be checked in a quantitative theory since the
sp bands can contribute additional intraband relaxation chan-
nels. We then apply the model of Wolf et al.13 to our special
simplified system that models 2PPE from two closely
spaced, independent initial states via the same intermediate
state. We assume a broad continuum of excitation frequen-
cies and analyze how the resonance frequencies can be dis-
tinguished in the photoelectron spectrum, similar to transi-
tions in an absorption spectrum using a broadband light
source.

For the intermediate state we assumed a constant lifetime
of 35 fs and a dephasing rate of 1 meV.5 For the final state
we assumed infinite population lifetime and 1 meV dephas-
ing rate.5 The initial states are separated by 150 meV, at
energy levels that reproduce the experimentally observed
final-state positions via the intermediate state at 4.04 eV, cor-
responding to the n=1 IP state on Cu�001�. We then calcu-
lated the resulting 2PPE spectra for a range of initial-state
dephasing rates �assuming no population decay in the initial
state�. The resulting 2PPE spectra in two-dimensional plots
for photon energies ranging are shown in Fig. 4. We can
distinguish two different linear dispersions, one with a slope
of 2�h�, corresponding to the initial states and the other with
a slope of 1�h�, corresponding to the intermediate state.
Starting with dephasing times between 10 and 20 fs, the two
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initial states become separately visible. For faster dephasing,
only a single peak is present.

Assuming a flat excitation spectrum ranging from 1.5 to
4.5 eV, the partial spectra for each energy were added to
simulate the effect of a broad excitation spectrum. The result,
corresponding to an average along the horizontal axis of Fig.
4, is shown in Fig. 5. Depending on the initial-state dephas-
ing rate, we can observe a single broad peak or two separate
peaks resolving the two initial states. This result for a model
2PPE process shows how the dephasing rate between initial
state and intermediate state contributes to the peak width of
the transition. If the dephasing rate is high, the two indepen-
dent transitions from the closely spaced initial sates are
broadened to an extent that they are not separable anymore
and appear as a single peak. With decreasing dephasing, the
peak widths of the two resonances become sharp enough to
give two peaks in the final-state spectrum. This process can
be expected to be of very general character and a similar
influence of dephasing is expected to be relevant in the 3PPE
experiment. This means that a sufficiently low dephasing rate
of the initial states with respect to the intermediate states will
be required in any case to distinguish two initial-state peaks
in a transition that proceeds via a common intermediate-state
level, such as the IP state considered here.

With respect to the 2PPE model calculation, the pure
dephasing on one hand is almost totally due to the initial
state since image-potential states on perfect surfaces can be

assumed in good approximation to have a nearly zero pure
dephasing rate:5,12 �b

pd�0. The dephasing due to population
decay on the other hand stems solely from the image-
potential state since the initial states are assumed not to de-
cay: �ii=0. In the model calculation, an initial-state dephas-
ing time of at least 10–20 fs is necessary for the observation
of the separated peaks. Although this value cannot be taken

FIG. 4. �Color online� Simulations of one-color 2PPE from two closely spaced initial states via the same intermediate state for a
continuous flat excitation spectrum with single-photon energies from 1.5 to 4.5 eV. The panels show the final-state 2PPE yield �logarithmic
scale� as a function of the photon energy and final-state energy. The initial and intermediate-state peaks can be distinguished by the change
in their final-state energy as a function of the photon energy h� �initial state: 2�h� and intermediate state: 1�h��. The two vertical lines �best
visible in the lower panels� indicate the presence of two energy-filtering resonances A and B that increase the absolute intensity in the
photoelectron spectra for the respective photon energies. The corresponding peak positions in the photoelectron spectrum are shown at A and
B. The total photoelectron spectrum for the 3 eV broad continuum of incident light is obtained by integrating over the horizontal axes. With
increasing dephasing time, the total photoelectron spectrum evolves from a single broad peak �5 fs� to two separate peaks ��10 fs� �see Fig.
5�. In each panel, the assumed initial-state pure dephasing times are indicated. For the intermediate state, a population lifetime of 35 fs and
a pure dephasing of 1 meV was assumed. In the final state, we took an infinite population lifetime and pure dephasing rate of 1 meV. The
separation of the initial states is 150 meV.

/Γ∗

FIG. 5. �Color online� Summation of the spectra from Fig. 4 for
all photon energies of the excitation continuum to simulate the total
photoelectron spectrum. The presence of two resonances can be
clearly distinguished. While the underlying initial and intermediate-
state features disperse with photon energy, they strongly change
their intensity �logarithmic scale in Fig. 4� to result in the resonance
peaks in the total sum spectra shown above. An instrumental broad-
ening of 50 meV was assumed.
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as a completely quantitative estimation, nevertheless it com-
pares well with direct time-domain observations of
Cu d-band hole dephasing times of �20 fs in the observed
d-band region near the X point.9

For ultrashort pulses, the optical frequencies are not inde-
pendent of each other and this coherent excitation spectrum
will additionally have an influence on the observed photo-
electron spectra. We assume that a coherent broad pulse
spectrum would still tend to broaden the photoelectron peaks
rather than to make them narrower in comparison to single-
frequency excitation �the actual amount of broadening can be
limited by the resonant energy-filtering process discussed
above�. Other influences such as the dispersion of the in-
volved electronic bands also would lead to an additional
broadening. This implies that the observed experimental
width of the peaks in the 3PPE spectrum is an upper limit
estimation when compared to the results from the simplified
2PPE model. This is why the above estimations based on a
single-frequency and continuous-wave approximation should
in any case present lower limits on the dephasing times com-
patible with the observation of two separate peaks in the
3PPE spectrum.

V. CONCLUSION AND SUMMARY

Our observations of the direct influence of coherent exci-
tation pathways in 3PPE from Cu�001� are relevant for ap-
plications of nonlinear photoemission in electronic structure
investigations, which can be carried out using high-intensity
laboratory laser sources and synchrotron-based free-electron
lasers. It has been predicted theoretically15 that resonant two-
photon photoemission could give the separation between oc-
cupied initial states and unoccupied intermediate bulk states
within the fundamental limit imposed by the intrinsic energy
and momentum widths of the coupled states. The important
advantage in such two-photon measurements is that the op-
tical transition from the initial state to the intermediate state
would couple bulk states which are not influenced by the
symmetry breaking due to the surface39 and the perpendicu-
lar crystal momentum k� in such a transition would need to
be conserved �at negligible photon momentum�. The exten-
sion of this idea to 3PPE is straightforward and we illustrate
in Fig. 6 the qualitative difference between unspecific bulk
excitations and coherent resonances which sensitively de-
pend on the band dispersion. It can also be easily imagined
that this approach can be generalized to multiple excitation
frequencies which can be tuned to search for the simulta-
neously possible single-photon resonances in a multiphoton
process. Furthermore, the use of multiphoton resonances cor-
responding to very well-defined k-space positions should al-
low improved time-domain investigations6 of band-resolved
electron dynamics. The demonstrated coherent coupling of
bulk states to surface states through a two-photon resonance
could also lead to improved possibilities of controlling elec-
tron motion at surfaces by interferometric techniques.10,40

In summary, we have demonstrated the clear influence of
coherent excitation pathways in three-photon photoemission
from Cu�001�. Our findings suggest extensions to future

studies of bulk band structure with tuneable laboratory and
free-electron laser sources, exploiting multiphoton reso-
nances for band mapping. If we note that when—in addition
to the energy of the exciting radiation—the quantum-
mechanical phase relationships between the coupled states
and the radiation also become a defining factor in the non-
linear excitation process,7 qualitatively different applications
as compared to conventional band mapping with one-photon
ARPES are expected by exploiting the unique properties of
multiphoton transitions between occupied and unoccupied
bulk states.
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FIG. 6. �Color online� Principle of detecting coherent bulk
band-structure resonances in 3PPE via an image-potential state on
Cu�001�. Left: nonresonant incoherent excitation of the IP state
from unspecific bulk bands at normal emission �k� =0�. The initial
states are averaged over k� illustrating the loss of k� information in
the sequential one-photon pathways due to the total lack of a k�

selection rule in the IP to final-state one-photon transition �k� is
undefined for surface states�. The colors of the arrows correspond to
photon frequencies provided by the excitation pulse, their thickness
corresponds to the respective spectral weight. The photons can act
in any combination for sequential incoherent excitations. The peak
position of the IP state is determined by the central photon energy
of the pulse �thickest arrow� and the measured width of the IP state
is determined by the width of the pulse spectrum. Middle: coherent
3PPE resonances in the bulk band structure coupled to the image-
potential state produce specific peaks A and B in the spectrum,
providing k� information. A fixed photon energy defines each reso-
nant pathway. The width of features A and B is not limited by the
spectral pulse width. Right: the corresponding 1PPE process for the
same level scheme using a single-photon energy of �3h�3PPE is less
k selective if no resonance to a dispersing final-state band is present
�e.g., off-resonant transition to final band broadened by absorption�.
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We have performed a study of simultaneous nonlinear optical second harmonic generation �SHG� and
angle-resolved nonlinear photoemission at the Cu�001� surface excited by fundamental photon energies near
3 eV. At these excitation energies, we identify a dominant contribution to the SHG signal that is determined by
a two-photon resonance between the d bands and the n=1 image-potential state at the Cu�001� surface. The
near-resonant behavior of SHG and nonlinear photoemission is studied via Cs adsorption, which allows to
systematically lower the work function and thus the reference vacuum level of the image potential. Comparison
of the angle-resolved photoemission signal, arising from a restricted region of electronic momentum space,
with the simultaneous optical SHG signal allows to identify an additional contribution of electronic states with
nonzero surface-parallel momentum to the SHG signal enhancements. A simple model accounting for the
observed behavior is developed and the implications for the quantitative understanding of SHG are discussed.

DOI: 10.1103/PhysRevB.80.125432 PACS number�s�: 73.20.�r, 79.60.�i, 78.68.�m

I. INTRODUCTION

In the nonlinear optical process of second harmonic
generation �SHG�, optical radiation of frequency � is coher-
ently converted to radiation at the double frequency 2� due
to the nonlinear response of the electronic subsystem of a
material.1–3 In centrosymmetric media and under the electric
dipole �ED� approximation, SHG is restricted to the
symmetry-breaking surface region.4–6 Due to its surface sen-
sitivity, SHG has been broadly exploited to address a great
variety of topics in the fields of surface and interface science,
ranging from surface chemistry7,8 to magnetism in low-
dimensional systems.9,10

The all-optical character of SHG makes the technique ap-
plicable to insulators,11,12 semiconductors,13 and metals.14

The employment of a purely optical probe allows to address
solid-solid,15 liquid-solid,16 and air-solid17 interfaces without
encountering the experimental limitations of electron-based
methods. Relying on optically induced transitions between
electronic states or bands of the investigated medium, SHG
is naturally sensitive to the electronic structure of the mate-
rials, with enhanced sensitivity to the surface region.18 This
great potential in terms of applicability and sensitivity is
however limited by several factors, that can strongly reduce
the information yield. Intrinsic to the optical probing of
solid-state systems is the lack of selectivity with respect to
electron crystal momentum in the SHG process.19 This ap-
pears in strong contrast to photoemission experiments, where
the dispersion of electronic states as a function of their crys-
tal momentum k is directly accessed by angle-resolved elec-
tron detection.20 Consequently, the interpretation of SHG
spectra in solids has to simultaneously take into account all
excitations in the whole surface Brillouin zone �BZ�, where
the eventual presence of strongly dispersing electronic states
typically tends to wash out any potentially sharp spectral

features. Independent information about the occupied and
unoccupied electronic structure of the material and the extent
to which resonances dominate the process has therefore to be
available before the SHG yield from a given material can be
correctly ascribed to specific electronic transitions,21–23

thereby strongly limiting the predictive character of this
technique. Moreover, beyond the ground-state band structure
and k-resolved transition matrix elements, factors such as
excited-state lifetimes, electronic dephasing, and collective
electronic excitations �plasmons� can strongly affect SHG24

and need to be known.
In this paper, we report a combined study of SHG and

angle-resolved nonlinear photoemission of the Cu�001� sur-
face as a function of the exposure to Cs atoms, performed
with fundamental exciting photon energy in the 3 eV range.
The SHG and the photoemission were excited by the same
laser and were simultaneously recorded. The deposition of
Cs provided a mechanism for modifying the surface elec-
tronic structure, primarily by shifting the energy position of
the surface states of image-potential origin. Angle-resolved
two-photon photoemission and three-photon photoemission
�2PPE and 3PPE� provided momentum-resolved �k�� infor-
mation about the electronic structure of the surface in the
energy range probed by the SHG signal, allowing to directly
assess the contribution of the various optically induced tran-
sitions in the material. Monitoring the SHG and 3PPE sig-
nals as a function of Cs coverage, we observed enhanced
photon and electron yields in correspondence with the opti-
cally induced resonant transitions between bulk and surface
electronic states. A characteristic change in the maximum of
the resonant SHG yield as a function of the Cs coverage with
respect to the corresponding 3PPE signal measured at k� =0
is modeled in terms of the contribution to SHG from elec-
tronic transitions with nonzero k�. A simple model for this
behavior is developed, providing qualitative agreement with
the experimental data.
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II. EXPERIMENT

A. Apparatus

The experiments were carried out in an ultrahigh vacuum
�UHV� system with a base pressure of approximately
5�10−11 mbar. Ultrashort excitation pulses with central en-
ergy tuneable in the range of ��=2.99–3.14 eV were pro-
vided by the frequency-doubled output of a self-built Ti:sap-
phire oscillator. The pulse central energy could be
continuously varied by tuning the phase-matching angle of
the frequency-doubling 80-�m-thick �-BaB2O4 crystal. At
the energy of ��=3.07 eV, the excitation bandwidth was
�0.17 eV, the pulse length at the surface was �20 fs, and
the pulse energy was �1 nJ. The laser beam was focused
onto the surface at an angle of incidence of 42°. The 2PPE
and 3PPE spectra were measured in the normal-emission ge-
ometry, with a k� resolution below 	0.07 Å−1. The Cu crys-
tal was biased at −3 V to increase the collection efficiency
of electrons. The � and 2� components of the reflected beam
exited the UHV chamber via a CaF2 optical viewport, and
were then spatially separated exploiting the optical disper-
sion properties of CaF2 Brewster’s angle prisms. In detail, a
chain of four such prisms intercalated by adjustable slits al-
lowed to effectively remove any spurious fundamental con-
tribution while mantaining the spectral integrity of a sizeable
SHG signal; the detected 2� /� intensity ratio at the detector
�Perkin Elmer C922 channel photomultiplier with a CsTe
solar-blind photocathode� was better than 104. Linear input
polarization could be set to either sin or pin by means of an
achromatic half-wave plate placed before the UHV chamber
whereas the polarization of the outgoing SHG could be ana-
lyzed by means of a MgF2 Rochon prism. The Cu�001� sur-
face was prepared by standard sputtering and annealing pro-
cedures. The optical plane was aligned parallel to the �110�
crystallographic direction. Cs was deposited from a commer-
cial getter source. The geometrical arrangement of the appa-
ratus allowed the simultaneous measurement of high-order
photoemission in the normal-emission geometry and of
SHG. The Cs-coverage dependence of both the SHG and the
photoemission curves reported in this paper were measured
in real time and simultaneously during the course of Cs
evaporations. The background pressure during Cs deposition
was lower than 5�10−10 mbar. All the experiments were
carried out with the sample at 300 K.

B. Nonlinear photoemission spectra

In presenting the experimental data, we chose to start
from the multiphoton photoemission spectra since they pro-
vide information on the optically coupled occupied/
unoccupied electronic states of the sample that are prerequi-
site for discussing SHG. In Fig. 1, we report two multiphoton
spectra measured with p-polarized 3.14 eV photons under
normal-emission geometry for a clean Cu�001� surface �gray
symbols� and after deposition of �0.06 monolayer of Cs
�where 1 monolayer corresponds to the �2�2�Cs /Cu�001�
structure, black symbols�.25–27 The energy scale is referred to
the Fermi level EF. The changes observed in the spectra upon
Cs deposition reflect the corresponding variations in the in-
terface electronic structure of the sample. The two-photon

part of the spectra, both clean and cesiated, has been dis-
cussed in depth in the literature26,28,29 and our spectra agree
with the reported data. In detail, we clearly observe the Cs-
induced lowering of the work function, that allows the ob-
servation, in 2PPE, of the otherwise inaccessible Cu d bands
�dCu� around 4 eV energy above EF, and the appearance of a
Cs adsorbate 
 resonance state at a final-state energy of
�5.7 eV. The 3PPE part of the spectrum also markedly
changes after the Cs deposition. In the clean Cu�001� case,
the 3PPE energy range is dominated by an intense peak,
ascribed to a near-resonant three-photon transition involving
the Cu d bands as initial states, and the unoccupied Cu sp
band �spCu� and the n=1 image-potential state �IP� as inter-
mediate states.30 This peak, which for the the clean surface at
our laser fluence accounts for more than 95% of the total
3PPE yield in the normal-emission geometry, almost com-
pletely disappears after cesiation, leaving only a shoulder in
the spectrum. This behavior can be readily interpreted keep-
ing in mind that the IP states mantain, in a first approxima-
tion, a constant binding energy with respect to the vacuum
energy EV �Ref. 31� and get broadened upon absorption of
alkali atoms.32 Thus, the work-function shift due to Cs de-
tunes the IP state from the resonance condition and broadens
it, lowering the corresponding 3PPE yield; the shoulder in
the cesiated spectrum accordingly represents the three-
photon replica of the large dCu peak observed in 2PPE at the
low-energy end of the spectrum.

C. Second harmonic generation

The Cs-coverage dependence of the SHG yield has been
measured for four different combinations of input/output
� /2� polarization, namely, pin-pout, sin-pout, pin-sout, and
sin-sout. A sizeable SHG signal could be measured in the
former two polarization combinations whereas negligible
counts were recorded for pin-sout and sin-sout geometries irre-
spective of the Cs coverage, in agreement with expectations
for electric dipole SHG from �001� surfaces and with previ-
ous experiments on the system.33–35 In general, the pin-pout
SHG signal is larger by roughly a factor 5–6 with respect to
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FIG. 1. Multiphoton spectra of the Cu�001� surface, before �gray
symbols� and after �black symbols� the deposition of 0.1 monolayer
of Cs. The spectra were measured under normal-emission geometry,
with 3.14 eV photon energy.
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the sin-pout case. In Fig. 2, we report four sets of SHG mea-
surements in the pin-pout and sin-pout geometries, performed
as a function of the Cs coverage for four different excitation
wavelengths. The data have been normalized to the respec-
tive clean-surface value and have been plotted as a function
of the change in the work function �EV with respect to the
clean Cu�001�, directly deduced from the low-energy cutoff
of the spectra. In the top panel of each graph we reported the
total 3PPE yield in normal emission normalized to its clean
Cu�001� value as a function of �EV.

We begin by describing the 2.99 eV data �top left panel in
Fig. 2�, subsequently extending the discussion to other ener-
gies. For this case, we observe that for decreasing work func-
tion the pin-pout measured SHG initially gradually increases,
attains a very broad maximum for �EV�−0.3 eV and sub-
sequently decreases reaching a value of 60% of the initial
yield for �EV�−1.1 eV. The corresponding sin-pout SHG
instead remains approximately constant up to �EV�
−0.2 eV and then regularly drops, with constant slope, up to
�EV�−1.0 eV, somehow steepening its decrease for larger
�EV. At the same time the integrated 3PPE signal quickly
rises for small Cs coverage, exhibiting a sharp maximum for

�EV�−0.1 eV, and subsequently drops with decreasing
�EV reaching a value of approximately 50% of the clean
Cu�001� for �EV�−0.9 eV �Though SHG and photoemis-
sion were recorded simultaneously, the 3PPE vs EV curves
are typically displayed in a narrower �EV range because, at
large Cs exposure, the possible contribution of 2PPE elec-
trons in the 3PPE range due to space-charge effects cannot
be excluded from the data.�

With increasing excitation photon energy, the SHG and
3PPE curves undergo consistent changes. In the 3.03 eV
case, the shape of the SHG and 3PPE curves strongly re-
semble that of the previous case but the maxima of both the
pin-pout SHG and 3PPE are shifted toward less negative �EV
values; the pin-pout SHG peaks at �EV�−0.15 eV whereas
the 3PPE maximum seems to occur just off from the �EV
=0 value.

In the 3.09 eV case, no maxima can be seen in any of the
curves. The pin-pout SHG is seen around a fairly constant
value for �EV within −0.1 eV before starting its drop for
ongoing Cs adsorption. The 3PPE curve quickly drops to
40% of its initial value before decreasing its drop rate around
�EV�−0.3 eV. Finally, for 3.14 eV photon energy, the

FIG. 3. �Color online� Schematic representation of a section of
the surface BZ of a clean and cesiated Cu�001�. Background panel:
surface-projected bulk band structure �shaded area� along the �X
direction. The IP state on the clean �cesiated� surface is depicted as
the solid black �orange� line. Forefront panels: Cu�001� band struc-
ture as a function of perpendicular momentum, after Burdick �Ref.
36� for k� =0 �right� and k� =0.35 Å−1 �center�. Possible optically
induced transitions at ��2�� frequency are represented by the red
�blue� vertical lines. 3PPE is schematically indicated by stacking a
black vertical arrow on top of two 1� transitions.
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3.14 eV �bottom right�.
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pin-pout SHG exhibits a marked decrease beginning from the
very early stages of Cs deposition. The 3PPE drops somehow
faster than in the 3.09 eV case for small EV change and also
levels off for �EV beyond roughly −0.3 eV.

In general, the sin-pout SHG for all the investigated photon
energies does not show strong and significant variations with
respect to the already described 2.99 eV case, as observable
in the graphs of Fig. 2.

III. DISCUSSION

In the ED approximation, the SHG yield from a given
surface depends on the Fresnel factors at the � and 2� fre-
quencies and on the second-order nonlinear susceptibility
tensor 
ijm

�2� . According to Ref. 19, the dependence of 
ijm
�2� on

the electronic structure of the material can be expressed as


ijm
�2� �2�� � �

k,l,l�,l�

MiMjMm	
f�Ek,l�� − f�Ek,l��

Ek,l� − Ek,l� − �� + i��l�→l�
−

f�Ek,l�� − f�Ek,l�

Ek,l� − Ek,l − �� + i��l→l�

Ek,l� − Ek,l − 2�� + i��l�→l

 . �1�

Here, Mi= ��k,l�pi��k,l�
 is the dipole matrix element be-
tween states �k , l� and �k , l�� �and Mj�m�, respectively, ac-
count for the transitions between the other electronic levels
involved�. The electronic structure of the material enters
through the eigenvalues Ek,l, which depend on the electron
momentum k= �k� ,k�� and the band index l while f�E� and
�l→l� represent the Fermi function and the Lorentzian broad-
ening associated with the transitions between the pertinently
indexed states, respectively. Equation �1� can be further sim-
plified by assuming the state occupation factors to be
f�Ek,l��= f�Ek,l���0 and f�Ek,l�=1, for the excited and initial
states. The Cs contribution is implicitly included in Eq. �1�
by admitting the adsorbate states among the energy eigenval-
ues Ek,l. For our specific case, the Cs-coverage dependence
of the SHG could arise from either a change in the surface
Fresnel factors or a change in 
ijm

�2� . For the Cs-coverage
range under investigation, we can safely assume that no ma-
jor change in the Fresnel factors takes place and accordingly
proceed to model the observed SHG yield in terms of a
variation in the nonlinear susceptibility 
ijm

�2� . Furthermore,
the weak wavelength dependence of the Fresnel factors
would not justify the wavelength-dependent variations in the
SHG yields reported in Fig. 2.

We therefore discuss the electronic structure of the Cs/
Cu�001� system with the aid of Fig. 3. There, a schematic
representation of the system’s band structure is reported, in
which the electronic states at finite k� are explicitly indicated.
In the background panel, the surface-projected band structure
of Cu along the �X direction is reported, with the paraboli-
cally dispersing IP state drawn as the solid black line. The
two panels protruding toward the forefront of the picture
display the perpendicular-momentum-dependent bulk band
structure of Cu, after Burdick,36 for two selected values of
k� :k� =0 �right� and k� =0.35 Å−1 �center�, respectively. Pos-
sible electronic transitions at ��2�� frequency are displayed
as red �blue� lines in such panels. The possibility of observ-
ing 3PPE from two-photon-excited electronic states is sche-
matically represented by stacking a further black vertical ar-
row on top of two such red lines. The correlation between
SHG and 3PPE is apparent from this diagram since SHG and
3PPE involve the same set of ground, one-photon-excited

and two-photon-excited electronic states, with their related
transition matrix elements whereas they notably differ only
in the last step. The effect of Cs adsorption will be, in first
approximation, represented by the lowering of energy with
respect to EF and broadening of the IP-state �orange lines�,32

and by the appearance of the unoccupied, nondispersing,
Cs 
 resonance which is located, at the maximum coverage
we addressed, approximately 2.6 eV above EF �visible in the
cesiated spectrum of Fig. 1�.25

We begin our discussion by addressing the pin-pout SHG
and the 3PPE recorded for 2.99 eV photon energy, and sub-
sequently extend it to the other cases. Let us initially focus
on the �EV dependence of the integrated 3PPE data, to
be discussed based on the k� =0 cross section of the BZ in
Fig. 3. From the spectrum of Fig. 1 and the data of Ref. 30,
we deduce that the near-resonant transition between dCu
bands, the spCu bands and the IP state gives by far the domi-
nant contribution to the 3PPE. The data reported in Fig. 2
show that, as soon as EV gets lowered by Cs adsorption, the
3PPE intensity increases, sharply peaking at around �EV
�−0.1 eV. This is due to the fact that on clean Cu�001�,
the excitation with 2.99 eV photons does not allow the
optimum two-photon resonant matching between the dCu
bands and the IP state whereas this is achieved upon decreas-
ing the IP-state energy �i.e., the work function� by Cs of the
amount �EV�−0.1 eV. Choosing a value for the IP binding
energy with respect to EV at k� =0 of 0.59 eV,37 and a
Cu�001� work function EV=4.63 eV, we deduce that the dCu
bands acting as initial states in the 3PPE process are located
EdCu

�−2.04 eV below EF, a value in very good agreement
with independent data derived from conventional photoemis-
sion experiments.38 The decrease in 3PPE with further Cs
deposition can be then assigned to the progressive detuning
and broadening of the IP state from resonance occurring
upon the further lowering of EV.

The pin-pout SHG for 2.99 eV excitation shows two rel-
evant differences with respect to the 3PPE. First of all, the
maximum of the SHG vs EV curve is significantly broader
with respect to its 3PPE counterpart; second, it is apparently
shifted to lower EV by approximately 0.2 eV. We can account
for this behavior by developing a simple model for SHG

BISIO et al. PHYSICAL REVIEW B 80, 125432 �2009�

125432-4

78 5. Originalveröffentlichungen



based on the electronic structure in Fig. 3. In order to do this,
we have to address the optically induced resonant electronic
transitions at � and 2� frequency occurring throughout the
BZ that go into computing 
ijm

�2� according to Eq. �1�. In this
respect, the important input that we receive from the 3PPE
measurements, thanks to the strong overlap between the elec-
tronic states probed by the 3PPE and the SHG, concerns the
efficiency of the electronic transitions between states �k , l�,
�k , l��, and �k , l��. From Eq. �1� it can be inferred that the
presence of a doubly resonant transition at specific points of
the BZ yields a possibly dominant contribution to 
ijm

�2� ; from
the 3PPE data we have the additional information that such
doubly resonant transitions can be provided by the two-
photon coupling of the dCu bands with the IP state through
the spCu bands. The influence of the 
 resonance on the SHG
yield, which can be very strong under specific excitation
conditions,25,39,40 can be here considered negligible based on
two simple arguments. First, we notice that the Cs 
 reso-
nance, according to Fig. 3, can be populated from the spCu
band only, for which the density of states is much lower with
respect to the dCu bands. To this end, we notice that Cs peak
in the 2PPE part of the spectrum of Fig. 1 is smaller by a
factor 20 with respect to the corresponding 2PPE dCu peak.
Second, the 
 resonance can participate only in photoin-
duced transitions for which one single step is resonant while
no resonance conditions can be met for the other steps. The
combination of these two factors is expected to yield a much
lower efficiency of this process with respect to the doubly
resonant dCu→spCu→ IP transition and hence a much lower
SHG. We point out that, on other surfaces, like the Cu�111�,
resonance conditions between the sp bands and the Cs 

resonance could be more easily met for much broader Cs-
coverage ranges, thereby enhancing the role of Cs in SHG at
variance with our case.

Based on this observation, the model calculation of the
Cs-coverage-dependent pin / pout SHG yield can be per-
formed, based on Eq. �1�, under the following assumptions:
�i� the dominant contribution to SHG is provided by the
dCu→spCu→ IP doubly resonant transition and �ii� the matrix
elements involved in such transitions are considered constant
as a function of both k� and Cs coverage.41 In this model, the
calculation of 
ijm

�2� is performed integrating all over the bulk
BZ and not restricted to high-symmetry directions. The inte-
gration over k� is performed assuming that, for every k�,
there exist one �or two, considering momentum directed to-
ward or away from the surface� value of k� for which the dCu
and the spCu bands are in resonance for our excitation energy
�forefront panels of Fig. 3�. Then, further integration is per-
formed all over the surface BZ under the assumption that the
presence of the dCu-spCu resonance occurs throughout the
whole surface BZ with initial dCu states having a binding
energy which is constant as a function of k�. With these hy-
potheses, the doubly resonant contributions to 
ijm

�2� are free to
occur at any location in the surface BZ where the IP-state is
tued to an energy where it can contribute to the d-sp-IP
double resonance.

Thus the initial-state energy Ek,l in Eq. �1� is fixed at the
energy of the dCu band region EdCu

taking part in the resonant
process, the intermediate-state energy reads Ek,l�=EdCu

+��
and the �k�-dependent� energy of the IP state is Ek,l�. Ek,l� can

in turn be written as Ek,l�=
�2k�

2

2m� +E�̄, where m� is the effective
mass of the IP state and E�̄ is the Cs-coverage-dependent

energy of the IP state at �̄. We point out that since we are
merely interested in finding the SHG evolution vs Cs cover-
age and not its absolute intensity, the value of the matrix
elements between all states involved is taken as unity. The
energy diagram of the states employed for calculating 
ijm

�2�

according to all the above hypothesis is shown with a one-
dimensional representation in the top part of Fig. 4. Accord-
ingly, Eq. �1� can be simplified as


ijm
�2� � �

k�

1

i��l→l�
·

1

�2k�
2

2m�
+ E�̄�EV� − EdCu

− 2�� + i��l�→l

.

�2�

FIG. 4. �Color online� Top panel: energy diagram of the elec-
tronic states considered for the model calculation of 
ijm

�2� . The Cs-
induced shift of the IP-state energy is pictorially represented. Ver-
tical lines represent light-induced electronic transitions for different
values of parallel momentum. Bottom panel: calculated dependence
of 
ijm

�2� as a function of �EV performed for k-space integration over

kx�y�� �−0.5,0.5� Å−1 �solid black line� and restricted to �̄ �dashed
black line�. Here kx�y� are the two components of the surface paral-
lele momentum k�. Gray line: calculated value of 
ijm

�2� upon inclu-
sion of a phenomenological adsorbate-induced broadening of the
IP state.
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In the bottom part of Fig. 4 we report, as the solid black
curve, a calculation of the modulus square of 
ijm

�2� �propor-
tional to the SHG intensity� as a function of �EV performed
according to our simple model, for 2.99 eV excitation en-
ergy. The theoretical curve of Fig. 4 was calculated imposing
m�=0.94,30,37 keeping a fixed �l�→l=0.3 eV �extracted from
the effective width of the d bands in 2PPE, as obtained in a
low-temperature Cs deposition experiment� and integrating
over k� � �−0.5,0.5� Å−1, an interval more than sufficient to
cover the energy range of interest for the IP state. In the same
graph, the dashed curve represents the �
ijm

�2� ��EV��2 depen-
dence calculated with the same parameters as for the solid
black curve but having limited the k-space integration vol-
ume to a narrow region around �̄.

As is clearly seen in the graph, the agreement with the
experimental SHG data is not satisfactory under the simple
hypothesis made. The calculation of 
ijm

�2� could however be
further refined to yield a quantitatively better agreement with
the data by explicitly including the adsorbate-induced broad-
ening of the IP state.32,42–45 Inserting a Cs-coverage-
dependent broadening of �l�→l with a constant rate of 4.5
eV/ML, a value fully compatible with available experimental
and theoretical values,32,46 yields in fact the gray curve in the
bottom panel of Fig. 4, which reproduces the experimental
data significantly better. The good agreement between the
experimental data and the model calculations performed un-
der the above simple hypothesis makes us confident about
the validity of our assumptions and the capability of captur-
ing the essential physics involved in the nonlinear optical
response of the material. Possible refinements involve ex-
plicitly addressing the role of single-resonant transitions in
the SHG yield, although this would involve the realistic es-
timation of both the electric dipole matrix elements between
the states involved and the phase shifts between the various
SHG contributions, a task that goes beyond the scope of the
present paper.

One further interesting point can be made from comparing
the curves calculated with explicit integration over the whole
BZ �black and gray solid curves� and the dashed curve, cal-

culated with �̄-limited integration. The dashed curve exhibits
a �EV dependence very closely resembling the one of the
3PPE signal reported in Fig. 2, peaking at �EV�−0.1 eV
and quickly decreasing with decreasing EV. This can be eas-
ily understood since the k-space region employed for calcu-
lating the dashed curve is the same as the one probed by
3PPE at normal emission. Extending the integration volume
to a physically significant portion of the BZ yields a curve
which is much smoother and in which the maximum of 
ijm

�2�

vs �EV is clearly shifted, two features that are evident from
the experimental data. The physical origin for the smoothen-
ing of the SHG features and for the �EV shift with respect to
3PPE is, in our view, the variation in k-space volume con-

tributing to the resonant SHG as a function of �EV. At �̄, in
fact only one k point in the BZ will contribute to the resonant
SHG whereas when resonance conditions are met at k��0,
there will be a circle of k points in the surface BZ giving a
resonant contribution to 
ijm

�2� , thereby increasing the SHG
yield.

We can now briefly extend our discussion to the other
polarization geometries and photon energies. Starting again

with the 2.99 eV case, we begin by addressing the sin-pout
geometry. We clearly notice that the �EV dependence of the
sin-pout SHG mainly differs from the corresponding pin-pout
case in that the former data do not show any sign of the
features that we have ascribed to the IP-state resonance in the
latter curve. This can be understood based on ED selection
rules, which do not allow a transition induced by s-polarized
radiation between the spCu bands and the IP state all over the
BZ, due to the �1-type symmetry of the states involved.47,48

This can be also viewed as a further confirmation of the
dominant role of the n=1 IP state in SHG for the pin-pout
geometry.

Given the absence of a dominating double-resonant tran-
sition in the sin-pout geometry, the interpretation of the data
cannot be reliably performed as for the pin-pout case. It is
likely that several single-resonant transitions throughout the
BZ contribute to the SHG and that the total yield is possibly
also influenced by interference effects between such various
contributions.49,50 Inspecting the band structure of Fig. 3, one
single-resonant process is surely represented by the dCu-spCu
coupling, that is allowed by ED selection rules for sin incom-
ing light and can occur all over the BZ. A further contribu-
tion might derive from the population of the Cs 
 resonance
from the spCu bands. Given this, the regular decrease in
sin-pout SHG can be due to the interference between a
roughly coverage-independent contribution to SHG
�dCu-spCu� and a coverage-dependent one �spCu-
�.

The spectral dependence of the pin-pout SHG, as diplayed
in the panels of Fig. 2, can be qualitatively understood based
on the same model previously outlined. In the extreme case
of 3.14 eV excitation, both the 3PPE signal and the SHG
exhibit a marked decrease starting from the very early stages
of Cs absorption. This is because, for larger excitation en-
ergy, already for the clean Cu�001� surface the optimum
resonance condition for the dCu to IP transition are met for
k� �0. Hence, we observe only the “decreasing” side of the
resonant enhancement, due to increased broadening, that was
instead observed in its entirety in the 2.99 eV case. For ex-
citation energy between the two limiting cases of 2.99 and
3.14 eV, a gradual crossover from the former to the latter
behavior is observed. We point out that the spectral depen-
dence of the SHG is qualitatively reproduced in our calcula-
tion �not shown� while keeping all the physical parameters
the same as in Fig. 4.

IV. CONCLUSION

In conclusion, we have performed a combined SHG and
multiphoton photoemission study of the Cu�001� surface,
with �3 eV excitation energy, as a function of the absorp-
tion of Cs. We have modeled the SHG response of the ma-
terial as dominated by a doubly resonant transition between
the dCu band and the image-potential state mediated by the
spCu band. Due to the additional information directly avail-
able from 3PPE we could pinpoint the strong contribution to
the total SHG yield due to electronic transitions occurring at
nonzero values of parallel momentum k�. Our work therefore
emphasizes the limits of analyzing spectroscopic SHG data
without explicitly integrating over the relevant k-space vol-
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ume while suggesting the possible strong influence of
dephasing effects on the SHG yield when there is a strong
contribution from surface states. As we have shown, the
combination of nonlinear optical and photoemission mea-
surements enhances the potential of either or both techniques
as probes of the electronic structure of surfaces.

In this respect, the application of photon energies near
3 eV for performing SHG has represented a substantial ad-
vantage for this work. While these energies allowed to cover
a broad enough energy range of occupied/unoccupied states
of the surface, thereby increasing the information yield, at
the same time it was possible to observe nonlinear photo-
emission using the same excitation light source. This allowed
the direct matching of SHG and photoemission data. Further-
more, we point out that performing SHG with 3 eV excita-
tion allows to access the interband excitations that cannot be
reached with photons of lower energy. Our results, showing a
marked decrease in the SHG yield as a function of the Cs
coverage in the submonolayer regime, substantially differ
with respect to SHG data gathered with lower excitation
energy.39 These latter in fact mostly probe the nonresonant
free-electron response of the metal and typically exhibit an
increase in the SHG signal upon alkali atom adsorption that

is strictly related to the correspondent increase in the surface
polarizabilty.51 The occurrence of a resonant interband exci-
tation pathway clearly modifies the material response with
respect to what expected from a simple free-electron picture;
such a modified response is highlighted in our work by the
nonconventional Cs-coverage dependence of the SHG yield.
It can be therefore expected that performing SHG with exci-
tation energy near or above 3 eV and coupling it with non-
linear photoemission will prove fruitful in future nonlinear
optical studies.
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Angle-dependent study of a direct optical transition in the sp bands of Ag(111)
by one- and two-photon photoemission
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We have measured angle-dependent photoemission spectra for one-photon and two-photon excitation from
Ag�111�. The observed dispersion of the sp-band transition of Ag�111� can be reproduced using a nearly-free-
electron model for the initial and final states involved. The observed dispersion agrees with the known band
structure. We illustrate how the strong refraction of low-energy electrons becomes a limiting factor to obtain
quantitative band-structure information. Conversely, low-energy electrons of a well-defined direct optical in-
terband transition can provide a sensitive probe of the inner potential. We observe asymmetric two-photon
photoelectron intensity distributions with respect to detection along the surface normal. These intensity distri-
butions can be well described by a phenomenological model which employs the Fresnel equations to calculate
the electric field components of the incident radiation inside the sample. Very good agreement is found using
tabulated optical constants and a momentum matrix element, which is oriented along the surface normal. In
contrast, the observed intensity distribution for one-photon photoemission from Ag�111� does not fit the simple
Fresnel model. We interpret this as the influence of surface photoemission. By comparison to Cu�001�, we
show that the expected intensity distributions of the Fresnel model for one-photon photoemission and two-
photon photoemission are valid for an orientation of the momentum matrix element along the surface normal
if the influence of additional effects like surface photoemission can be neglected.

DOI: 10.1103/PhysRevB.76.195428 PACS number�s�: 79.60.Bm, 71.20.�b, 78.20.�e

I. INTRODUCTION

Angle-resolved photoemission spectroscopy �ARPES� is
a powerful and general tool to investigate the energy-
momentum dispersions of the electronic states, which define
the band structure of solids. A wealth of knowledge about the
initial and final states involved in the photoexcitation process
has been obtained using this method.1 In ARPES, by consid-
erations based on energy and momentum conservation, peaks
in the photoelectron energy spectrum can be ascribed to tran-
sitions between the occupied and unoccupied states separated
by the energy of a single photon of the exciting radiation
�one-photon photoemission, 1PPE�. Using tunable synchro-
tron radiation and a fixed geometry with angle-resolved elec-
tron detection along the surface normal, a sampling of the
band structure along a high symmetry direction in reciprocal
space is conceptually simplified. It is also possible to obtain
band-structure information by taking angle-dependent photo-
emission spectra at fixed photon energy in symmetry planes2

or even the whole hemisphere above the sample.3 The inter-
pretation of such experiments, however, is more involved
because of the more complicated form of the sampled re-
gions in reciprocal space due to the nonconservation of the
perpendicular component of the wave vectors. In all these
types of measurements, information about the electronic
band structure can be gained, first of all, by the analysis of
the observed dispersion of peak positions in the photoelec-
tron spectrum. To access the information contained in the
photoemitted intensities is more complicated, because, in the
general case, this has to involve comparison with calculated
photoelectron spectra.4

With the application of high-power ultrafast laser systems,
it also became possible to observe two-photon photoemission

�2PPE�, where the initial state electrons are excited by the
energy of two photons instead of only single photons as is
the case in ARPES.5,6 In the two-photon photoemission pro-
cess, intermediate unoccupied states above the Fermi energy
are involved. One of the main successes of 2PPE is to ob-
serve the energy- and momentum-dependent dynamics of ex-
cited electrons in these intermediate states directly in the
time domain by using a pump-probe configuration.7 Experi-
mentally, the application of 2PPE is usually limited to photon
energies where no one-photon photoemission can occur be-
cause this would overwhelm the 2PPE signal. However,
apart from this limitation, the basic mechanisms governing
both angle-resolved coherent 2PPE and ARPES are expected
to be closely related.

As a model system for the quantitative analysis of photo-
emission spectra, the bulk band structure of silver has been
extensively studied by 1PPE ARPES.8–10 The importance of
the polarization of the incident light on the distibution of
the photoemitted electrons was studied experimentally
and theoretically,11–13 and the importance of the momentum
matrix elements for the observed intensities of energy-
dependent transitions was shown.14 Spin-resolved measure-
ments in combination with relativistic one-step photoemis-
sion calculations for Ag�111� have been used to compare
different approximations for the exchange-correlation
potential.15 The Shockley surface state on Ag�111� was also
investigated by ARPES.16–20 The ARPES results have been
analyzed using several theoretical bulk band-structure
calculations.21–23 Recently, the bulk valence band structure of
silver has been investigated by hard x-ray photoemission
spectroscopy.24 In a photon energy range relevant to our in-
vestigation, significant interference between surface and bulk
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photoemission has been observed for Ag�111�,25,26 and the
influence of collective surface plasmon excitations on the
angle- and energy-resolved photoyields was studied.27

The 2PPE studies involving Ag�111� have mainly focused
on the observation of image-potential states and their relax-
ation dynamics.28–30 Concerning direct optical bulk transi-
tions, it was shown that a systematic comparison of 1PPE
and 2PPE measurements can be used to differentiate between
surface states and bulk contributions.31 An analysis of near-
threshold two-photon electron emission from smooth and
rough polycrystalline silver films has been given on the basis
of a two-orthogonalized-plane-wave model for the involved
sp bands.32

In a previous study, it was shown how the 2PPE spectrum
of Ag�111� at ��=3.1 eV can be simulated using optical
Bloch equations and a nearly-free-electron model for the
band structure.33 In this contribution, we will present results
of angle-dependent 2PPE and 1PPE measurements from the
Ag�111� surface. Specifically, we will look at the effects ob-
served when a transition between occupied and unoccupied
sp bands is excited either by single photons �1PPE� or by
simultaneous excitation by two photons �2PPE� of nearly
half the energy used for 1PPE. For electrons emitted in the
direction of the surface normal, the corresponding band
structure is shown in Fig. 1. It will be shown that based on
the observed dispersion, the direct optical transition from
occupied to unoccupied sp-bulk bands agrees with the theo-
retically expected dispersion obtained from a nearly-free-
electron band-structure model. The observed dispersion of
this transition is very similar for 1PPE and 2PPE measure-
ments on the Ag�111� surface. The intensity variation ob-
served in the angle-dependent 2PPE spectra can be well ex-
plained by the application of the Fresnel equations of
classical optics. From this model, we expect characteristic
differences between the angular intensity variations in 1PPE
and 2PPE, which should be almost independent of the spe-

cific substrate and photon energy used if additional influ-
ences like surface photoemission are negligible. This is
shown by comparison with measurements on Cu�001�. In
contrast, the 1PPE intensity from Ag�111� does not fit a
simple Fresnel model and seems to be strongly influenced by
interference from surface photoemission.

Additionally, we suggest that the strong refraction effect
of the very low kinetic energy photoelectrons at off-normal
detection is a sensitive probe to gain insight into the behavior
of the inner potential, which is not exactly known at these
energies and which is expected to be strongly influenced by
exchange and correlation effects.34 At the same time, knowl-
edge of the potential at the surface is crucial for the interpre-
tation of imaging techniques using low-energy electrons and
for the understanding of the chemical reactivity of surfaces.

The structure of the paper is as follows: after specifying
the experimental details, we will extract from the general
features of photoemission theory a phenomenological model
which takes into account the most relevant angular depen-
dencies. Then we will apply this model for the analysis of the
experimental data. We will also discuss the implications of
our findings for the mapping of electronic structure by angle-
resolved 2PPE.

II. EXPERIMENTAL DETAILS AND RESULTS

For the photoemission measurements, a commercial
Ag�111� crystal was prepared by standard techniques of mul-
tiple, sequential cycles of Ar+-ion sputtering and annealing
under UHV conditions. The sample surface quality was
checked by the quality of the photoemission spectra converg-
ing to minimum inelastic background and maximum work
function.

The photoemission light source is a self-made Ti:sapphire
oscillator with chirped mirrors for dispersion compensation
operating at 90 MHz repetition rate. For the two-photon pho-
toemission measurements, second harmonic pulses are gen-
erated from the fundamental in an 80 �m �-BaB2O4 �BBO�
crystal �3.1 eV photon energy, 200 meV bandwidth, and
10 fs pulse length�. Additionally, one-photon photoemission
spectra were measured with the fourth harmonic of the
Ti:sapphire laser, which is generated by subsequent fre-
quency doubling of the second harmonic.

The angle-resolved photoemission spectra are recorded
under UHV conditions �10−10 mbar� at 100 K sample tem-
perature by a commercial hemispherical electron analyzer
�OMICRON EA125� with an angular resolution of 0.5° and
an energy resolution of 40 meV. For the measurements, the
sample was biased at −2 V. At the UHV chamber, the angle
of the p-polarized incident light and the direction of the elec-
tron analyzer are fixed to 45°, leading to a simultaneous
change in incidence and emission angles when the sample is
rotated along an axis perpendicular to the optical plane for
angle-dependent measurements �see Fig. 2�.

In Fig. 3, we show an angle-dependent measurement of
2PPE and 1PPE spectra from Ag�111� for p-polarized inci-
dent light. The spectral features due to the sp-band transition
and the surface state are clearly discernable. The surface
state has dispersed above the Fermi level for detection angles
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relevant for normal emission Ag�111�, with indicated direct optical
transitions between occupied and unoccupied sp bands by 2PPE
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larger than 10°, while the sp-band transition can be seen in
the whole observed energy range. The 2PPE intensity is
clearly asymmetric with respect to the surface normal, while
the 1PPE intensity looks more symmetric. The increased in-
tensity of the surface state relative to the sp-band transition
in 1PPE with respect to 2PPE is caused by a stronger surface
photoemission component and, to a lesser extent, the de-
creased spectral width of the 6.0 eV pulses, which is due to
the phase matching limits of the BBO crystal.

From the width of the observed spectra at normal emis-
sion, the work function can be deduced as 4.5 eV in accor-
dance with previous studies.26,28

III. THEORETICAL MODELING OF PHOTOEMISSION

A. Dispersion

We first need to explain the observed change in the peak
position of the sp-band transition when changing the direc-
tion of the detected outgoing electrons. To accomplish this,
we model the relevant initial and final state band structures
to define the curve of constant energy difference that shows
where the incident radiation can induce direct optical transi-
tions between these states.35

The sp bands relevant for our observed transitions are
well described by a nearly-free-electron �NFE� model taking
into account two orthogonalized plane waves �OPW�.36 We
show the initial and final sp-band states near the �-L line
calculated using this approximation in Fig. 4. The 2-OPW
NFE model implies rotational symmetry around the �-L line.
The size of the gap between L6

− and L6
+ is taken to be 4.2 eV,

with L6
− located −0.3 eV below the Fermi energy.9 The band

bottom is at 9.5 eV below the vacuum level.
The direct optical transition will take place in a region of

k space where the difference between initial and final states
is equal to the photon energy for 1PPE or to two times the
photon energy in 2PPE. In this way, the perpendicular and
parallel components of the k� vectors taking part in the tran-
sition and, thus, the internal angle �int of k� with respect to the
surface normal in the �111� direction are determined. In the
2-OPW NFE model, these transitions take place at fixed kz
along �-L and varying parallel momentum k� �Fig. 4�. This is
a special feature of the free �1-OPW� and nearly free �2-
OPW� electron models. For a more general band structure,
the curves of constant energy difference are more compli-
cated.
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FIG. 2. �Color online� Geometry used for angle-dependent mea-
surements. The direction between incident light and detected elec-
trons is fixed to �i=45° +�D. The direction of the photoemitted
electron inside the sample is �int. Incident and refracted vector po-

tentials A� i and A� t. Momentum matrix element P� , characterized by
the angle �.

FIG. 3. �Color online� Experimentally measured intensities from
Ag�111� by 2PPE ���=3.1 eV� and 1PPE ���=6.0 eV�. Intensity
scales are indicated.
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To describe the refraction of the photoelectrons, we as-
sume that a potential step VR	0 has to be overcome when
crossing the sample-vacuum barrier. In the NFE model, this
energy corresponds to the height Evac of the vacuum level
above the band bottom. As the kinetic energies are measured
with respect to the vacuum level, the electrons inside the
sample will have an energy of Ekin+VR. This will have the
effect that electrons emitted at the angle �int inside the
sample will be detected at the angle �D in vacuum:

sin �D

sin �int
=�Ekin + VR

Ekin
. �1�

By using this simplified model, the dispersion of the direct
sp transition is determined by a small number of parameters:
the gap size Egap=2V111, with V111 the pseudopotential Fou-

rier component of the reciprocal lattice vector G� = �1̄ , 1̄ , 1̄�,
the position of vacuum Evac, and the Fermi energy EFermi
�Fig. 4�, with the work function 
=Evac−EFermi. Further-
more, in the NFE model, the momentum matrix element has

the simple form37 of P� if �G� , which will be relevant for the
analysis of the observed intensities. Of course, we can expect
this model to be valid only for a limited range of parallel
momenta k� beyond which the band structure will start to
deviate from the simple NFE model assumed here.

B. Photoemitted intensity

By using first order perturbation theory to describe the
interaction of the electromagnetic field with the sample
atoms,1,38 a Fermi golden rule expression for the photocur-
rent I�f� from an initial wave function �i emitted into the
final state gives

I�f�1PPE � ��� f�VI��i��2��Ef − Ei − ���

= �Mif�2��Ef − Ei − ��� , �2�

where � f is the final state wave function in the form of a
time-reversed low-energy electron diffraction �LEED� state,
and VI is the interaction potential due to the incident radia-
tion:

VI =
− e

2mc
�A� · p� + p� · A� 	 . �3�

Only terms linear in A� are considered. The matrix element
between initial and final states can be written as

Mif =
ie�

2mc
�� f�A� �r�� · ���i� = A� · P� if , �4�

where P� if is called the momentum matrix element. The Cou-

lomb gauge � ·A� =0 has been applied, which, however, is

valid only in the bulk. At the surface, the nonvanishing � ·A�

term will cause an additional coherent contribution which is
usually termed surface photoemission and which we think is
relevant for the 1PPE measurements from Ag�111� �see be-
low�.

The two-photon photoemission intensity is obtained from
second order time-dependent perturbation theory as a sum

involving all possible intermediate states39,40 m:

I�f�2PPE � 
�
m

�� f�VI��m���m�VI��i�
Em − Ei − ��


2

��Ef − Ei − 2��� .

�5�

For the observed transition in Ag�111�, there are no resonant
intermediate states. For this case of nonresonant excitation in
a nearly-free-electron two-band model, the square of the
product of the matrix elements in Eq. �5� can be shown32 to

depend as �MfmMmi
� �2�cos4 
 on the angle 
 between A� and

p� , so that we write the photoemitted intensity with an effec-

tive momentum matrix element P� ef f:

I�f�2PPE � �A� · P� ef f�4. �6�

The observed angle-dependent intensities can now be
thought of as originating from two main types of contribu-
tions. Firstly, there are angle-dependent changes of the elec-
tric field vector in the surface region due to the change in the
angle of incidence of the laser radiation. In traditional optics,
this is described by the Fresnel equations, which quantify
how the magnitude and the direction of the incident vector
potential as well as the relative phase between the s and p
polarization components will change when entering the
metal. This is described by complex amplitude reflection and
transmission coefficients.41 Secondly, the coupling of this in-
cident polarization to the electron system will lead to an
angle-dependent probability of detecting the excited elec-
trons in the direction specified by the analyzer.

If one is only interested in the total yield of photoelec-
trons, irrespective of their emission direction, the total en-
ergy deposited in the sample should be relevant. This will be
proportional to �1−Rp�s��n, where Rp�s� is the reflectivity of
the sample for p�s�-polarized incident light and n is the order
of the photoemission process. For p-polarized light, in-
creased photoemission should occur near the pseudo-
Brewster angle, where the reflectivity is minimized and more
intensity is transmitted into the sample. Good agreement
with these expectations has been shown in multiphoton pho-
toemission experiments from tungsten and copper.42

For angle-resolved photoemission, the transition matrix
element is governed to a large extent by the relative orienta-

tion of the vector potential A� t and the photoelectron momen-
tum p� , as can be seen from Eq. �3�. These effects are sepa-

rated in Eq. �4� into the vector potential A� t and the

momentum matrix element P� if, which depends on the angle
of the emitted final state electron. In our experiment, this
angle is in a fixed relation to the incidence angle of the laser.
We will show below that the variation in the z component of

A� t �Fig. 2� is the most relevant contribution for p-polarized
incident light.

A nonvanishing � ·A� term due to the symmetry breaking
by the surface will provide an additional coherent channel by
which initial and final states can be coupled. Because the

� ·A� term is only relevant in a very narrow spatial region
near the surface, this part of the interaction potential pro-
vides Fourier components of a broad spectrum of crystal mo-
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mentum. This means that initial and final states of different
crystal momenta will be coupled, and the condition of verti-
cal optical transitions in the reduced zone scheme is relaxed.

The simplest model to account for the � ·A� term at the sur-
face is a step dielectric function which leads to a contribution
dA��z� /dz proportional to �����−1	��z�, where in the real
situation the delta function is broadened. The contribution of
surface photoemission to the matrix element was estimated
as26,43

Mif � At
� · Pif

� + �Az
C

2d
� At

� · Pif
� + MS„Ai

� ,����,CS… , �7�

with the change of the z component of A� when going from
vacuum into the sample over an effective thickness d:

�Az = �Ai
� �
 2 cos �i sin �i

� cos �i + �� − sin2 �i

− sin �i� �8�

for the incident vector potential A� i. If this model is assumed,
an additional complex fit parameter CS=C /2d enters into the
description of the angle-dependent intensities.

Several other processes are present which might influence
the angular dependence of the photoemitted intensity. For
instance, more of the excited photoelectrons from a certain
depth will be scattered inelastically when they have to travel
longer inside the material at larger exit angles. The electrons
which are left and approach the solid-vacuum barrier from
inside the sample within a certain solid angle are refracted
into a larger solid angle in vacuum. This again reduces the
intensity at larger exit angle in a symmetric way like the
inelastic losses. Also, the observed peak shapes will be
changed due to the varying k�-space resolution with exit
angle. All these effects will be most pronounced at exit
angles typically larger than 30°, and will be symmetric as a
function of the emission angle with respect to the surface
normal. Thus, if they are relevant, they are expected to re-
duce any asymmetry that is present rather than be a cause of
it.

1. Electromagnetic field at the surface

At the solid-vacuum interface, the incident light is subject
to refraction. This causes the vector potential inside the
sample to be different than in vacuum. We will assume in our
model that the Fresnel equations44,45 can be used to give the

components of the transmitted vector potential A� t as a func-

tion of the incident vector potential A� i and the dielectric
function of the substrate ����:

At
� = At

�
„Ai

� ��i�,����… . �9�

If the dipole matrix element for the observed transition is
directed along the surface normal, the photoemitted intensity
is governed by the Az component of the vector potential. This
is given by44,45

Az

A0
=

2 cos �i sin �i

� cos �i + �� − sin2 �i

. �10�

In Fig. 5, it can be seen that the angular variation of the Az

component is almost independent of the photon energy and
whether we look at silver or copper. This behavior applies to
a large selection of materials and photon energies used in
angle-resolved photoemission, as can be seen, for instance,
in Ref. 45. This means that our results will be of general
significance for the comparison of angle-dependent linear
and nonlinear photoemission experiments in our type of
setup because, obviously, the optical properties at the surface
do not have to be known very exactly.

We have to stress here that our treatment will be valid
only if the observed transition can be assumed to take place
inside the bulk, where the refracted electromagnetic field is
relevant. The situation will become more difficult to treat if
one is interested in transitions involving surface states, where
there is interference of reflected and refracted radiations and
where the influence of boundary effects of the electromag-
netic field and of collective excitations like surface plasmons
is most pronounced. In the general case, for arbitrary direc-
tion of the momentum matrix element, one has to include, of
course, all components of the electromagnetic field in the
analysis. Also, for the analysis of photoemission from ad-
sorbed species, the field just outside the surface is relevant.
Approaches to describe the corresponding electric fields are
known from surface infrared spectroscopy.46 For the case of
2PPE, angle-dependent measurements then allow conclu-
sions about the direction of the dipole matrix elements for
the photoemission process from the adsorbate.47

2. Momentum matrix element

The momentum matrix element P� if which appears in Eq.
�4� is a complex vector which, in general, will depend on the
initial and final states under investigation; especially, it will
be, in general, a function of the magnitude and direction of
the wave vector of the emitted photoelectron.
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The study of the momentum matrix element by angle-
dependent photoemission is potentially powerful because it
gives information on the wave functions of the states in-
volved and their symmetry character.48 Because in our setup
the photoelectron emission angle changes, the corresponding

change in P� if has to be considered. Basic insight into the

functional behavior of P� if can be gained from considerations

of localized core level states of oriented atoms. Here, P� if can
be explicitly written down as a function of the initial state
quantum numbers �l ,m�, radial matrix elements for the �l
+1� and �l−1� excitation channels, the corresponding partial
wave scattering phase shifts due to the emission process, and
the detection direction �D.49 Already for this very simple
case, rather complicated analytical expressions result.

In contrast to photoemission from single, localized core
level states, a continuum of states defined by their band in-
dex and three-dimensional wave vector k� has to be consid-
ered in the case of photoemission from valence bands. By
using the picture of a linear combination of atomic orbitals
�LCAOs�, it is possible to express the valence band states as
coherent combinations of basis states localized at the atoms
of the crystal unit cell.38 Writing the final state in the same

basis set allows us, in principle, to calculate P� if �see Eq. �4�	
and to gain insight into the angular distributions contributed
by certain types of atomic orbitals. For the simplified case of
emission from a single type of atomic orbital, the result is
basically a product of the angular distribution caused by the
single atomic orbital, which is then modified by a photoemis-
sion structure factor describing interference caused by the
periodic arrangement of this atomic orbital.50

These interference effects due to the plane wave part in
the initial and final state wave functions will be dominating
if we switch from the LCAO view to the 2-OPW nearly-free-

electron model. As shown in Ref. 37, P� if will be a constant
vector pointing into the direction of the reciprocal lattice

vector G� involved in the generation of the NFE bands:

P� if � G� �VG/��� . �11�

For our case, we can, thus, assume that the momentum
matrix element will be directed in the direction of the surface
normal, and the angular dependence of the Az component of
the electric field in the sample will be a determining factor of
the overall angular dependence of the photoemitted intensity
under p-polarized excitation.

The 2-OPW model expression, however, clearly is valid
only in a limited region of k� space. An increasing number of
plane wave components will be necessary to describe an ex-
tended region of the band structure. The direction and mag-

nitude of P� if will then be determined by the respective wave
vectors and pseudopotential components of the initial and
final states in a more complicated but straightforward way.11

To summarize, from the various angle-dependent factors
discussed above, the following simple model for the photo-
emitted angle-dependent intensities in our experimental
setup emerges:

Iif
nPPE � �Az��i,�� · Pz�2n. �12�

In Fig. 6, we show how the angular dependence of the Az

components shown in Fig. 5 translates to the photoemitted
intensity by looking at the square �1PPE� or the fourth power
�2PPE� of Az. Due to the higher nonlinearity, a sharper and
more asymmetric distribution with respect to detection rela-
tive to the surface normal at 45° is expected for 2PPE.

IV. RESULTS AND DISCUSSION

We will first discuss the results relevant to the observed
dispersion of the sp-band transition peak and then go on to
analyze the observed intensity variation.

A. Dispersion of the observed transitions

We have calculated the theoretically expected dispersion
for a 2-OPW nearly-free-electron band structure of the sp
bands near the �-L direction using a value of Egap=2V111
=4.2 eV,9,10 the perpendicular component of the reciprocal

lattice vector G� �1̄ , 1̄ , 1̄�=gz=−2� /2.36 Å, and a variable in-
ner potential of V0. The optical transitions and the observed
angles outside the sample have been determined for the tran-
sition energies of 6.0 and 6.2 eV, corresponding to 1PPE and
2PPE, respectively.

To estimate the influence of the bias voltage on the ob-
served parallel component of k, we have also measured the
dispersion of the surface state and found effective masses of
mef f =0.3. This is slightly less than the published values of
mef f =0.40 �Ref. 20� or mef f =0.45,19 and means that we will
observe an apparently increased dispersion of the sp-band
transition with angle, which, in turn, leads to an inner poten-
tial which is systematically too low. A large inner potential
has the effect to limit the k space which is accessible and,
thus, would reduce the observed dispersion.

The obtained theoretical angular dispersions of the
sp-band transition are compared to the experimental ones in
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Fig. 7. Our model only slightly underestimates the change in
apparent binding energy at normal emission when going
from 6.0 to 6.2 eV photon energy. This should be considered
as a reliable measure of the degree of agreement with the
assumed band-structure model because the dispersion with
energy at normal emission is not influenced by electron re-
fraction. The binding energy changes by approximately
0.1 eV, which is half the effective photon energy change of
0.2 eV. This behavior is caused by the dispersion of both the
initial and final sp-band states, and the observed value agrees
with previous studies.28,31

Good agreement is also obtained for the angular disper-
sion, considering the simplicity of the model we applied.
However, in addition to the dispersion caused by the change
in the observed direct transition in k� space, the change of the
peak position observed in the spectrum will be governed to a
large extent by refraction. Refraction is strong because the
potential step VR �Eq. �1�	 that has to be overcome at the
surface is of nearly the same size as the energy of the pho-
toelectron inside the material. This means that the influence
of the potential step has to be known sufficiently well to still
allow insight into the band structure of the sample by using
very low energy photoelectrons. We find the best agreement
with values of the inner potential V0=VR−
=2 eV when
neglecting the effect of the bias voltage and of V0=5 eV
when assuming that the relative change in the parallel com-
ponent of k is roughly similar to the value observed for the
surface state relative to the published values. In previous
ARPES studies, inner potentials V0 of 4 eV,14 5 eV,13 and
6.7 eV �Ref. 51� �defined with respect to the Fermi level�
have been used. This compares quite well with our value. It
has to be noted, however, that in most ARPES studies, the
inner potential is mainly used to fix the position of the free
electron final state, and then to infer from this the initial state
dispersion in synchrotron experiments with varying photon
energy and electron detection along the surface normal,
which avoids refraction effects. Also, because of the higher
photon energies in ARPES experiments, the refraction effects

are still comparatively less significant even at off-normal de-
tection.

In a realistic band structure, one and the same parameter
does not describe the final state band structure and the re-
fraction effect at the same time. Also, the inner potential is
known to be energy dependent from LEED studies.52 Taking
all this into account, there is considerable uncertainty about
the exact value of the potential step that causes refraction,
especially at the very low energies involved in 2PPE experi-
ment. In the ARPES experiments, a spread of nearly 3 eV in
V0 is seen in the different studies. While this variation might
be insignificant for band mapping in ARPES experiments at
high photon energies, the error in the outside angles intro-
duced at low electron energies will overwhelm the effects
caused by the band structure, because much of the observed
dispersion can be adjusted by simply assuming a different
inner potential V0. If we reverse the assumptions realizing
that the sp-band structure is sufficiently well known from
ARPES studies with high energy photons, we have a sensi-
tive probe of the inner potential in the form of the very low
energy photoelectrons with a known initial k-space distribu-
tion before the refraction. In this sense, the well-defined
sp-band transition could serve as a calibration against which
to measure the inner potential effects.

The knowledge of the inner potential is crucial for the
interpretation of spectroscopic and imaging techniques
which involve low-energy electrons,34 for instance, low-
energy electron microscopy and photoemission electron mi-
croscopy. Furthermore, the effective potential at very low
energies is influenced to a large extent by exchange and cor-
relation effects,34 and as only a few methods exist for the
measurement of the surface potential step,53 the analysis of
low-energy photoelectrons could provide additional insight
about the importance of these interactions.
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As we show in Fig. 8, all electrons detected in vacuum
will originate from a cone with half opening angle near 10°
inside the sample for the kinetic energies employed in our
experiment. This will effectively mean that the sensed region
of reciprocal space is reduced considerably, and along with
this, the sensitivity to any change in the momentum matrix

element P� if. This does not mean, however, that bulk band
mapping by angle-dependent 2PPE is generally impossible.
Let us assume that typically the largest kinetic energies in
2PPE experiments can be of the order of the work function,
e.g., Ekin=4 eV, then taking VR�8 eV and a maximum out-
side detection angle of �D=70°, one arrives at internal angles
�int of approximately 30°, which translate to a parallel k com-
ponent k�

max=��2m /�2��Ekin+VR��1−cos2 �int�=0.88 Å−1,
which is of the order of the Brillouin zone dimension. Thus,
significant information about the dispersion of the parallel
wave vector components can be obtained in principle.

To summarize, on one hand, the low energy of the ob-
served electrons is clearly a severe practical limitation for
their application to map electronic band structure if the re-
fraction cannot be taken into account quantitatively. On the
other hand, if we assume that the sp-band structure is known
sufficiently well, we have a sensitive probe of the inner po-
tential.

B. Intensities

Because of the inherent asymmetry in the experimental
setup, for both 1PPE and 2PPE, an asymmetric angular in-
tensity distribution is expected. Because the incident angle �i
is changed asymmetrically with respect to the surface nor-
mal, all other factors depending on the incidence angle are
expected more or less to also show this asymmetry. This can
be seen in Fig. 6. Both the 1PPE and 2PPE distributions
should be clearly asymmetric with respect to the surface nor-
mal, and the 2PPE intensity should be narrower. The 1PPE
intensity that we observe �Fig. 3�, however, does not fit the
simple Fresnel model. Instead, we suggest that, in this case,
we see the influence of surface photoemission. This is sup-
ported by 1PPE measurements on Cu�001�, where we ob-
serve excellent agreement with the Fresnel model.

We have simulated the photoemitted intensities as a func-
tion of the detection angle for the case of 1PPE and 2PPE
according to the model of Eq. �12�. For the dielectric func-
tion of silver, we used the values of �= �n+ ik�2, with �n
+ ik�=0.05+2.275i ���=3.1 eV� and �n+ ik�=1.18+1.312i
���=6.0 eV�.54 For the dielectric function of copper, we
used the values of �n+ ik�=1.32+2.12i ���=3.1 eV� and
�n+ ik�=1.01+1.60i ���=6.0 eV�,54 with the final result not
very sensitively depending on the exact value of all of these
parameters.

The peaks of the sp-band transitions in the experimental
photoemission spectra were fitted to Gaussians on a linear
background, and from this fit, the intensity in the peak was
obtained. The results are shown in Fig. 9. Very good agree-
ment is found assuming an effective momentum matrix ele-
ment pointing along the surface normal and having a con-
stant magnitude. This is in agreement with the expectation

from the 2-OPW NFE model, where Pif
� will be constant and

point in the direction of G� = �1,1 ,1�. The agreement of the
experimental data of Ag�111� is not as good at negative exit
angles, which we attribute mainly to the uncertainty in ex-
tracting low peak intensities on an unknown background
�note the very low intensity at negative angles in Fig. 3�.

As can be seen in Fig. 9, the experimental intensities in
1PPE from Ag�111� do not fit the expected behavior of Fig.
6. To motivate why we think that this behavior is anomalous,
we apply our model to a different substrate, Cu�001�. So far,
the only assumptions we have made for the analysis of the
angle-dependent intensity on Ag�111� is that Pif is constant
and points along the z axis. We also showed that the Az
component of the electric field at the surface shows a univer-
sal angle-dependent change with incidence angle. Thus, the
intensity variation that we have observed in 2PPE on
Ag�111� should be quite generally valid for transitions which
are governed by this field component, also on different sub-
strates. This is why we choose to compare in Fig. 9 the data
measured on Cu�001�. The intensity data were obtained for
initial state electrons near the Fermi energy. For these elec-
trons originating from the Cu sp band ��1 symmetry�, the
optical selection rules for fcc surfaces ��1 final state� dictate
that again the Az component is the most relevant near normal
emission. So we should have a comparable intensity varia-
tion as on Ag�111�. Figure 9 shows that this is indeed the
case for the 2PPE measurements on Cu�001� and, moreover,
that the 1PPE data from Cu�001� shows the expected broader
intensity distribution with a pronounced asymmetry, in con-
trast to what is observed for 1PPE on Ag�111�.
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To analyze the 1PPE data further, we show in Fig. 10
1PPE and 2PPE spectra taken from Ag�111� �data from Fig.
3� at detection angles of ±20° to the surface normal. Firstly,
one immediately notes the much more asymmetric peak
shape of the 1PPE spectra as compared to a rather symmetric
2PPE peak. Secondly, the peak intensity relative to the back-
ground clearly shows an anomalous behavior for 1PPE.
Whereas for 2PPE both peak height and background are in-
creased at positive angles �larger Az component�, the 1PPE
spectra show a larger background at positive angles, but with
a reduced peak height. Both these observations point to the
influence of surface photoemission. It has been shown previ-
ously that surface photoemission causes a very asymmetric
peak shape for the sp-band transition on Ag�111�.25,26 This
asymmetry is created by additional photoemission due to
transitions that do not need to conserve crystal momentum
and which show up as a broad background in the spectrum.
These transitions involve an increased range of k vectors
different from the ones determined by crystal momentum
conservation in the bulk sp-band transition. Our observations
are also consistent with the fact that we observe an increased
influence of surface photoemission at angles where the Az
component and also its change at the surface become larger
according to Eq. �8�. Because the surface photoemission is
an alternative coherent pathway for photoemission, the sur-
face and bulk photoemission channels interfere, modifying
the intensity and asymmetry of the bulk transition peak. This
is observed as the reduced peak height of the 1PPE transition
as compared to an increased background. As is shown in Eq.
�7�, one can try to model the influence of surface photoemis-
sion by an additional complex fit parameter CS in the transi-
tion matrix element, by which the interference between sur-
face and bulk photoemissions is phenomenologically
simulated. While we can obtain very good agreement with
the measured data for a specific choice of CS �not shown�,
the measured angular range of 1PPE spectra does not allow a
final conclusion about the physical significance of this ap-
proach. Additionally, one should expect that the interference
effects will be a function of the position of the sp-band peak
in the spectrum, and thus, an energy-independent CS might
not be sufficient. This is why we limited ourselves to dem-
onstrate that in agreement with previous studies, surface pho-
toemission seems to have an appreciable angle-dependent
effect also in our 1PPE measurements. In contrast, it has
been shown previously that the 2PPE spectra can be simu-
lated without taking into account surface photoemission.33

This is consistent with our measurements.
Our observations are relevant in a further context. The

Fresnel equations neglect the nonlocal influences on the elec-
tromagnetic field at the surface that would have to be de-
scribed via a dielectric function ��q� ,�� that not only depends
on the frequency � but also on the wave vector q� .55,56 These
effects are most pronounced near the plasmon energy, and
lead to characteristic changes in the Az component of the
field in the first few angstroms of the surface. Because we
were observing a bulk transition, the sensitivity to such op-
tical effects intrinsic to the presence of a surface should be
diminished. It is interesting to note, however, that such ef-
fects might be within reach of comparative 2PPE and 1PPE
experiments. For instance, the plasmon resonance of silver is
at 3.8 eV,57 an energy which can be bracketed by common
double- and single-photon energies to possibly acquire pho-
toemission data which are more or less strongly influenced
by nonlocal effects.58 In this context, the observation that
surface photoemission is unimportant in 2PPE with single-
photon energies below the plasmon energy, but visible in
1PPE with a photon energy above the plasmon threshold,
could be important.

V. SUMMARY

We have shown that the observed dispersion of the
sp-band transition on Ag�111� in 1PPE and 2PPE can be
analyzed using a nearly-free-electron model for the initial
and final states involved. The observed dispersion agrees
with the known band structure. To gain exact band-structure
information, the strong refraction of the low-energy electrons
needs to be taken into account quantitatively. This is limited
by the degree to which the inner potential is known. We
suggest using the low-energy photoelectrons from the
sp-band transition as a probe for the potential step at the
surface. The observed intensity distributions in 2PPE from
Ag�111� can be well described by a phenomenological model
which employs the Fresnel equations to calculate the electric
field components inside the sample. Very good agreement is
found using known optical constants and a momentum ma-
trix element which is directed into the direction of the sur-
face normal. By comparison to Cu�001�, we have shown that
the observed intensity distributions for 1PPE and 2PPE are
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FIG. 10. Comparison of 1PPE and 2PPE
spectra for detection angles symmetrically ±20°
to the surface normal. The 1PPE spectra show
the influence of surface photoemission, indicated
by a very asymmetric peak shape and large
background.
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valid for this orientation of the momentum matrix element,
and surface photoemission can be neglected. In contrast, the
observed intensity distribution for one-photon photoemission
from Ag�111� does not fit the simple Fresnel model. We in-
terpret this as the influence of surface photoemission. With
the mentioned limitations in mind, our study shows that rel-
evant information about the electronic structure at surfaces
can be obtained with angle-dependent 2PPE measurements.
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2
Higher Order Photoemission from Metal Surfaces
Aimo Winkelmann, Cheng-Tien Chiang, Francesco Bisio, Wen-Chin Lin,
J€urgen Kirschner, and Hrvoje Petek

2.1
Introduction

Photoemission spectroscopy (PES) is a widely employed method for mapping the
electronic structure of solids [1, 2]. In the simplest picture, the incident radiation
induces transitions of electrons from occupied to unoccupied single-particle states
separated by the photon energy. By invoking the laws of energy and momentum
conservation, the photoemission process can be applied to map the occupied band
structure of solids by detecting the photoelectrons in final states above the vacuum
barrier.

A generalization of the linear one-photon photoelectric effect can be realized by
nonlinearmultiphoton processes induced by ultrashort laser pulses of high intensity,
where the occupied initial states, the unoccupied intermediate states, and the
coupling between them play a central role. The unique power of these effects stems
from the fact that the dynamical processes in the intermediate excited states become
directly accessible in the time domain when using delayed excitation pulses.
Especially the technique of time-resolved two-photon photoemission (2PPE) has
been used to gain information on the decay rates of electronic populations and their
dephasing times [3–5].

Compared to 2PPE, higher order multiphoton photoemission processes (mPPE)
in solids, which can extend the energy range of the studied unoccupied states and
provide further information on photoexcitation processes, have received only little
attention. This ismainly because their observation requires very intense opticalfields
and their considerably reduced photoelectron yields can be overwhelmed by space
charge effects from the lower order processes [6–15]. Moreover, nonphotoelectric
effect emission through the surface plasmon excitation and possibly tunneling,
leading to ponderomotive acceleration of photoelectrons up to 0.4 keVenergy [9, 16],
has been reportedwith comparatively low externalfields. Therefore, themechanisms
for high-order photoelectric excitations at solid surfaces, in particular to what extent
they are governed by the band structure of metals, are largely unexplored.

Dynamics at Solid State Surface and Interfaces Vol.1: Current Developments
Edited by Uwe Bovensiepen, Hrvoje Petek, and Martin Wolf
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40937-2

j33

5. Originalveröffentlichungen 95



As multiphoton photoemission experiments depend sensitively on the wave
functions and energy levels of the states that are involved in the excitation, they are
expected to provide band structure information about occupied and unoccupied
states in solids with high precision [17]. Using procedures very similar to conven-
tional angle-resolved PES,multiphoton resonances can be exploited to determine the
separation of electronic bands at specific~k-points by looking for resonances between
the multiple states coupled by the incident radiation.

In this chapter, we summarize our observations of higher order photoemission at
copper surfaces. The electronic structure of Cu(001) supports resonant three-photon
photoemission with photon energies of �3 eV. We will show how coherent multi-
photon photoemission carries information about the bulk band structure of copper
via the resonant excitation of electronic bulk states through unoccupied intermediate
surface states. In the 3PPE and 4PPE experiments, we can also observe electrons that
have absorbed more energy than is necessary to overcome the work function of the
material, and therefore undergo above-threshold photoemission (ATP). We will
analyze an example of how momentum conservation restrictions can keep these
electrons in quasibound states above the thermodynamic vacuum level. Finally, we
will briefly discuss how the spin–orbit coupling (SOC) in the Cu d-bands can be
exploited to excite and control the spin-polarized higher order photoemission using
circularly polarized light for excitation and spin-dependent scattering for the spin-
resolved detection of photoelectrons.

2.2
Observation of Higher Order Photoemission at Cu Surfaces

We investigated nonlinear photoemission spectra from Cu(001) and Cu(111) sur-
faces. The photoemission experiments were carried out in an ultrahigh vacuum
system (pressure <5� 10�11mbar) [18, 19]. The Cu surfaces were prepared with
standard sputtering and annealing procedures. All the experiments, unless specified,
were carried out at 300K. The electrons photoemitted along the surface normal were
analyzed by a cylindrical sector analyzer (Focus CSA300) with parallel momentum
(k||) resolution below �0.07A� . The ultrashort excitation pulses were provided by the
frequency-doubled output of a self-built Ti:sapphire oscillator operating at 81MHz.
The pulse central energy could be continuously varied in the range of hn¼ 2.99
–3.15 eV by tuning the phase-matching angle of the frequency-doubling b-BaB2O4

(BBO) crystal. At the energy of hn¼ 3.07 eV, the pulse length at the surface was
�20 fs and the pulse energy �1 nJ. The peak power densities that were reached at
the sample surface were in the order of 10GW/cm2, the measured sample current
was in the order of 1 nA, corresponding to a total of less than 100 emitted electrons
per pulse. Significant space charge effects beyond the experimental resolution could
not be detected in the experiments reported below.

In Figure 2.1, we show multiphoton photoemission spectra recorded simulta-
neously for two-, three-, and four-photon excitation for Cu(001) and Cu(111)
surfaces as a function of the final-state energy above the Fermi level EF. The
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low-energy onsets of the spectra represent the work function thresholds of 4.6 eV
for Cu(001) and 4.9 eV for Cu(111) [5]. The highest energies that can be reached by
photoelectrons from the Fermi level by absorption of two and three photons are
indicated by dashed–dotted vertical lines. These delimit the regions of 2PPE, 3PPE,
and 4PPE.

In the 2PPE spectral region of Cu(111), we identify the well-known occupied
Shockley surface state (SS) (EF�0:4 eV), while there are no distinctive features in the
Cu(001) spectrum. In the 3PPE part of both surfaces, we can clearly see the n¼ 1
imagepotential (IP) state peak at afinal-state energy of 7.1 eV. The binding energies of
the n¼ 1 IP states measured with respect to the vacuum level are 0.59 eV for Cu(001)
and 0.84 eV for Cu(111) [5]. Due to the difference of 0.3 eV between the work
functions of the two surfaces, their IP states appear at approximately the same energy
with respect to the Fermi level.

Above the IP states, we indicate by dashed lines the position of the vacuum levels
plus one photon energy. Photoelectrons with energies above the indicated limits
emerge with kinetic energies larger than the single-photon energy. The contribution
of this above-threshold photoemission effect is seen especially clearly for the three-
photon copy of the Cu(111) surface state near 8.8 eV: These electrons can however
escape after absorbing only two photons (the 2PPE peak at 5.7 eV). A very similar
process is apparent in the 4PPE IP state feature, which corresponds to absorption of
two photons to reach the vacuum instead of only one.

Figure 2.1 Nonlinear photoemission spectra
fromCu(001) (black squares) and Cu(111) (gray
circles), for emission perpendicular to the
surface, single-photon energy of hn¼ 3.07 eV,
and p-polarized light. Indicated are the energy
regions that are reached from the occupied
initial states by 2, 3, and 4 photons, respectively.

Multiphoton replicas of the n¼ 1 image
potential (IP) state peak and the Cu(111)
Shockley surface state (SS) peak can be
distinguished. Above-threshold processes are
indicated by ATP. The energy resolution was
�100meV. The spectra are not normalized with
respect to each other.
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The most striking effect is seen in the intensity of the 3PPE through the IP state
at Cu(001) compared with Cu(111): The 3PPE signal from Cu(001) at the IP state
can reach higher intensity than the 2PPE signal and is orders of magnitude
stronger than the 3PPE signal through the IP state of Cu(111). In the next section,
we will analyze how the Cu(001) electronic structure can support such an efficient
3PPE process.

2.2.1
Resonant 3PPE in the Cu(001) Electronic Band Structure

In order to interpret our experimental results on 3PPE from Cu(001), we show
in Figure 2.2 the relativistic band structure of copper for the k-space line relevant
to emission normal to the Cu(001) surface (D-line from C to X) according to the
calculated band structure of Ref. [20]. We indicate a three-photon process for photon
energies near 3 eV starting from the Cu d-bands via the unoccupied sp-band and the
n¼ 1 image potential state, which has been demonstrated previously [18]. At
sufficiently high laser fluence, this process leads to a 3PPE signal higher in intensity
than the simultaneously observed nonresonant 2PPE signal.

As is well known, a theoretical band structure such as shown in Figure 2.2 usually
does not describe experimental photoemission data quantitatively [22, 23]. Because
of this, we assume in the following that the calculation still describes the dispersion
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Figure 2.2 Relativistic bulk band structure [20] of Cu(001) with the proposed three-photon
resonance for a photon energy near 3 eV. In addition, the n¼ 1 image potential state is shown at an
energy of 4.04 eV [5]. A broadened unoccupied surface resonance is expected near 1 eV [21].
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of the bands correctly, but we make the absolute values for the critical points
adjustable to known experimental data. Then we try to find k-conserving resonances
in the band structure as a function of photon energy. In a first approximation, this is
realized by shifting the involved bands according to the number of photons needed to
reach the final-state energy. A resonance is given when the energy levels cross (see
also Ref. [17]). This imposes stringent conditions on the relative energy separation
between the energy levels involved.

The image potential state is a surface state, which by definition does not disperse
with momentum in the direction perpendicular to the surface and thus is drawn
horizontally for the C–X direction of Figure 2.2, at an energy of 4.04 eV [5].
The observed spectral structure can be expected to be produced mainly by the IP
state in combination with the initial d-bands that show a reduced k?-dispersion near
the X point. This is whywe look for a two-photon resonance between the n ¼ 1 image
potential state and the initial d-bands. In addition, the dispersing unoccupied sp-
band can supply states near simultaneous one-photon resonance to the d-bands and
the image potential, respectively. Adjusting the critical points of the bulk band
structure, the d-bands are assumed to have X5 at �1.99 eV and X2 at �2.18 eV [22].
Due to spin–orbit coupling, the bandwithD5 spatial symmetry is split intoD5

7 andD
5
6

bands with reported experimental splittings between 100 [24] and 170meV [25] in
the region of interest near the X point. For comparison, the theoretical value is
160meV [22] at theX point. The upper sp-band is assumedwithX1 at 7.67 eV [22] and
thus cannot be reached resonantly with the photon energies in our experiment. In
Figure 2.3, we show the bands after shifting up the IP state by one photon energy,
the sp-band by two photon energies, and the d-bands by three photon energies to
the final-state energy.

The results in Figure 2.3 strongly support a resonancemechanism in 3PPE from
Cu(001). In the two panels of Figure 2.3, we can expect the near-crossing of three
bands for a pair of photon energies approximately 110meV apart, at 2.97 and
3.08 eV, which can be excited simultaneously with our 170meV bandwidth laser
pulse. The crossing of the three bands in Figure 2.3 means that not only we have a
two-photon resonance between the d-bands and the IP state (which could be
fulfilled for a range of photon energies due to the dispersion of the d-bands) but
also the unoccupied sp-band is near one-photon resonance to the d-bands and the
IP state. In this situation, the transitions involved are emphasized because energy
conservation is fulfilled for the one-photon and two-photon transitions at the same
time. The two separate resonances are labeled A and B in the higher resolution
experimental data shown in Figure 2.3. In view of the very simple model, both the
photon energies and the separation of the resonances are in good agreement with
the measured values.

The 3PPE resonances discussed involve two initial states belonging to spin–orbit
split D5 d-bands. They both proceed at different k-values via the dispersing unoc-
cupied portion of the sp-band states [26–28] to the image potential state. A possible
contribution from an unoccupied surface resonance [21], which is expected near
or higher than 1 eV above the Fermi level (Figure 2.2), cannot be excluded, but in
our model it can hardly be responsible for the two simultaneous resonances
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Figure 2.3 Analysis of the possible resonance
conditions between the initial d-bands (solid
black), the intermediate sp-band (dotted), and
the image potential state (dash-dot-dotted). The
bands are numbered according to Figure 2.2. The
initial d-bands are shiftedupward by the energyof
three photons, the sp-band by two-photon
energies, and the intermediate n ¼ 1 image
potential state is shifted by the energy of one
photon to the final-state energy. The near

crossing of three bands indicates simultaneous
two-photon and one-photon resonances. Due to
the broad pulse spectrum (�170meV), the
separate resonances for hn ¼ 2:97 eV (a) and
hn ¼ 3:08 eV (b) connected to the two d-bands
are simultaneously observed as features A and B
in the experimental spectrum (solid gray,
experimental data for 3.04 eV central photon
energy of the laser pulse, energy resolution
�50meV).
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observed. This is because of the missing k? dispersion of the surface resonance
and the IP state that fixes their one-photon resonance at one specific photon energy
for all k?. The unoccupied surface resonance would not allow two photon energies
to be in simultaneous two-photon and one-photon resonances with the IP state
and the d-bands, that is, the crossing of three bands as shown in Figure 2.3 for
two different photon energies would not be possible. In this respect, a dispersing
intermediate-state band seems to be necessary to explain our observations (compare
also Figure 2.6).

An interesting feature of the multiphoton resonances is that they proceed via the
same image potential state, but still show a two-peak structure corresponding to
the different initial states. This points to the influence of multiphoton excitation
processes that cannot be pictured as sequential stepwise processes from one level to
the next, in which the information (coherence) on the excitation pathway would be
lost. The application of these coherent excitation processes for electronic structure
mapping is discussed in the next section.

2.3
Electronic Structure Mapping Using Coherent Multiphoton Resonances

An analysis of the double-peak 3PPE structure A and B in Figure 2.3 shows that this
part of the spectrum can be fitted by the sum of two Gaussian peaks with widths
(FWHM) of 110meV for (A) and 130meV for (B) and a separation of 150meV.
Peak A is located at a final-state energy of 6.95 eV, while peak B is at 7.15 eV.
Considering that the optical spectrum of the excitation pulses has a width of
170meV, and the light field acts on the sample three times, it is striking that the
resolution of the 3PPE spectrum is well below the excitation linewidth [29].

The mechanism behind the formation of the double-peak structure in
Figure 2.3 can be analyzed by using the density matrix formalism, where the
populations of the states involved are described by the diagonal elements raa
and the coherences between states by the off-diagonal elements rab of the density
matrix r [5, 30–34].

We assume that the part of the Cu band structure that is relevant for the observed
3PPE process can be effectively simplified to a four-level system. The unperturbed
Hamiltonian ĤS of the system is written on the basis of four orthonormalized states
( a bj i ¼ dabh ) representing either one of the initially occupied d-band states ji1;2i, the
intermediate unoccupied sp-band jsi, the image potential state jmi, and the final
photoemitted state jf i at the respective energy levels ei;s;m;f . This simplification
disregards the dispersion of the electronic states with crystal momentum k that is
a major inhomogeneous contribution to nonresonant 2PPE spectra [34] and the
various inter- and intraband relaxation mechanisms that would need to be part of
a quantitative theory for a crystalline solid state system. This could be handled,
for example, by introducing sets of k-dependent multilevel systems with appropri-
ate couplings that represent the above effects [34, 35]. We also assume that the
perturbation of the system by the laser pulse is weak. The 3PPE processes are
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assumed to proceed independently from either of the two different sets of initial
d-band states ji1;2i.

The density operator r̂ of this simplified four-level system explicitly expands as.

r̂ ¼

rii jiihij ris jiihsj rim jiihmj rif jiih f j
rsi jsihij rss jsihsj rsm jsihmj rsf jsih f j
rmi jmihij rms jmihsj rmm jmihmj rmf jmih f j
rfi j f ihij rfs j f ihsj rfm j f ihmj rff j f ih f j

0
BBB@

1
CCCA

riiðt ¼ �1Þ ¼ 1:

ð2:1Þ

We have emphasized with a dark gray box the matrix element rii, which is the only
nonzero element in the ground state at time t ¼ �1, representing the initial
population of the relevant d-band state.

The other emphasized matrix element rff (light gray box) determines the quantity
we measure in the experiment: the very small population that is transferred to the
final state by the ultrashort optical pulse. Initially, rff ¼ 0, and it can only become
nonzero due to the coupling to the initial state via the intermediate states. This
coupling is provided by the electric field EðtÞ of the excitation pulse.

For simplicity, we assume here that themost relevant couplings are between those
states that are nearly a photon energy �hvp apart in the level scheme:

ij i !�hvp
sj i !�hvp

mj i !�hvp
fj i: ð2:2Þ

Starting at t ¼ �1 from only rii 6¼ 0, the interaction Hamiltonian Ĥint allows finite
values to develop in the matrix elements during the time evolution of the density
operator r̂. This time evolution is described by the equation of motion for the density
matrix (Liouville – von Neumann equation) [5, 30, 32, 33, 36]:

drab
dt
¼ � i

�h
aj ĤSþ Ĥint; r̂
� �

bj i�Cabrab; a; b ¼ i; s;m; f :
� ð2:3Þ

The numerical treatment of Eq. (2.3) is in principle straightforward. With respect to
the physical interpretation, however, a perturbative expansion of r̂ with respect
to interactions with the electrical field is useful. A perturbative expansion allows to
visualize the induction of nonzero matrix elements rab as a sequence of steps in
which the commutators ½Hint; rab� in Eq. (2.3) are recursively expanded up to a
specified order. This expansion can be symbolized by double-sided Feynman
diagrams that keep track of both the time development of the population in the
states involved as well as the coherences induced between these states that
are described by the diagonal and off-diagonal elements of the density matrix,
respectively [36]. Another related visualization allows to show the possible coupling
of two generic elements rab and rcd of the density matrix as Liouville space
pathways [36].

These Liouville space pathways show that besides the sequential one-photon
pumping of population from one state to the next (compare Eq. (2.2)):
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rii! rss!rmm! rff ; ð2:4Þ

there are contributions to rff containing only coherences, schematically written as

rii! ris! rim!rif !rff ; ð2:5Þ

which implies that these contributions produce no population in the intermediate
states mj i (corresponding to the observableNm ¼Tr½ mj i mjr̂�h ), due to the fact that the
density matrix components rmm (as well as rss) are not affected by these processes. It
is emphasized that despite the fact that no population in the intermediate state is
involved, these states nevertheless have a decisive role. They contribute via their
coherent superpositionwith the other states. Fromour experimental data, we see that
the coherent coupling of the d-band states to the imagepotential state via the sp-bands
contributes to the initial-state peaks in the photoelectron spectrum (rff ðEÞ). We keep
in mind that the pathways (2.4) and (2.5) are two particular pathways in a general
coherent 3PPE process and occur together with all other pathways and should be
added coherently in calculating rff ðEÞ.

Features A andB in Figure 2.3 are not a consequence of the presence of the IP state
alone, but are inherently caused by a nonlinear resonance effect between initial, first
intermediate states, and second intermediate (IP) states. Very qualitatively, amemory
of its excitation pathwaymust be imparted on an electron because it starts at a specific
energy level (one of the two d-bands), then goes through the same energy level of
the IP state as the other electrons, andfinally ends up at a specific energy again. In this
sequential picture where only the actual population of the IP state is measured by
the third ionizing photon, no initial-state peaks could show up in the photoelectron
spectrum if the electrons from different initial states lose memory of their excitation
pathway in the IP state before their final ionization. In this respect, the simple
observation of two IP state related peaks (which do not move when the central pulse
energy is tuned [29]) is a sign of specific nonlinear–optical pathways that cannot be
pictured as sequential one-photon transitions, but that allow the electron to keep its
initial-state information as it is emitted into the vacuum.

The resonance effect also provides an effective energy filter, which would explain
why the widths of the observed peaks A and B are smaller than the optical spectrum
of the excitation pulses. Strictly, energy conservation is imposed only on the overall
coherent 3PPE process from an initial to a final state that are separated by an energy
�hv03. In principle, all three-photon processes that fulfill �hv03 ¼ �hv01þ �hv12þ �hv23

are allowed (with different single-photon energies �hv01;12;23). However, if the excita-
tion energy is additionally near one-photon resonances �hvR � �hv01 � �hv12 � �hv23

between dispersing levels (compare also Figure 2.3), energy conservation is also
approximately fulfilled for the intermediate levels. This favors the photon ener-
gies near the simultaneous one-photon, two-photon, and three-photon resonances
�hv03 ¼ �hð� vRÞþ �hð� vRÞþ �hð� vRÞ and thus provides an energy filtering
mechanism.

The main physics of the coherent multiphoton photoemission effect is expected
to be already present in three-level systems of initial, intermediate, and final states.
For these systems, analytical solutions exist for single-frequency interactions in
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two-photon photoemission [37]. Assuming that the two initial d-band levels and
the intermediate IP state play a dominant role in the mechanism we focus on here,
we can simplify our four-level system (3PPE) to a three-level system (2PPE) by
artificially moving the two initial d-band states to the original energy level of the
first intermediate sp-bands, which are neglected in the following. We then apply
the model of Wolf et al. [37] to our special simplified system that models
2PPE from two closely spaced, independent initial states via the same intermediate
state.

For the intermediate state, we assumed a constant lifetime of 35 fs and a dephasing
of 1meV [5]. For the final state, we assumed infinite population lifetime and 1meV
dephasing rate [5]. The initial states are separated by 150meV at energy levels that
reproduce the experimentally observed final-state positions via the intermediate state
at 4.04 eV, corresponding to the n ¼ 1 IP state on Cu(001). We then calculated the
resulting 2PPE spectra for a range of initial-state dephasing rates (assuming no
population decay in the initial state). While for faster dephasing only a single peak is
present, it turns out that – in order for the two-peak structure to appear – the
dephasing time of the initial statesmust be in the order of 10–20 fs [29]. Although this
value cannot be taken as a quantitative determination, nevertheless it compares well
with direct time domain observations of Cu d-band hole dephasing times of>20 fs in
the observed d-band region near the X point [38].

The result for a model 2PPE process shows how the dephasing rate between the
initial and intermediate states contributes to the peak width of the transition. If the
dephasing rate is high, the two independent transitions from the closely spaced
initial states are broadened to an extent that they are not separable anymore and
appear as a single peak. With decreasing dephasing, the peak widths of the two
resonances become sharp enough to give two peaks in thefinal-state spectrum.This
process can be expected to be of very general character, and a similar influence of
dephasing is expected to be relevant in the actual 3PPE experiment. Thismeans that
a sufficiently low dephasing rate of the initial states with respect to the intermediate
states will be required in any case to distinguish two initial-state peaks in a
transition that proceeds via a common intermediate-state level, like the IP state
considered here.

Our observations of the direct influence of coherent excitation pathways in
3PPE from Cu(001) are relevant for applications of nonlinear photoemission in
electronic structure investigations, which can be carried out using high-intensity
laboratory laser sources and accelerator-based free electron lasers. It has been
predicted theoretically [17] that resonant two-photon photoemission could give
the separation between occupied initial states and unoccupied intermediate bulk
states within the fundamental limit imposed by the intrinsic energy and momen-
tum widths of the coupled states. The important advantage in such two-photon
measurements is that the optical transition from the initial state to the inter-
mediate state would couple bulk states that are not influenced by the symmetry
breaking due to the surface [39] and the perpendicular crystal momentum k? in
such a transition would need to be conserved (at negligible photon momentum).
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The extension of this idea to 3PPE is straightforward, and we illustrate in Figure 2.4
the qualitative difference between unspecific bulk excitations and coherent reso-
nances that sensitively depend on the band dispersion. It can also be easily
imagined that this approach can be generalized to multiple excitation frequencies
that can be tuned to search for the simultaneously possible single-photon reso-
nances in a multiphoton process. When surface states are involved in the multi-
photon resonances, it has to be taken into account that the periodicity of the surface-
state wave function may emphasize transitions near the bulk Brillouin zone
boundaries [40, 41]. The use of multiphoton resonances corresponding to very
well-defined k-space positions should also allow improved time domain investiga-
tions [3] of band-resolved electron dynamics. The demonstrated coherent coupling
of bulk states to surface states through a two-photon resonance could also lead to
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Figure 2.4 Principle of detecting coherent bulk
band structure resonances in 3PPE via an image
potential state on Cu(001). (a) Nonresonant
incoherent excitation of the IP state from
unspecific bulk bands at normal emission
(kjj ¼ 0). The initial states are averaged over k?
illustrating the loss of k? information in the
sequential one-photon pathways due to the lack
of a k? selection rule in the IP to final-state one-
photon transition (k? is undefined for surface
states). The colors of the arrows correspond to
photon frequencies provided by the excitation
pulse, their thickness corresponds to the
respective spectral weight. The photons can act
in any combination for sequential incoherent
excitations. The peak position of the IP state is

determined by the central photon energy of the
pulse (thickest arrow) and the measured width
of the IP state is determined by the width of the
pulse spectrum. (b) Coherent 3PPE resonances
in the bulk band structure coupled to the image
potential state produce specific peaks A andB in
the spectrum, providing k? information. A fixed
photon energy defines each resonant pathway.
The width of features A and B is not limited by
the spectral pulse width. (c) The corresponding
1PPE process for the same level scheme using a
single-photon energy three times as large as that
in the corresponding 3PPE process is not k-
selective if no resonance to a dispersing final-
state band is present. (Please find a color
version of this figure on the color plates.)
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improved possibilities of controlling electronmotion at surfaces by interferometric
techniques [42, 43].

2.4
Dynamical Trapping of Electrons in Quasibound States

In the previously discussed experiments shown in Figure 2.1, the IP states populated
via two-photon excitation have beenmeasured in normal emission, corresponding to
kjj ¼ 0. For kjj > 0, the energy of an electron in the IP states disperses with an
effective mass m	 near the free electron mass me as EIPðkjjÞ ¼ E0þ �h2k2jj=2m

	. This
dispersion can be seen in the measurements shown for Cu(001) in Figure 2.5. We
detected electrons with kjj > 0 in off-normal emission by rotating the sample.
Starting from the value at kjj ¼ 0, the IP state disperses toward higher energies
with increasing kjj. Interestingly, at one point, the kinetic energy of the IP electrons is
more than one-photon energy larger than the energy of an electron that has overcome
the vacuum barrier EV. This means that electrons can stay long enough in the IP
state to absorb an additional third photon although their total kinetic energy would
be already sufficient to leave the sample after two-photon excitation. As we will
discuss below, quasibound states can exist above the thermodynamic vacuum level on
account of the vectorial nature of momentum conservation, in addition to quanti-
tative energy conservation.

Cu(001)

Ev

Ev+ hv

Figure 2.5 Dispersion of the n¼ 1 IP state on
Cu(001) with kjj 
 0. Above EVþ hn, the two-
photon excited electron in the IP state already
has higher energy than the work function
EV�EF, but cannot leave the sample because its

perpendicular momentum is too low to
overcome the surface barrier. Only after
absorbing a third photon, the electron is
photoemitted.
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If electrons are to be emitted from a sample, they have to overcome the potential
barrier of the surface. In a classical picture, the perpendicular component of the
electron momentum vector is reduced outside the sample due to the force acting
along the surface normal direction when the electron overcomes the potential step at
the surface. If the perpendicular momentum component p? of an electron, which
travels along an inclined trajectory toward the surface barrier, is below the critical
value p0?, then it is deflected back into the direction away from the surface, although
its total kinetic energy might actually be sufficiently high to leave the sample.
Quantum mechanically, the self-consistent reflection and transmission of the
electron waves at the surface and at the bulk potential determine the formation of
standing waves for the energies of surface states and resonances, which correspond
to electrons trapped in a surface quantum well [44]. Under the simplest approxi-
mation, in this multiple scattering picture, only the projection of the electron wave
vectors on the surface normal direction is relevant for scattering in a surface barrier
potential that varies only in the dimension perpendicular to the surface.

This perpendicular momentum of the scattered electron waves at the surface is
affected, for instance, by the exchange of reciprocal lattice vectors in low-energy
electron diffraction (LEED). In LEED experiments, external electrons with total
energies above the vacuum level can be trapped in the surface potential well by
momentum restrictions. When entering the surface, the external electron beam is
accelerated due to the lower inner potential of the sample and it can be diffracted into
various beams, some of which canmove nearly parallel to the surface. In this way, the
momentum and energy in the surface parallelmotion are increased for the diffracted
beams and the respective electrons effectively lose �perpendicular energy.� The
effective perpendicular energy can drop below the vacuum level, and the electron
waves are then scattered in a similar way as electrons in the bound states, that is, the
IP states, of the one-dimensional perpendicular potential. This is seen near the
emergence threshold of diffracted beamsmovingnearly parallel to the surface, where
fine structure effects appear in the reflected electron intensity via the interference of
waves reflected only at the bulk and diffracted waves that have been reflected at the
bulk and surface barriers (possibly multiple times) [45]. Similar trapping effects can
be seen in the scattering of He atoms at surfaces [46].

As we see in the measurements of Figure 2.5, multiphoton excitation can provide
an alternative way to study electrons under restricted surface perpendicular mo-
mentum that are trapped in the IP states. According to the discussed model, the
electrons in the IP state could, in principle, acquire any amount of energy if their
motion is free electron-like in the direction parallel to the surface and as long as their
perpendicular momentum stays low enough. If the surface-parallel velocity of the
electrons in the IP state could be sufficiently increased bymultiphoton excitation, this
could give access to the dynamical screening properties of the electrons in the
occupied states, which lead to a finite response time for the buildup of the image
potential state and a velocity-dependent binding energy [47]. As the electronmotion at
the surface is not completely free, however, reflection by the periodic part of the lateral
surface potential will influence the electron motion in the IP states and thereby
impose limits on their velocity.
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2.5
Above-Threshold Photoemission

The effect of above-threshold photoemission is well known in atomic physics [48]. It
provides the possibility that an electron absorbs one ormore photons than are actually
necessary to ionize an atom or, in our case, to be photoemitted from a surface. We
have seen in the previous section that momentum restrictions can lead to a situation
in which an electron with sufficient energy to overcome the work function is trapped
at a surface. However, the intrinsic ATP effect is seen even in the absence of similar
restrictions.

This can be realized when looking at our experimental spectra in Figure 2.1.
For Cu(111), we have two peaks that originate from the Shockley surface state
(EB¼� 0.4 eV): one at 5.7 eV, due to excitation by two photons. But clearly, there is a
process inwhich the surface-state electron absorbs one additional photon, as we see
by the three-photon copy of the SS peak near 8.8 eV. A very similar process gives rise
to the n¼ 1 IP state feature in the 4PPE spectrum of Cu(001). This corresponds to
photoemission of electrons from the IP state by two photons instead of only one,
which would be sufficient enough to reach the vacuum. While multiphoton ATP
effects from solids under high-intensity excitation can produce unwanted back-
ground effects that are largely unspecific with respect to the sample electronic
structure, our experimental spectra of Figure 2.1 clearly display very specific signals
from surface states and the Fermi edge from Cu(001) and Cu(111) in different
nonlinear orders. Such information should be very useful for comparison with
quantitative theories that predict the relative yields of the different orders of
multiphoton excitation.

Compared to atomic physics, the nonlinear effects at solid surfaces show impor-
tant differences. In this respect, one of the most obvious questions is how the
complex electronic structure of a crystalline system influences multiphoton photo-
emission, and how the electronic structure of a solid is modified by the nonlinear
interaction with the laser field [49]. Furthermore, the symmetry breaking at the
surface introduces additional influences such as refraction and reflection of
electrons and light at the solid–vacuum interface [50]. Correspondingly, the
measurement of ATPeffects from solids by ultrashort pulses can provide important
information about the occupied and unoccupied electronic states and the relevant
timescales of the elementary processes involved. It has been shown, for example,
that multiphoton excitations can give access to final-state effects in photoemission
from solids, like the process of photoexcited electrons leaving a sample [51]. The
involved timescales can be sensed by comparing the signals of specific excited
electronic states and the corresponding signals of higher order excitations induced
by an additional laser pulse. The experimental scheme involves electrons that are
photoemitted, for example, by attosecond XUV pulses. Access to the dynamics of
the excited electrons is given by the time-resolved sideband structure in the
photoelectron spectra, which is due to low-energy photon absorption and stimu-
lated emission induced by the dressing field [13, 52] (see also chapters 21 and 22 in
this book).
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2.6
Spin-Polarized Multiphoton Photoemission

It is well known that photoexcited spin-polarized electrons can be produced at
unpolarized targets, provided that the incident light has circular polarization. Spin–
orbit coupling in combination with optical selection rules provides themechanism by
which electrons can be spin selectively excited. This forms the basis of various effects
related to optical spin orientation [53]. For one-photon photoemission frommetals, it
has been demonstrated that significant spin–orbit coupling leads to strong spin-
polarization effects of the photoelectrons even in a relatively low-Z material like
copper [24]. The extension of the optical spin orientation effect to multiphoton
transitions in solids would allow to transiently spin polarize excited intermediate
states below the photoemission threshold that in principle cannot be sensed by one-
photon photoemission. Such a multiphoton excitation scheme can then be directly
exploited to study spin-dependent scattering of excited electrons in solids. In this
respect, the Cu(001) surface provides an especially interesting system, since we have
seenhowthespin–orbit-coupledCud-bandscanbecoupled to the IPstates.This iswhy
we studied spin-resolved 3PPE under excitation of circularly polarized laser pulses.

The principle of the spin-polarized 3PPE from Cu(001) is shown in Figure 2.6a.
The relativistic selection rules for normal emission from an fcc(001) surface dictate
the final-state symmetry to beD1

6. Furthermore, right circularly polarized (RCP) light
couples spin-down (spin-up) electrons from a D5

6 (D5
7) symmetry initial state to a

D1
6 symmetry final state (and vice versa for left circular excitation) [54]. This provides
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Figure 2.6 (a) Principle of spin-polarized
three-photon photoemission from Cu(001).
Spin-polarized electrons are selectively excited
by the right circularly polarized (RCP) light due
to the spin–orbit coupling in the Cu d-bands. By
the two-photon resonance to the image
potential state, spin-polarized electrons
transiently occupy a surface state of
nonmagnetic Cu. (b) Experimental data

showing that oppositely spin-polarized
electrons are excited by photons of 3.00 and
3.14 eV, respectively [19]. A and B symbolize the
two possible resonances (Figure 2.3), which are
not separately resolved due to the limited
experimental resolution (100meV) imposed by
spin-resolved detection. Reprinted with
permission from [17]. Copyright 2007 by the
American Physical Society.
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the basic mechanism by which oppositely spin-polarized photoelectrons are excited
selectively from the two spin–orbit split bands of different symmetry to the unoc-
cupied IP state.

The electrons photoemitted along the surface normal were analyzed by a cylin-
drical sector analyzer coupled with a newly developed spin detector. This detector
performs spin analysis through very low-energy electron scattering on a magnetized
ultrathin Fe/W(001) film [55].

In the experimental data shown in Figure 2.6b, we have demonstrated the creation
of a large (40%) spin polarization of the electrons in the n¼ 1 IP state on the Cu(001)
surface [19]. The spin polarization is achieved by resonantly coupling the spin–orbit
split Cu d-bands with the IP state via a multiphoton transition excited by circularly
polarized light. We see that both the sign and the magnitude of the IP state spin
polarization can be tuned by balancing the resonant coupling to different spin–orbit
split d-bands, which are selected by the photon energy in Figure 2.6. The spin
polarization can also be interferometrically controlled by the delay between two
ultrashort laser pulses, via selective interference of high- and low-frequency compo-
nents of the excitation [56]. Using the additional degree of information provided by
the spin, our excitation scheme can also provide away to selectively study dynamics of
electrons excited from d-bands of different double-group symmetry. These spin-
resolved investigations may provide a basis for the coherent manipulation and
probing of the spin dynamics of excited electrons at nonmagnetic surfaces via
multiphoton photoemission. Such investigations can complement studies of spin-
dependent electron dynamics at magnetic surfaces [57].

2.7
Summary and Outlook

In this chapter, we have shownhowhigher order photoemission can provide valuable
information about the electronic structure of surfaces for the model system of
Cu(001) excited by 3 eV laser pulses. Our findings suggest extensions to future
studies of bulk band structurewith tunable laboratory and free electron laser sources,
exploiting multiphoton resonances for band mapping. If we note that when – in
addition to the energy of the exciting radiation – the quantum mechanical phase
relationships between the coupled states and the radiation also become a defining
factor in the nonlinear excitation process [58], qualitatively different applications as
compared to conventional band mapping with one-photon angle-resolved photo-
emission spectroscopy are expected by exploiting the unique properties of multi-
photon transitions between occupied and unoccupied bulk states.
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High efficiency electron spin polarization analyzer based on exchange
scattering at Fe/W„001…

A. Winkelmann, D. Hartung, H. Engelhard, C.-T. Chiang, and J. Kirschner
Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, D-06120 Halle(Saale), Germany
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We report on a compact electron spin analyzer based on exchange scattering from a magnetic
surface. The heart of the detector is an Fe�001� thin film grown on W�001� with chemisorbed oxygen
in the p�1�1� structure. The device is mounted at the exit of an energy dispersive analyzer and
works at a scattering energy of about 13.5 eV. Its figure of merit is 2�10−3, combined with an
excellent stability of more than 2 weeks in UHV. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2949877�

I. INTRODUCTION

Electron spectroscopies aim at the reliable characteriza-
tion of electrons in all their degrees of freedom. Apart from
the energy and momentum, the spin is a fundamental prop-
erty determining the behavior of electrons in solid state sys-
tems leading directly to such effects as magnetism and other
electron correlation phenomena. This illustrates that it is of
utmost importance to be able to efficiently detect and to ana-
lyze the spin in electron spectroscopic experiments.1–3

All spin detectors rely in some way or another on a
differing scattering cross section for electrons having oppo-
site projections �+� /2 or −� /2� of their spin on a quantiza-
tion axis which is defined by the geometry of the scattering
experiment. Systematic comparisons of the defining proper-
ties of various types of spin detectors can be found in Refs. 4
and 5 �in addition, a recent detailed characterization of the
spin polarized low energy electron diffraction �SPLEED� de-
tector can be found in Ref. 6�. The prominent example for a
mechanism that provides a spin sensitivity in scattering ex-
periments is the spin-orbit interaction, on which a large
group of spin polarimeters is based. However, the size of the
spin-orbit interaction energy is usually small in comparison
to the Coulomb interaction, which dominates the scattering
cross section in most circumstances. Experimentally, this
means that one has to select special scattering conditions
where the absolute effect of the Coulomb scattering is small
in order to increase the sensitivity to the spin-orbit interac-
tion. This necessity introduces an overall reduction in count
rate by two to three orders of magnitude.1

Another, different, type of spin-dependent interaction is
supplied by the exchange mechanism in magnetic systems.
The corresponding interaction energy is of the order of 2 eV
in ferromagnetic iron. The size of this energy is significant in
comparison to the energies involved in the scattering of very
low energy electrons ��20 eV� at surfaces and thus it can be
expected that the scattering cross section for these electrons
can become noticeably influenced by the spin-dependent ex-
change energy in specific circumstances.

For instance, a magnetic surface can show spin-
dependent band gaps caused by the exchange interaction.

The presence of a band gap means that electrons of specific
energies and momenta are reflected with high intensity from
such a sample because in the solid there are no states which
they can occupy. If at the same time this energy is low
enough so that no diffracted beams are created by the peri-
odic surface potential, practically all the reflected intensity is
concentrated in the specular beam. A high spin sensitivity
results if the band gap is spin dependent, so that the reflec-
tivity is high for one spin direction, while it is low for the
other. In this context, it has been predicted theoretically7 and
observed in various investigations that the scattering of very
low energy electrons at ferromagnetic Fe surfaces shows a
large spin asymmetry and at the same time a large scattering
efficiency due to an exchange-split band structure.8,9 This
effect was suggested to be used in a spin detector and, sub-
sequently, spin polarimeters have been introduced which
were based on spin-dependent reflection of very low energy
electrons from surfaces of Fe�001� films �thickness
�3000 Å� grown on MgO�001� �Refs. 10 and 11� or ultra-
thin Fe�001� films grown on Ag�001�.12,13

Because of the very high intrinsic efficiency of the dis-
cussed scattering effect on Fe surfaces, we also decided to
design a spin detector based on this promising principle. We
chose to base the detector on Fe films grown on W�001�
substrates, because of the relatively simple and fast prepara-
tion of this substrate. We have tried to optimally address the
practical requirements for an efficient spin detection in the
design of our spin detector which is described in this article.

II. DETECTOR DESIGN

The detector was designed to fit onto a commercially
available cylindrical sector analyzer with 90° deflection
angle �Focus CSA300�. With outside dimensions fitting a
space of 20�20�60 cm3, the detector is very compact and
easy to integrate in standard UHV systems. Except for the
electron bombardment heating, the spin detector itself re-
quires no high voltages during operation.

The most important parts and their relative arrangement
are shown in the drawing in Fig. 1. The electrostatic lenses
L1, L2, and L3 transfer the electrons from the exit slit of the
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analyzer to the scattering target W, the Fe film on the W�001�
crystal. The crystal is surrounded by the electromagnet M
which consists of a ferrite ring around which a coil has been
wound. The crystal and ferrite ring are mounted on a holder
H which can be flipped into the path of the electrons coming
from the analyzer. The electrons leaving the sample are par-
tially collected by the “back” channeltron Ch B. The inci-
dence angle of the analyzed electrons is 15° degrees with
respect to the surface normal of the W�001� crystal.

The channeltron B is preceded by a high pass energy
filter consisting of two parallel grids. The first grid seen by
the electrons is at the scattering potential �i.e., the potential
of the target and all the surrounding electrodes� while the
second grid is 3–4 V more positive than the scattering po-
tential. This design is based on the observation14 that elec-
trons scattered inelastically due to the generation of Stoner
excitations show a spin asymmetry of about 25% at �10 eV.
The inclusion of these electrons in addition to the elastically
scattered ones enhances the count rate without major sacri-
fice of spin sensitivity, while secondary electrons from the
inner part of the detector region �presumably with no spin
asymmetry� are suppressed. The very moderate energy filter-
ing reduces the part of the apparatus asymmetry which is due
to slight changes in the elastic scattering conditions. It was
reported in Ref. 14 for Fe�110� and in Ref. 15 for Fe�001�
that the variation of the spin sensitivity with respect to the

angle of incidence is small from 0° of incidence up to about
15°. This also ensures that the spin sensitivity of the detector
is practically independent of the azimuthal rotation of the
detector crystal. This means that any orientation of the trans-
versal spin polarization vector of the beam leaving the en-
ergy analyzer can be measured with the same spin sensitivity.

The spin asymmetry is measured under reversal of the
Fe film magnetization by application of current pulses
through the electromagnet M. The projection of the spin
quantization axis onto the magnetization direction can be
selected by rotating the holder H about the surface normal
of the crystal W. This is accomplished by a rotation
feedthrough. An additional linear feedthrough connected to a
lever at the bottom of the holder H allows to flip the holder
into the preparation position with the crystal W exactly be-
low the electron beam evaporator Fe used to grow the iron
film. This position also allows spin-integrated measurements
because the electrons coming from the analyzer are going to
the “direct” channeltron Ch D, as illustrated in the drawing
of Fig. 1 and in the photographs of Fig. 2. We show the
assembled device in Fig. 3.

For preparation of the W�001� crystal, electron beam
heating is used. This is realized by a heated filament below
the W crystal and by putting the W crystal on a positive
voltage of about 1 kV with respect to the filament. In this
way, crystal temperatures of 2500 K can be reached. This
can be checked by observing the W�001� crystal with a py-
rometer through a small viewport. Oxygen can be dosed by a
leak valve. The whole spin detector is pumped by a separate
ion getter pump and a titanium sublimation pump nearby.

FIG. 1. Drawing of the main parts of the detector. �L1, L2, L3� electrostatic
transfer and focusing lenses, �W� W�001� crystal, �M� electromagnet, �H�
holder for W, M, and heating filament �can be tilted and rotated�, �Ch B� the
channeltron collecting the electrons reflected from W, and �Ch D� the chan-
neltron which is used for spin-integrated measurements when H is moved
into the position under the Fe evaporation source �Fe�.

Fe

Fe

W

W M

M

Ch B

Ch B

Ch D

FIG. 2. �Color online� Photographs showing the crucial parts of the spin
detector. The following parts are marked: �W� the W�001� crystal, �Ch B�
the channeltron collecting the electrons reflected from W�001�, and �Ch D�
the channeltron which is used for spin-integrated measurements when W is
moved into the position under the Fe evaporation source �Fe�. In the lower
photograph, �M� are the ends of the ferrite ring used to magnetize the ultra-
thin Fe film on the W�001� crystal.

083303-2 Winkelmann et al. Rev. Sci. Instrum. 79, 083303 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

116 5. Originalveröffentlichungen



To prepare the spin detector for operation, the W�001�
crystal is treated in a similar way as in the SPLEED detector
where the same type of crystal is used. One removes carbon
contaminants, tungsten oxides, and carbon monoxide by
treatments of the sample with oxygen and by flashing the
crystal to different temperatures.6 In our case, the oxygen
cleaning treatments are necessary only after bakeout. During
regular operation, removing a used iron film and preparing a
surface for growth of a new film is accomplished by flashing
the crystal to 2000 K. After this, the Fe film is grown using
the electron beam evaporator. The pressure in the device dur-
ing growth is in the lower 10−10 mbar range. Immediately
after the growth of the Fe film, it is dosed with 3 to 5 L O2,
in our case this is done for 60–100 s at 3�10−8 mbar. At
this oxygen coverage, the Fe�001�– p�1�1�O surface struc-
ture is expected to form.16 Finally, the sample is heated to
about 600 K to anneal the film and desorb excess oxygen. A
complete preparation cycle takes less than 15 min.

III. CHARACTERIZATION

In the spin detector, we measure the normalized intensity
asymmetry A by counting the electrons that reach the back
channeltron when the Fe film magnetized either parallel �¹�
or antiparallel ��� along the spin quantization axis.

A =
I
¹

− I�
I
¹

+ I�
. �1�

These two measurements necessarily have to be carried out
at successive times and the time difference has to be kept
short enough as to minimize the influence of intensity varia-
tions. From the measured asymmetry A, one determines the
spin polarization component P along the magnetization axis
as

P = A/S , �2�

where S is the spin sensitivity �also called Sherman function
with Mott detectors�, which describes which asymmetry A
the spin detector would measure for a completely polarized
beam with P=1.0.

If one assumes that the intensity variations of the elec-
tron beam to be analyzed are approximately linear in time,
this can be taken into account by adopting a special measure-
ment sequence. The counts in the back channeltron are mea-
sured for a magnetization pulse sequence of

I
¹

�t1�,I��t2�,I��t3�,I
¹

�t4�, . . . ,I
¹

�t2m−3�,

I��t2m−2�,I��t2m−1�,I
¹

�t2m� �3�

and then forming the sums for calculation of the asymmetry:

I
¹

= �
t

I
¹

�t� , �4�

I� = �
t

I��t� . �5�

Because the spin detection principle in our device does
not involve different geometrical pathways to measure the
two conjugated scattering intensities �e.g., a “left” and a
“right” counter as in Mott or SPLEED detectors�, the corre-
sponding instrumental asymmetry due to unsymmetrical
alignments is largely suppressed. In addition, the asymmetry
due to a magnetic field is suppressed as much as possible by
carefully designing the electromagnet and its surroundings to
show a negligible remanent magnetic field. The use of a thin
magnetic Fe film instead of a bulk Fe sample reduces the
magnetic stray fields. In sum, this leads to a spurious instru-
mental asymmetry of about �0.3%, as is measured for un-
polarized electrons.

To determine the optimum scattering energy in the de-
tector, we measured the reflected number of electrons N and
the corresponding asymmetry A under reversal of the mag-
netization of the Fe film in the detector. The maximum of the
relative figure of merit defined by FR=A2�N as a function
of the potential of the scattering film then indicates the opti-
mum working condition for the detector. This is shown in
Fig. 4. The spin polarization of the measured electrons was
about 30%.

To calculate the polarization from a measured asymme-
try like in Fig. 4, we need to determine the Sherman func-
tion. For this purpose, we measured the low energy second-
ary electrons �kinetic energy of 2 eV� from a Co film grown
on Cu�001� using a primary electron beam of 2 keV energy

FIG. 3. �Color online� Photograph of the assembled device with the inner
shielding taken off. The mounting flange �seen near the center� is a 100 mm
inner diameter conflat flange.
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FIG. 4. Measured intensity �top� and asymmetry �middle� as a function of
scattering potential �this is the potential difference between the stainless
steel inner cylinder of the CSA and the Fe– p�1�1�O target. Up to a small
work function difference between stainless steel and the target of a few
tenths of an eV this corresponds to the kinetic energy of the electrons in eV�.
In the bottom part, the corresponding relative figure of merit �FOM� is
shown, indicating optimum operation at 13.5 eV scattering energy.
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from an electron gun. The secondary electrons are estimated
to have a spin polarization P of 0.35��0.03�. This value was
determined in Ref. 17 for secondary electrons excited from
Co�0001� by photons of 58 eV energy. From the measured
asymmetry A of 0.085��0.005� with our detector, we can
calculate the Sherman function S=A / P to be 0.24��0.03� at
the optimum scattering energy of 13.5 eV. A comparison
with an in-plane magnetized 12 ML thick Fe film on Cu�001�
resulted in an asymmetry of 0.075 for the low energy sec-
ondary electrons measured at 120 K. With our calibration of
the spin sensitivity �S=0.24� we arrive at 31% for the spin
polarization of the Fe film, in good agreement with the val-
ues of 25%–35% reported in the literature for this
system.18,19

We additionally cross-checked our spin sensitivity with
two-photon photoemission measurements from Co films on
Cu�001�, which are expected to show a spin polarization of
about 45%–60% when excited with p-polarized optical
pulses of 3 eV photon energy.20,21 Using our spin detector,
we observe an asymmetry of 0.15 at a binding energy
−0.5 eV below the Fermi level, which would translate into a
Sherman function between 0.23 and 0.30 for the mentioned
values of the spin polarization, which is in good agreement
with the value obtained from the secondary electron spin
polarization measurements.

We have found that our detector shows a reproducible
asymmetry over at least 2 weeks without any repreparation.
This is due to the chemical inertness of the Fe surface with
chemisorbed oxygen and has been also observed in other
applications of this system.11 This is a major advantage for
long-term experiments with intrinsically low count rates.

To compare our spin detector quantitatively to other de-
vices, we estimate the figure of merit F which determines the
counting time needed to reach a given statistical error in the
spin polarization.1 The statistical figure of merit is deter-
mined by the Sherman function S and the relative intensity
response I / I0 �which describes how many incident electrons
are needed for one detection event�:

F = S2I/I0. �6�

From this formula it can be seen that a spin detector is de-
sired to show a large Sherman function as well as a high
intensity response, while a relative improvement of the Sher-
man function is potentially more efficient in decreasing the
required counting time.

An upper bound for the intensity response I / I0 can be
gained from the relative counting rates in the direct channel-
tron ��I0� without the scattering crystal, and the counts in
the back channeltron �I� with the scattering crystal in the
path. We observe that I0 is a factor of 13 higher than I at
maximum, corresponding to I / I0�0.076 at the scattering po-
tential of 13.5 V. Since we do not measure the incident cur-
rent at the position of the detector crystal but several centi-
meters downstream, there might be fewer electrons arriving
at channeltron D than at the crystal.

In the literature, a value of I / I0�0.10 is reported for
clean Fe�001�/Ag�001� �Ref. 13� and a value of 0.06 for
Fe�001�– p�1�1�O.10 Assuming S=0.24 and I / I0=0.076
and taking into account that it is necessary to perform two

sequential measurements with reversed Fe film magnetiza-
tion, we arrive at F�2.2�10−3 for the figure of merit of our
detector. This value is consistent with Hillebrecht et al.,13

where a lower limit of about 1�10−3 has been estimated
�with a maximum of up to 10�10−3� and with Bertacco et
al.11 who report 0.7�10−3 for their combination of energy
analyzer and detector. These lower limit values show that the
detection principle based on exchange scattering at an Fe
surface is about one order of magnitude more efficient than
the Mott and the SPLEED detectors.5,6 It has to be kept in
mind, however, that the high efficiency in spin analyzers of
the presented design is available only in a limited energy
range. This means that this type of spin analyzer is best
suited for electron spectroscopic experiments which anyway
detect a limited bandwidth of electron energies, e.g., using
electrostatic energy analyzers. In cases where a broader
range of electron energies is to be analyzed by the spin de-
tector �e.g., secondary electrons without energy analysis�,
other types of detectors might be more favorable.

IV. DISCUSSION

Among the class of spin polarization detectors with en-
ergy analysis and single-electron detection, two devices have
been described based on exchange scattering: one by Bert-
acco et al.11 and the other by Hillebrecht et al.13 Among
these, the detector of Bertacco is closest to ours and we
therefore discuss similarities and dissimilarities compared to
our detector. Both use Fe�001�– p�1�1�O which shows ex-
traordinary time stability, as is confirmed by our results.
Bertacco et al. use thick epitaxial Fe films on MgO, with the
property that the detector can be “rejuvenated” many times
by simple heating in oxygen atmosphere. A new crystal,
however, is prepared in a separate vacuum system, requiring
a new MgO crystal preparation. In our case, rejuvenation is
not possible. We deposit Fe on W�001� at a thickness beyond
the spin reorientation transition ��40 ML�. This is a meta-
stable system with respect to high temperatures because the
Fe film disintegrates into �m-sized crystallites with a 1 ML
Fe carpet underneath �Stranski–Krastanov growth�. There-
fore, a used film must be replaced by a new one �after about
2 weeks�. This is done in situ, within less than 15 min.

The electron reflectivity shows consistently a broad peak
around 10 eV kinetic energy, with sizable polarization effects
on the lower as well as the higher kinetic energy sides �Fig.
4�. We work on the high energy side, while Bertacco et al.
prefer the low energy side. In their test measurements with
an elastic reflection of a well defined beam9 they found a
high exchange asymmetry of up to 44%, which decreased by
more than a factor of 2 in their actual device.11 We do not
find this large asymmetry either in our device. This feature
seems to be extremely sensitive to unknown factors. How-
ever, the performance of our instrument in terms of figure of
merit is clearly better than their instrument.11

Another important design consideration concerns the
geometrical constraints: our combined device uses an elec-
tron spectrometer with a deflection angle of 90°. If we define
the deflection plane of the analyzer by the incoming beam
axis and the outgoing beam axis, an ingoing longitudinally
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polarized beam is transformed into a transversely polarized
beam while the transverse component perpendicular to the
deflection plane of the analyzer stays perpendicular. By vir-
tue of our rotatable detector crystal, both these components
can be measured. A transverse component in the deflection
plane cannot be measured. However, if the whole device
�energy analyzer plus detector� is rotated by 90° about the
axis of the incoming beam, the remaining component can be
measured. The longitudinal component is then measured re-
dundantly. The device is sufficiently lightweight and com-
pact to be mounted on a differentially pumped rotary plat-
form �100 mm inner diameter�. In this way, the full
polarization vector of the beam �arbitrarily oriented in space�
can be measured. This is not possible with a 180° degree
deflector, such as used in Refs. 11 and 13 because the longi-
tudinal component stays orthogonal to the in-plane magneti-
zation of the detector crystal, but, alternatively, the other
detectors could, in principle, be also be used with a 90°
degree deflecting analyzer.

As an application of our spin detector, we show in Fig. 5
a photoelectron spectrum from a Cu�001� surface which was
excited by ultrashort circularly polarized laser pulses with a
photon energy of 3 eV. The energy resolution of the energy-
analyzer/spin-detector combination was set to 150 meV. Be-
cause the work function of Cu�001� is about 4.6 eV, these
electrons must have absorbed the energy of at least two pho-
tons to leave the sample. With two photons, electrons ini-
tially at the Cu�001� Fermi level can be excited up to 6 eV
above the Fermi level, which is where the Fermi edge is
visible in the final state energy scale of Fig. 5. Beyond the
two-photon Fermi edge, we see a peak at 7 eV which is due
to a resonant three-photon transition of electrons from the Cu
d bands via unoccupied sp bands and the n=1 image-
potential state.22 Using our spin detector, we have been able
to show that the d band electrons excited by three circularly
polarized photons are spin polarized.23 This can be seen in
Fig. 5 where the measured asymmetry for the spin quantiza-
tion axis along the surface normal z of the Cu�001� sample is
shown as black diamonds. The origin of the effect is the

spin-orbit interaction in the Cu d bands which in connection
with the optical selection rules for circularly polarized light
leads to the excitation of spin-polarized electrons even from
nonmagnetic materials such as Cu.24 In contrast, the photo-
electrons excited from clean Cu�001� by only two photons
�energies up to 6 eV in Fig. 5� originate from initial states in
the sp band near the Fermi level. These initial states are not
influenced by the spin-orbit interaction and thus the mea-
sured two-photon part of the spectrum in Fig. 5 does not
show a spin polarization.

By our observation we have demonstrated a way to ex-
cite spin polarized electrons into unoccupied image-potential
states of a nonmagnetic surface. Moreover, the excitation of
spin-polarized electrons by circularly polarized ultrashort la-
ser pulses at an extremely well-defined system such as clean
Cu�001� might provide a reliable standard for calibration
purposes.

Summarizing, we have designed and characterized a
compact and reliable spin detector with excellent long-term
stability based on the scattering of very low energy electrons
on ultrathin Fe films on W�001�. This instrument has been
built in 1999 and has operated satisfactorily ever since.
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FIG. 5. �Color online� Photoelectron spectra and measured spin asymmetry
for excitation of Cu�001� with circularly polarized laser pulses of
h�=3.0 eV. The spin quantization axis is oriented along the surface normal
z of Cu�001�. Two-photon excitation is possible up to 6.0 eV final state
energy, above that we see a three-photon photoemission peak at 7 eV. Elec-
trons in this peak are spin polarized by as much as about 45%, as calculated
from the measured asymmetry.
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Ultrafast Optical Spin Injection into Image-Potential States of Cu(001)
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We report the observation of a net spin polarization in the n � 1 image-potential state at the Cu(001)
surface. The spin polarization is achieved by spin-selective multiphoton excitation of electrons from the
spin-orbit split Cu d bands to the image-potential state using circularly polarized ultrafast light pulses. We
show that by tuning the exciting photon energy, we can adjust the resonant coupling of the image-potential
state to d bands of different double-group symmetry. This allows us to tune the spin polarization injected
into the image-potential state.

DOI: 10.1103/PhysRevLett.98.226601 PACS numbers: 72.25.Fe, 73.20.�r, 79.60.�i, 82.50.Pt

Optical manipulation of spins in magnetic [1–3] and
nonmagnetic solids [4,5] and their surfaces is of great
interest for ultrafast magnetism, spintronics, and quantum
information processing. The observation that magnetiza-
tion dynamics can be traced to single-electron spin-flip
processes [6] underscores the importance of addressing
elementary spin scattering processes to understand macro-
scopic phenomena like laser-induced demagnetization [7].
To this end, spin and time-resolved multiphoton photo-
emission [1,6,8,9] provides one of the most specific and
sensitive probes of electron-spin phenomena on the femto-
second time scale.

The strong coupling of spins in ferromagnetic materials,
however, can make the measurement and analysis of the
spin dynamics of excited electrons intrinsically difficult.
Spin dynamics can in fact occur through a superposition
of both magnetism-induced as well as magnetism-
independent processes, whose separate contributions are
sometimes difficult to address selectively. In this respect,
the investigation of spin dynamics by nonlinear photoemis-
sion would surely benefit from the availability of a source
of spin-polarized excited electrons at nonmagnetic sur-
faces. Spin-dependent transport and scattering at interfa-
ces, relevant to the operation of spintronic devices, could
also be studied in more detail.

It is well known that photoexcited spin-polarized elec-
trons can be produced at unpolarized targets, provided that
the incident light has circular polarization. Spin-orbit cou-
pling (SOC) in combination with optical selection rules
provides the mechanism by which electrons can be spin-
selectively excited. This forms the basis of various effects
related to optical spin orientation [10,11]. For one-photon
photoemission from metals, it has been demonstrated that
significant spin-orbit coupling leads to strong spin-
polarization effects of the photoelectrons even in a rela-
tively low-Zmaterial like copper [12]. The extension of the
optical spin orientation effect to multiphoton transitions in
solids would allow one to transiently spin polarize excited

intermediate states below the photoemission threshold
which in principle cannot be sensed by one-photon photo-
emission. Such a multiphoton excitation scheme can then
be directly exploited to study spin-dependent scattering of
excited electrons in solids.

In this Letter, we report the observation of large (40%)
spin polarization of the n � 1 image-potential (IP) state on
the Cu(001) surface by means of spin-resolved multipho-
ton photoemission. The spin polarization is achieved by
resonantly coupling the spin-orbit split Cu d bands with the
IP state via a multiphoton transition excited by circularly
polarized light. We observe that both the sign and the
magnitude of the IP-state spin polarization can be selected
by balancing the resonant coupling to different spin-orbit
split d bands. Our observation provides the basis for the
coherent manipulation and probing of the spin dynamics of
excited electrons at nonmagnetic surfaces.

The photoemission experiments were carried out in an
ultrahigh vacuum system (pressure <5� 10�11 mbar).
The ultrashort excitation pulses were provided by the
frequency-doubled output of a self-built Ti:sapphire oscil-
lator. The pulse central energy could be continuously
varied in the range of h� � 3:00–3:14 eV by tuning
the phase-matching angle of the frequency-doubling
80 �m-thick �-BaB2O4 (BBO) crystal. At the energy of
h� � 3:07 eV, the pulse length at the surface was� 20 fs,
and the pulse energy �1 nJ. Right- and left-circular (RCP,
LCP) and linear polarization were set by a combination of
achromatic �=4 and �=2 wave plates. The laser beam was
focused to a spot of � 40 �m in diameter on the surface.
The angle between the incident beam and the axis of the
analyzer was fixed at 42� (Fig. 1). A clean and ordered
Cu(001) surface was prepared by standard sputtering and
annealing procedures. The optical plane was aligned par-
allel to the [100] direction. All the experiments were
carried out at 300 K.

The electrons photoemitted along the surface normal
were analyzed by a cylindrical sector analyzer (set to
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150 meV energy resolution) coupled with a newly devel-
oped spin detector, based on very low energy electron
scattering on a magnetized ultrathin Fe=W�001	 film
[13,14] (Fig. 1). The spin detector included facilities for
W(001) crystal flashing, Fe film growth, magnetization
reversal of the Fe film, additionally allowing a non-spin-
resolved mode. The detector Sherman function was S �
�0:23
 0:02	, with excellent long-term stability as char-
acterized by constant reference measurements over typi-
cally two weeks without repreparation of the Fe film.

The basic principle underlying the multiphoton optical
orientation process for the Cu(001) IP state is shown in
Fig. 1. There we show the calculated relativistic band
structure of Cu(001) along the � line (after Ref. [15]),
pertinent to the normal-emission geometry, along with the
�� energy positions of the n � 0 surface resonance (SR) and
the n � 1 IP state [16]. One-photon transitions at energies
representative of the ones employed in our experiment are
depicted as the vertical lines. The spatial single-group and
the double-group symmetry character of the states involved
is denoted by superscripts and subscripts, respectively. It
can be clearly seen that the IP state can be populated from
initial states located in the d bands in the proximity of the X
point by a resonant excitation pathway proceeding via the
unoccupied sp band or the n � 0 SR [17]. The magnifica-
tion of the band structure in the region near the X point
(inset of Fig. 1) shows that the �5 band is spin-orbit split in
two bands with strong �5 spatial symmetry and �7 and �6

double-group symmetry, with reported binding energy dif-
ferences between 100 meV [12] and 130 meV [18], while a

�7 band with strong hybridization of �5 and �2 spatial
symmetry is present at about 100 meV larger binding
energy.

The relativistic selection rules for normal emission from
an fcc(001) surface dictate the final state symmetry to be
�1

6. Furthermore, RCP light couples spin-down (spin-up)
electrons from a �5

6 (�5
7) symmetry initial state to a �1

6

symmetry final state (and vice versa for LCP excitation)
[19]. This provides the basic mechanism by which oppo-
sitely spin-polarized photoelectrons are excited selectively
from the two spin-orbit split bands of different symmetry
to the unoccupied IP state. In our experimental geometry,
no asymmetry in photoelectron intensity (dichroism) is
expected for excitation with reversed helicity [20], and
the spin-polarization vector points in a direction very close
to the surface normal [21]. We will henceforth discuss the z
component of the spin polarization only.

The experimental observation of spin injection from
spin-orbit split d bands into the IP state is demonstrated
in Fig. 2. There, in the upper panel, we show two typical
spin-up and spin-down photoelectron spectra I" and I#,
measured with RCP incident light at h� � 3:02 eV photon
energy (dashed lines and solid lines, respectively). The
spin-resolved spectra are calculated from the measured
intensity asymmetry under reversal of the magnetization
direction of the Fe=W�001	 spin detector. The spin polar-
ization along the z direction for RCP (LCP) incident ra-
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diation is reported in the lower panel as solid (open)
diamonds. No detectable spin polarization was observed
for excitation with p-polarized light (not reported). In the
spectra, the two-photon photoemission (2PPE) Fermi edge
is clearly observable at 2h� � 6:04 eV, whereas the
prominent peak near 7.0 eV corresponds to three-photon
photoemission (3PPE) via the IP state [17]. A significant
spin polarization of up to 30% appears in the 3PPE region
at final state energies roughly between 6.5 and 7.5 eV,
including the IP-state photoemission peak. This demon-
strates the successful injection of a spin-polarized electron
population into the IP state. The observation that the
helicity reversal of the exciting light causes a sign change
of the spin polarization further confirms that the spin
polarization appears due to the multiphoton optical spin
orientation effect described above. We also notice that the
photoelectrons in the 2PPE part of the measured spectra
originate from the sp band just below the Fermi energy. As
can be seen from the relativistic band structure, these states
are not split by SOC, and accordingly, spin-selective exci-
tation is not observed.

We can strongly influence the multiphoton optical ori-
entation process by changing the excitation photon energy
and tuning the two-photon resonance between the d bands

and the IP state. In Fig. 3 we show the IP state spectral
region of spin-up and spin-down spectra (dashed lines and
solid lines, respectively) and corresponding spin polariza-
tions (solid symbols) measured at three different incident
photon energies with RCP light. The spectra are plotted
normalized to the IP-state intensity, whereas the spin-
polarization data are plotted with equal vertical scales.
When decreasing the photon energy from h� � 3:14 eV
(top curves) to h� � 3:00 eV (bottom curves), we observe
a systematic change of the IP-state spin polarization,
whose value swings from approximately �25% at h� �
3:14 eV to �40% at h� � 3:00 eV, passing through zero
at the intermediate energy of h� � 3:07 eV.

For a better understanding of the strong photon-energy
dependence of the IP-state polarization, we summarize in
Fig. 4 the results of a larger set of measurements, per-
formed at different photon energies with RCP incident
light. Defining the final state energy of the IP-state peak
as EIP, the initial state energy Ed of the d band electrons
populating the IP state is given by Ed � EIP � 3h�. In
Fig. 4 we report the photon-energy dependence of EIP

(top panel, open circles), Ed (middle panel, open squares),
and the corresponding spin polarization at the IP-state peak
(bottom panel, solid diamonds). The solid black lines are
linear fits to the photon-energy dependence of EIP and Ed.
The energies EIP and Ed exhibit a linear dependence on the
photon energy, with respective slopes of 1:1
 0:1 and
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�1:9
 0:1. This is expected, since the IP state acts as the
penultimate state in a three-photon process (see Fig. 1).
The energy of the IP state, which defines the resonance
condition for a particular photon energy, is fixed relative to
the vacuum level and does not disperse with perpendicular
momentum. Therefore, increasing the photon energy by
�h� near resonance also increases the final state energy
EIP by �h�, whereas the initial state energy Ed has to
decrease by �2�h�. Accordingly, increasing the photon
energy from h� � 3:00 eV to h� � 3:14 eV tunes the
initial state binding energy from approximately 1.95 to
2.25 eV. This tuning range covers the region of spin-orbit
split d bands shown in the inset of Fig. 1.

The evolution of the IP-state peak spin polarization in
Fig. 4 from�40% to�25% with increasing photon energy
can therefore be ascribed to the tuning of the resonance
conditions between each of the individual spin-orbit split d
bands and the IP state. At lower photon energies, the �5

7
band lies closer to resonance with the IP state than the �5

6
band, and a positive spin polarization of �40% is accord-
ingly observed. With larger photon energy, the �5

6 band
increasingly contributes in the two-photon resonance with
an opposite spin polarization. This lowers the net spin
polarization at the IP-state peak, which reaches zero for
h� � 3:07 eV. Increasing the photon energy further to
h� � 3:14 eV, the �5

6 band resonance finally dominates
and the sign of the IP-state spin polarization is accordingly
reversed. The lower observed value of spin polarization for
excitation from the �5

6 band can be ascribed to the con-
tribution arising from the �7 band at higher binding en-
ergy, which shows partial �5 character due to hybridiza-
tion [12].

The values of spin polarization that we observe in our
multiphoton experiment are in close agreement with the
ones observed in one-photon experiments from Cu(001),
where a �45% and �25% spin-polarized signal originat-
ing from d bands, respectively, at 1.9 and at 2.3 eV binding
energy was measured with h� � 11 eV photons [12]. Such
close agreement suggests that in our experiment the spin
polarization is generated within the �5

6�7	 ! �1
6 one-

photon transition that couples the initial spin-orbit split d
bands to either the unoccupied sp bands or the n � 0 SR,
whereas the subsequent transitions, coupling states all of
�1

6 symmetry, transfer spin polarization into the image-
potential state and, finally, to the photoemitted states.
Although very similar spin polarizations are observed in
the two experiments, we have to point to characteristic
differences. Off-normal light incidence will cause a dete-
rioration of the pure circular polarization inside the metal,
and it also will allow unpolarized contributions from �1

6
initial states [21]. The close agreement of our spin-
polarization values with respect to Ref. [12] suggests that
these influences are effectively small. A quantitative de-
scription of the observed spin polarizations requires the
calculation of transition matrix elements using realistic
wave functions and taking into account the dynamics of

the spin-dependent multiphoton photoemission process,
which is clearly beyond the scope of this Letter.

In conclusion, our experiment demonstrates the possi-
bility of injecting spin-polarized electrons into excited
states at nonmagnetic surfaces, and it proves that the spin
polarization can be adjusted by selecting the appropriate
excitation energy. With its straightforward application to
pump-probe experiments, this multiphoton optical orienta-
tion process opens the way to address directly in the time
domain the ultrafast spin dynamics and spin transport in
the absence of relaxation processes influenced by magne-
tism. For the specific case of Cu(001), the relatively long
coherence time of the n � 1 IP state [22] and d-band holes
[18] (>30 fs) could even allow a coherent manipulation of
electron spins at metal surfaces by suitable ultrashort laser
pulses [23]. Finally, the complete generality of the spin-
injection principle here reported suggests that the outlined
method could be applied to a large variety of materials
other than copper, thereby significantly broadening the
field of possible investigations and applications.
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In an interferometric pump-probe experiment, we demonstrate the phase tuning of the spin polarization
of photoelectrons emitted in a three-photon process from Cu(001). A phase shift of � between delayed
ultrafast circularly polarized light pulses can switch the spin polarization from �20% to �40%. In the
delay regime of overlapping pulses, we show the dominating role of optical interference effects in
determining the spin polarization. For longer delays, we detect the influence of the coherent material
response, manifested in both the final state electron population as well as the final state spin polarization.

DOI: 10.1103/PhysRevLett.100.206601 PACS numbers: 72.25.Fe, 73.20.�r, 78.47.J�, 79.60.�i

The interaction of circularly polarized light with elec-
tronic states that are influenced by spin-orbit coupling
provides a mechanism for selective excitation of spin-
polarized electrons in nonmagnetic and magnetic solids.
This type of interaction bears close analogy to the effect of
a magnetic field, and it enables the control of magnetic and
other spin-dependent phenomena by optical means on time
scales of the order of the applied laser pulse lengths and
electron-hole pair dephasing times in solids and at solid
surfaces. For example, a method of all-optical magnetic
recording using circularly polarized 40 fs laser pulses has
recently been demonstrated [1]. The successful application
of the spin degree of freedom in future spintronic devices
[2] equally relies on a fundamental understanding of how
to create and manipulate spin-polarized electrons—poten-
tially on ultrafast time scales.

From a fundamental point of view, a particularly direct
way to study the relevant mechanisms is to optically excite
unoccupied electronic states and then detect spin-polarized
photoelectrons emitted from crystalline surfaces. Using
nonlinear photoemission in a pump-probe configuration,
one can gain access to the electron and spin dynamics in
excited states [3–8]. It clearly would be of fundamental
interest to elucidate mechanisms by which not only the
number but also the spin of the emitted photoelectrons
could be influenced by the relative optical phase of two
excitation pulses. Ultimately, this could also allow the
generalization of the recently demonstrated all-optical
control of charge currents on surfaces [9] to spin-polarized
surface currents. The steering of the electron’s spin, charge
and spatial degrees of freedom at surfaces could then be
observed directly by spectroscopic and imaging techniques
based on photoemission [10–12] to allow fundamental
insights, which are relevant in the ineluctable convergence
of the optical, electronic and spintronic technologies on the
nanometer scale.

In this Letter, we show that the spin-polarized photo-
emission from the Cu(001) surface can be controlled by

interferometrically changing the delay between two circu-
larly polarized ultrashort optical pulses. We exploit a two-
photon resonant transition [13] to selectively populate the
n � 1 image potential (IP) state with spin-polarized elec-
trons originating from the spin-orbit split Cu d-bands [14]
and then detect the IP state population and spin polariza-
tion by a third photon. Comparing the time-resolved three-
photon photoemission (3PPE) signal with a simultaneous
measurement of the surface second-harmonic generation
(SSHG) signal, we show that the spin-polarized photo-
emission is influenced by the effective optical excitation
spectrum and by the quantum-mechanical response of the
excited system.

The experimental setup is schematically pictured in
Fig. 1. We have described most of the experimental details
previously [13,14]. In the present study, the ultrashort
excitation pulses (h� � 3:00 . . . 3:14 eV, pulse length
<20 fs, pulse energy �1 nJ) were split into equal pump
and probe replicas in a stabilized scanning Mach-Zehnder
interferometer. The delay could be kept stable with an
accuracy of �=25. The electrons photoemitted along the
surface normal were analyzed angle-resolved by a cylin-
drical sector analyzer coupled with a spin detector based on
very low energy electron scattering on a magnetized ultra-
thin Fe=W�001� film. The analyzer energy resolution was
set to 100 meV. To determine the laser pulse autocorrela-
tion, simultaneously with 3PPE, we measured the surface
SHG signal from the Cu(001) sample using a prism assem-
bly to separate the SHG signal from the fundamental light
before detection with a photomultiplier tube (Fig. 1). A
clean and ordered Cu(001) surface was prepared by stan-
dard procedures. The optical plane was aligned parallel to
the [100] direction.

In Fig. 2(a) we show the relativistic bulk band structure
of the Cu(001) surface along the surface normal (�X)
direction, whereas a simplified level scheme accounting
for the mechanism of spin-polarized 3PPE [14] is reported
in Fig. 2(b). According to optical selection rules, oppo-
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sitely spin-polarized electrons can be excited by circularly
polarized light from the d bands of Cu with �7 and �6

symmetry. The two-photon resonance between these initial
states, the intermediate unoccupied sp-band, and the pe-
nultimate n � 1 image potential state in the 3PPE process
governs the distribution of spin-polarized electrons at the

final state energy. As can be seen in Fig. 2(b), two different
resonances take place at photon energies h�1 and h�2. This
leads to the features A and B in the photoelectron spectrum
shown in Fig. 2(c). The separation of 150 meV between A
and B is determined by spin-orbit coupling, which causes
the splitting of the �7 and �6 bands. Because the pulses
have a spectral width of 170 meV, both resonances of
opposite spin polarization are excited simultaneously
weighted by the spectral distribution of excitation frequen-
cies. In principle, the spin polarization detected via the IP
state as a function of pump-probe delay can change due to a
combination of spin-dependent excitation effects and spin-
dependent scattering in the excited state. With measured
values of the spin-flip lifetime in bulk copper of about 10 ps
[15] we can expect that spin-flip processes in the excited
state are not significant in our measurements.

The time-resolved experiments can be carried out in two
ways. Measuring the photoelectrons at a fixed energy as a
function of delay between the pulses gives an interfero-
metric two-pulse correlation (I2PC) signal, while measur-
ing the photoelectron intensity at fixed pulse delays as a
function of photoelectron kinetic energy gives the corre-
sponding energy and spin polarization control spectra. We
will begin by discussing the observed spin polarization for
pulse delays up to about 15 fs (Fig. 3). At these delays, the
pulses are overlapping significantly so that the optical
interference of the electromagnetic fields of the two con-
stituting pulses dominantly determines the measured signal
[16]. As a function of pulse delay, this results in interfer-
ence maxima spaced in time by the duration of an optical
cycle.

In the top part of Fig. 3, we report the spin polarization
measured at the final state energy of 6.95 eV above the
Fermi energy EF with h� � 3:04 eV, as a function of the
pulse delay. Each data point for the spin polarization is
shown in a gray scale corresponding to its statistical error,
where black points correspond to the minimum error. Data
points on the white end of the scale are effectively sup-
pressed, as they fall in the regions of destructive interfer-
ence where the count rate is too low for a statistically
significant result. The spin polarization exhibits dramatic
oscillations with a frequency of about 1:3 fs�1 which
corresponds to an optical cycle. Starting from about
�10% at zero delay, the amplitude of the polarization
oscillations also grow larger in intensity, reaching values
ranging from �40% to �20% for delays between 10 and
15 fs.

Additional insights into this oscillating behavior can be
gained by measuring spin-resolved photoelectron spectra
at selected fixed delays within one representative optical
cycle. In the bottom part of Fig. 3, we therefore report the
intensity spectra (hatched areas) and the corresponding
spin polarizations (markers) obtained for delays near 11
optical cycles, along with the reference zero-delay results.
Whereas the spin polarization spectrum at zero delay per-
fectly agrees with our previous study [14], marked changes
are observed in the spin polarization spectra for the chosen

FIG. 2 (color). (a) Relativistic band structure relevant to nor-
mal emission from Cu(001), (b) Qualitative excitation scheme
for spin-polarized 3PPE using pulses with a frequency spectrum
covering �1 and �2 (�� right circular polarized light), (c) 3PPE
resonance peak measured in a non-spin-resolved experiment
with higher energy resolution directly showing the spin-orbit
splitting of the two resonances A and B.

FIG. 1. Experimental setup for interferometric control of spin-
polarized electron populations in multiphoton photoemission.
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values of pulse delay. In agreement with the upper part of
the figure, at 6.95 eV final state energy we observe a spin
polarization near �20% for 10.75 cycles and �40% near
11.25 optical cycles delay. The connection to the upper part
of the figure is made by the colored symbols in both parts
of Fig. 3.

The dramatic changes in the spin polarization spectra
become clear when we compare the spin-averaged inten-
sity spectra for different delays. It can be seen in fact that at
zero delay, the spin-averaged intensity spectrum (gray
spectrum in bottom part of Fig. 3) is relatively broad,
caused by the nearly equal excitation of the A and B
resonances by our ultrashort pulses with an extended fre-

quency spectrum. When the two pulses are delayed by less
than their pulse width and thus still significantly overlap-
ping, their superposition can be effectively viewed as a
single, longer pulse, whose amplitude and frequency struc-
ture is determined by the interference of the overlapped
pulses. For delays of only one or two optical cycles, the
pulses are still almost completely overlapping. This leads
to almost total destructive and constructive interference of
all frequency components, causing the high interference
contrast near zero delay in the I2PC curves in the upper
part of Fig. 3. The spin polarization is only mildly influ-
enced at these very short delays with respect to the zero-
delay case because the complete frequency spectrum of the
pulse pair is alternately enhanced or suppressed, without
preferential excitation of the A or B resonance. This gradu-
ally changes at longer pulse delays (> 3 optical cycles),
when the decreasing overlap between the pulses causes a
more complicated frequency interference that, advancing
the delay by an optical cycle, leads to spectral distributions
that are markedly asymmetric with respect to the original
pulse spectra. Thus, under these conditions, changing the
delay by less than an optical cycle, we can correspondingly
change the spectrum of two combined pulses to preferen-
tially excite resonance A or resonance B. As is apparent
from the red and the blue hatched intensity spectra in the
bottom part of Fig. 3, the constructive and destructive
interferences between the different spectral components
of the excitation light at, respectively, 10.75 and 11.25
cycles delay occur at opposite sides of the original spec-
trum. In effect, the spectral maximum corresponding to the
constructive interference between the two pulses is shifted
towards higher or lower energies depending on the selec-
tion of the relative phase. The excitation energy is known
to strongly affect the spin polarization measured from the
n � 1 IP state [14]. What we therefore accomplish in our
time-resolved experiment is the control of this spin polar-
ization via a preferential selection of one or the other of the
two simultaneous resonances A or B, obtained by a change
of the effective optical spectrum in the course of the
coherent nonlinear excitation.

We have demonstrated that, for strongly overlapping
pulses, an effective optical spectrum can be viewed as
dominant in determining the observed 3PPE spin polariza-
tion oscillations. When the two pulses are delayed by
intervals longer than their pulse width, however, the time
development of the excited quantum-mechanical system
has to be taken into account appropriately. The evolution
and possible decay of the polarization phase between the
action of the two pulses determines how the phase infor-
mation imprinted by the pump pulse is transmitted over
time to result in the interference with the probe pulse.
Qualitatively, the nonlinear material response results in
the appearance of additional frequencies in the interfero-
metric correlation signal [17]. In order to probe this re-
gime, in Fig. 4, we report time-dependent measurements of
the 3PPE spin polarization recorded with a central photon
energy of 3.09 eV for pulse delays between 42 and 46 fs,

FIG. 3 (color). Top panel: spin polarization (markers with
error bars) and corresponding interferometric 3PPE signals for
reversed magnetizations of the spin detector (solid lines) at the
final state energy E � 6:95 eV as a function of pulse delay. Data
points for the spin polarization with lower error are colored
darker (see text). Bottom panel: measured spin polarization as a
function of final state energy for selected fixed pulse delays of 0,
10.75, and 11.25 optical cycles (markers with error bars). The
lines are guides to the eye. The gray shaded and hatched areas in
the background show the spin-averaged three-photon photoemis-
sion spectra at delays of 0, 10.75 and 11.25 optical cycles,
respectively.
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times which are sufficiently longer than the pulse width. In
the top part of Fig. 4, the autocorrelation signal obtained by
SSHG is reported, clearly showing oscillations at the fun-
damental frequency ! corresponding to one optical cycle
of delay. In the center of the figure, we report the 3PPE
signal measured at E � EF � 6:95 eV for the two orienta-
tions of the magnetization of the Fe film in the spin detector
(R=L in Fig. 4), and the relative spin polarization (bottom).
Under these excitation and measurements conditions, we
notice that the average spin polarization is near zero and
can be changed to positive as well as to negative values by
the pulse delay. When we compare the 3PPE signal with
the simultaneously measured SSHG, we notice that clear
oscillations at twice the optical frequency appear, which
originate from the coherent nonlinear response character-
ized by dephasing times the of the d-band holes of about
30 fs [18,19] and the image potential state lifetimes of
about 35 fs [5]. The same 2! contribution is also seen
clearly in the spin polarization. By this observation of the

appearing 2! contributions, we directly demonstrate that
the phase of the material polarization affects the photo-
electron spin polarization in the regime of delayed pulses
which are separated by delays sufficiently larger than the
temporal pulse width but within the relevant dephasing
time scales of the excited system. Because the observed
spin polarization is a function of the relative excitation of
the A and B resonances which are originating from differ-
ent d bands, the additional spin information in principle
gives the possibility to extract band-resolved dephasing
times of d-band holes and to monitor band-resolved popu-
lation dynamics.

In summary, we reported the interferometric control of
the spin polarization of photoelectrons by changing the
delay between two ultrashort optical pulses. Our results
show that the study of coherent electron dynamics at metal
surfaces can be extended to spin-polarized electron pop-
ulations. Our studies can be readily generalized to cases
involving the control of the time-dependent optical polar-
ization of the excitation pulses [20].
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FIG. 4. Top: SSHG intensity measured as a function of the
pulse delay. Middle: 3PPE signal as a function of the pulse delay
(L=R are data measured for reversed magnetization of the spin
detector). Bottom: spin polarization extracted from the L=R
curves. The presence of oscillations in the 3PPE signal and
spin polarization at the frequency 2! is highlighted. Data
were measured with h� � 3:09 eV photon energy.
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Abstract. We have investigated the influence of controlled modifications of the
surface electronic structure of Cu(001) on the spin polarization of photoelectrons
emitted via multi-photon excitation. Using ultrashort, circularly polarized laser
pulses with ∼3 eV photon energy, spin-polarized electrons can be selectively
excited from the spin–orbit (SO) coupled d-bands of Cu into the unoccupied
n = 1 image potential (IP) state on the Cu(001) surface. Upon lowering the IP
state energy level by submonolayer Cs deposition, we show that the IP energy
can be tuned into two-photon resonance with initial state d-bands of different
double group symmetry, leading to a sign reversal of the spin polarization that
is observed at the IP state level. Similarly, exploiting the parallel-momentum
IP state dispersion, the resonant tuning of the IP state energy level to different
branches of the SO split d-bands is demonstrated. Our results highlight the
role of resonant and off-resonant excitation pathways in determining the spin
polarization in the excited states. The additional information contained in spin-
resolved multi-photon photoemission experiments can be exploited to obtain
insights into the mechanism of population of excited states.
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1. Introduction

Spin-resolved photoemission is a powerful tool for the analysis of the relativistic electronic
band structure on surfaces [1, 2]. In the presence of spin–orbit coupling (SOC) in the electronic
structure, circularly polarized light can be utilized to selectively excite spin-polarized electrons
in nonmagnetic materials [3]–[10]. The extension of this approach to nonlinear photoemission
using ultrashort laser pulses for excitation offers the possibility to optically control spin-
dependent excitation processes of electrons into unoccupied states at nonmagnetic surfaces
[11, 12]. Similarly, access to unoccupied states and to dynamical spin-dependent scattering
processes at magnetic surfaces can be gained via two-photon photoemission in spin-resolved
pump-probe experiments [13]–[15].

In previous studies, we demonstrated the control over the spin polarization of the excited
photoelectrons at a Cu(001) surface by fine-tuning the excitation photon energy [11, 12],
exploiting the efficient multi-photon resonant coupling between the SO-split Cu d-bands and
the unoccupied n = 1 image-potential (IP) state [16]. This can be seen in figure 1(a), where
we show a simplified level scheme derived from the relativistic Cu(001) band structure shown
in detail in figure 3. The unique combination of efficient resonant multi-photon photoemission
and the possible spin-selective photoexcitation by circularly polarized light makes the Cu(001)
surface a highly interesting and well-defined model system for further investigations. As
the resonant excitation pathways are highly k-space selective and magnetism-induced spin
relaxation channels are absent, the nonmagnetic Cu(001) surface is particularly suited to
investigating the specific details of the buildup and decay of spin-polarized electron populations.
Spin-polarized electrons can in fact be effectively ‘labelled’ by their own spin orientation,
thereby providing clues to their initial state and their decay path that would be more difficult to
obtain otherwise. In this respect, extending our knowledge of different mechanisms of creating
and manipulating excited spin populations at nonmagnetic surfaces represents an interesting
issue.

Besides the experiments mentioned above, in which the spin polarization of the
photoemitted electrons is tuned by acting on the characteristics of the incident excitation light,
alternative approaches are available to influence the electron spins. They involve, for instance,
the controlled manipulation of the intermediate states in a multi-photon process in order to
influence their resonant light-induced coupling with the SO-split initial states.
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Figure 1. Simplified level schemes for tuning the excited spin polarization at
Cu(001) by different approaches (compare with figure 3 for the numbering of the
bands). Previous work: (a) tuning of the photon energy from ω1 to ω2 [11, 12].
This work: (b) tuning of the IP state level by workfunction reduction (vacuum
level EV) under Cs adsorption in normal emission; (c) using the IP state level
dispersion with k� in off-normal emission (only electrons with energies larger
than EV + (h̄2/2m)k2� can overcome the surface barrier). The initial occupied

d-band of �5 spatial symmetry is split by SOC into the two relativistic �5
6 and

�5
7 symmetries. The optical selection rules are shown for right-circular polarized

(RCP) light.

In this paper, we report the results we obtained applying two such different methods for
tuning the spin polarization of electrons photoemitted in a multi-photon process from Cu(001).
The methods are illustrated in figures 1(b) and (c). The first approach (figure 1(b)) consists in
tuning the energy level of the n = 1 IP state to control the resonance conditions with the SO-
split initial states via the deposition of a submonolayer Cs coverage on the Cu(001) surface.
The second approach (figure 1(c)) is to exploit the free-electron-like dispersion of the n = 1
IP state as a function of surface-parallel momentum k� [16] to achieve resonant coupling
with the d-bands off the surface Brillouin zone (BZ) centre. The results obtained following
these two approaches are compared with corresponding available data obtained by one-photon
photoemission [10] or spectroscopic multi-photon photoemission [11], allowing us to assess the
influence of the different excitation pathways and the characteristics of the intermediate states
on the final-state spin polarization.

2. Experiment

The experiments were carried out in an ultrahigh vacuum (UHV) system described previously
in [11, 16]. A sketch of the experimental setup is shown in figure 2. Ultrashort laser pulses
(<20 fs) with photon energy tuneable in the range hν = 3.00–3.15 eV were provided by
the frequency-doubled output of a self-built Ti:sapphire oscillator. Right- and left-circular
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Figure 2. The experimental setup.

polarization (RCP and LCP) could be set by a combination of achromatic λ/4 and λ/2 wave
plates. After cycles of sputtering and annealing, a clean and well-ordered Cu(001) surface
was prepared. Caesium (Cs) was deposited on Cu(001) at a background pressure lower than
5× 10−10 mbar from a commercial getter source (SAES). The optical plane was aligned parallel
to the [100] Cu direction. The photoemission spectra were measured by a cylindrical sector
analyser (Focus CSA300, energy resolution 150meV, angular resolution ≈3◦) coupled to a spin
detector based on exchange scattering at a magnetic Fe thin film [17]. For the normal-emission
measurements, the spin component perpendicular to the Cu(001) surface was analysed [9]. For
off-normal emission measurements, the sample was rotated about the axis normal to the optical
plane while keeping the angle between the incident laser beam and the collection axis of the
electron analyser constant (42◦). The orientation of the magnetization vector in the spin detector
was kept unchanged with respect to the normal emission case (see below).

3. Results

3.1. Three-photon photoemission (3PPE) from Cs/Cu(001)

The general mechanism for the multi-photon coupling between d-bands and IP state in normal
emission [16, 18] is illustrated in figure 3, where we show the relativistic Cu bulk band structure
along the [001] surface normal direction (� to X) [19] together with the positions of the
n = 1 IP state [20] and a relatively broad unoccupied surface resonance observed by inverse
photoemission [21]. The vertical lines indicate a possible resonant condition for 3PPE for
photon energies around 3 eV, coupling the SO-split d-bands with the IP state (the separation of
the d-bands is about �Eso ≈ 150meV [10]). A simplified close-up view of the energy levels
involved is shown in figure 1(a). According to the relativistic optical selection rules in the
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Figure 3. Relativistic band structure of Cu(001) along the � line, with possible
resonant 3PPE excitation pathways for hν ∼ 3 eV indicated by the vertical lines.

presence of SOC in the Cu d-bands, spin-polarized electrons can be resonantly excited from
�6 or �7 d-bands, through the intermediate unoccupied sp-band, and the n = 1 IP state [22].

If the photon energy is such as to resonantly couple the upper d-band branch with the IP
state on the clean surface, then lowering the IP state energy by an amount similar to�Eso should
result in resonant coupling with the lower d-band branch. Accordingly, this should result in a
sign reversal of the 3PPE spin polarization excited via the IP state (compare with figure 1(b)).
Since the IP state level intrinsically correlates with the position of the vacuum level EV, it is
straightforward to consider the tuning of the vacuum level by lowering the workfunction by
means of Cs deposition [23, 24].

In figure 4, we show the spin-resolved measurements of the 3PPE IP peak with photon
energy hν = 3.05 eV for two Cs coverages. The Cs deposition and the measurements were
performed at 300K. The energy scale refers to the Fermi level EF. The Cs coverage is
calibrated from the workfunction value extracted from the low-energy cutoff of the spectra (not
shown) [25, 26], with 1 monolayer (ML) containing 4.12× 1014 atoms cm−2, corresponding to
the saturation coverage of Cs/Cu(001) [26]. Upon 0.022ML Cs deposition, the workfunction
is lowered from 4.6 to 4.3 eV, whereas the 3PPE final state is shifted downwards by 0.1 eV.
The different energy shift of the vacuum level and of the IP state has also been observed
previously [25, 26] and was ascribed to the influence of the local positive electric field produced
by the Cs ions on the Cu(001) surface [23], [27]–[29].

In the graph panels, the spin-up (spin-down) spectra measured by LCP radiation are
reported as black dotted (solid) lines. The corresponding spin polarization spectra are reported
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Figure 4. Spin-up (dotted lines) and spin-down (solid lines) spectra measured
with LCP light for different Cs coverages on Cu(001). Photon energy hν =
3.05 eV. The symbols � and � indicate the corresponding spin polarization
obtained from the measured spectra excited by RCP and LCP light, respectively.
The lines are a guide to the eye.

as red diamonds. The blue triangles refer to RCP light, for which the spin polarization reverses
its sign according to selection rules. In accordance with the IP state peak maximum, the 3PPE
spin polarization gradually evolves from +8% on the clean Cu(001) to 0% at 0.015ML Cs and
then changes sign to reach −11% at 0.022ML Cs/Cu(001), in agreement with the expected
switch of resonant coupling from the upper to the lower branch of the d-band initial states.
Besides the sign reversal in accord with the peak IP intensity, we notice that the spin-polarization
spectra do not retain a constant shape when the excitation conditions are changed (i.e. the zero
crossings do not stay at a constant energy). This effect we will address in the discussion. The
further increase in the Cs coverage beyond the values addressed in the measurements shown
here causes a marked broadening of the IP state peak accompanied by a strong decrease in its
intensity, which prevented spin-resolved 3PPE measurements with sufficient statistics.

3.2. Angle-dependent 3PPE

Moving away from the normal emission condition, the free-electron-like k�-dispersion of the IP
n = 1 energy level on Cu(001) in principle provides another method to modulate the 3PPE spin
polarization [16]. In this case, it is the upward IP level shift with increasing k� that provides
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Figure 5. (a) Spin-integrated 3PPE spectra recorded at emission angle 0◦–10◦

relative to the surface normal with 3.11 eV photon energy. The spectra are
normalized to their maximum to allow for a better comparison. (b) Spin-
polarization spectra as a function of the emission angle for RCP excitation. The
arrows point to the corresponding IP maximum intensity as deduced from (a).
The error bar of spin polarization near the 3PPE resonance peak is within ±2%.
In the grey area, the error bars are larger than ±3%.

a variable-energy intermediate level which can couple with either of both SO-split initial state
bands (compare with figure 1(c)). Despite the apparent similarity with respect to the previous
method, several differences are expected. In order to achieve a variation in the IP state energy,
it is necessary to measure the spectra under off-normal conditions, yet at a value of k� for which
the two-photon coupling between d-bands and IP state is still significant. This implies that also
the initial d-band states will not be located along the �X line, so that their symmetry character
and SO splitting can in principle differ with respect to the normal emission case (this is also
symbolized by the slightly changed initial states in figure 1(c)).

In figure 5(a), we report a set of spin-integrated 3PPE spectra in the IP energy region
measured with hν = 3.11 eV photon energy as a function of the off-normal emission angle θ .
At θ = 10◦ the 3PPE peak shifts upward by∼ 0.15 eV from 7.05 to nearly 7.2 eV, an energy shift
of the order of �Eso. At hν = 3.11 eV and normal emission conditions, the IP state is resonantly
coupled with the lower-energy branch of the SO-split d-bands at approximately−2.2 eV energy.
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Figure 6. (a) Spin polarization as a function of initial state energy deduced by
1PPE (triangles) and 3PPE (circles). The results are adapted from [10, 11]. Black
line: spin polarization as a function of initial state energy deduced by two-photon
photoemission (2PPE) from Cs/Cu(001). (b, top) Spin polarization as a function
of initial state energy for hν = 3.05 eV deduced from Cs coverage experiments
(squares). The circles are 3PPE data from panel (a) reported for reference.
(b, bottom) Spin polarization as a function of initial state energy for hν =
3.11 eV deduced from angle-dependent photoemission measurements. The
circles are 3PPE data from panel (a) for reference.

For an increasing IP state energy level, the resonant coupling conditions will be met for initial
states having also a correspondingly higher energy, so we expect to couple to the �6 d-band,
which is higher in energy. The spin polarization corresponding to each of these measurements
is shown in figure 5(b), where the arrows point to the 3PPE peak position as deduced from
figure 5(a). The 3PPE spin polarization at the peak maximum starts from −23% at θ = 0◦,
passes through zero at θ = 7.5◦, and reaches the opposite sign of +18% at θ = 10◦ emission
angle, in general agreement with our schematic picture.

Again, we notice that the spin-polarization spectra show significant variation in their
overall shape as a function of the excitation condition.

4. Discussion

In this section, we will address two aspects of the data. Firstly, this concerns the comparison
of the spin polarization values reported in this investigation with reference data measured by
angle-resolved one-photon photoemission (1PPE) [10] and with values obtained by photon-
energy-dependent 3PPE [11]. Secondly, we assess the role of resonant excitation pathways in
determining the full spin-polarization spectra in our multi-photon scheme.

In figure 6 (top panel), we plot the spin polarization of electrons photoemitted at normal
emission from the SO-split Cu d-bands, as a function of their initial state energy measured in
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1PPE (triangles) with hν = 11 eV excitation [10]. The spin polarization versus the initial state
energy (deduced by subtracting from the final state energy the energy supplied by the photon
excitation) reaches maximum values of +45 and −25% at −1.9 and −2.3 eV below the Fermi
level, respectively. The circles in figure 6(a) represent the initial-state spin polarization deduced
from the resonant IP state polarization in 3PPE experiments on clean Cu(001), measured by
tuning the exciting photon energy hν from 3.00 to 3.14 eV [11]. Here, the initial state energy
was deduced from the final state energy by subtracting the energy supplied by the multi-photon
(3PPE) excitation while considering the value corresponding to the maximum IP state intensity
as the correct one for the spin polarization. Following this procedure, the 3PPE resonant spin
polarization agrees well with 1PPE data in the region accessible by our experiments.

In the top part of figure 6(b), we report (black empty squares) the spin polarization as
a function of the initial state energy deduced from the Cs-coverage-dependent measurements
performed with hν = 3.05 eV excitation along with the reference 3PPE data from the clean
surface (circles). The broadening and reduction of the IP state peak with Cs adsorption restrict
the amount of Cs coverage that allows us to observe the resonant 3PPE [26, 30], thereby limiting
the accessible initial-state range. Nevertheless, the spin polarizations in the initial state deduced
via the two methods agree very well, as demonstrated by their strong overlap. This confirms that
the physical picture underlying the idea of tuning the spin polarization in the IP state by shifting
its energy level is essentially correct.

The spin polarization measured in the angle-dependent photoemission experiments
reported in section 3.2 is shown in the bottom section of figure 6(b) for emission angles ranging
from θ = 0◦ to θ = 15◦. Again, reference 3PPE data are reported for comparison. For small θ ,
the spin polarization is quantitatively similar to the reference normal-emission 3PPE result. The
more the emission angle is increased, the more the discrepancies between the two sets of data
increase. The spin polarization deduced via angle-resolved measurements reaches a maximum
for θ ≈ 10◦ and then decreases for larger angles, and exhibits significantly different absolute
values. These differences can be accounted for on the basis of a variety of phenomena taking
place in off-normal emission geometry. Firstly, as mentioned previously, the d-band initial states
for off-normal photoemission differ with respect to the ones at the � point shown in figure 3.
The spin polarization measured in the experiment is accordingly determined by both the splitting
and the exact binding energy of each SO split band as a function of k�. Whereas in the close
proximity of the � point (small emission angle θ ) we can safely assume minor changes, this
assumption might not hold for the large θ case. Secondly, moving out from the normal emission
case by an angle θ , the incidence angle of the circularly polarized laser beam gradually increases
as 42◦ + θ . Due to the different transmission coefficients of p-polarized and s-polarized light,
the degree of ellipticity of the light (�) in the interior of the material changes as a function
of the incidence angle, decreasing from 0.64 at 42◦ incidence angle to 0.41 at 57◦ (� = 1 in
vacuum) [31, 32]. The corresponding ratio of RCP to LCP components in light intensity is
approximately 78 : 1 and 20 : 1 for 42◦ and 57◦ incident angle, respectively, possibly yielding a
reduction in the electron spin polarization that can be quantified at 5% at the largest incidence
angle. Finally, keeping a constant orientation of the detection direction in the spin detector will
lead to a change to the measured spin polarization. In the absence of in-plane spin-polarization
components, we expect a reduction in the spin polarization proportional to the cosine of the
emission angle θ ; therefore, this might be a minor effect in the θ range addressed here.
All these effects are, by definition, irrelevant at normal emission, whereas their contribution
gradually increases with increasing emission angle. This thereby justifies the observation that
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the spin polarization measured by angle-resolved measurements agrees with reference data for
normal emission and deviates from the expected behaviour the more the emission angle is
increased.

The second point we address is the apparent change in the shape of the spin-polarization
spectra as a function of the change in the d → IP resonance conditions induced by the tuning of
the IP state energy. We focus on the Cs-dependent measurements. It is obvious that, when trying
to deduce the initial-state spin polarization from each separate spectrum, ambiguous results will
be found, whereas conclusions in agreement with the reference 1PPE spin-polarization data
are obtained when considering the spin polarization in accordance with the maximum intensity
of the IP peak (i.e. at resonance). This behaviour can be explained taking into account the
characteristic resonant behaviour of the d → IP excitation pathway. A specific photon energy
and IP state level determine the initial d-band energy levels from which the spin-polarized
electrons observed at the final state energy may originate. For the Cs-dependent measurements,
the central photon energy of hν = 3.05 eV was chosen to favour the excitation of electrons from
the upper �5

7 band at the clean surface, leading to a positive spin polarization at resonance
(compare figures 1(a) and (b) above with figures 3 and 4 in [11]). By moving the IP state
energy level to lower values under Cs adsorption, the relevant initial d-band level in the two-
photon resonance to the IP state is moved accordingly also to lower values. Under continued
Cs adsorption and for the same central photon energy, this eventually tunes the resonance to
the lower �5

6 states, from which electrons of the opposite spin polarization are preferentially
excited. In this way, the spin-polarized electrons excited to the final state energy at the resonance
peak are selected in turn from the upper �5

7 to the lower �5
6 states, as would be the case in

nonresonant 1PPE measurements with three times the photon energy used for 3PPE. Away
from the resonance peak, which defines a dominating excitation pathway, the interpretation
of the measured spin polarization is more complicated because of the presence of several
excitation pathways that are off-resonant to varying degrees. As we have shown before, both
the �5

7 and the �5
6 d-bands can be two-photon-coupled to the IP state by different photon

energies [18]. In addition to the resonance favoured at the central photon energy hν = 3.05 eV
employed for the Cs-dependent measurements, a second resonance is possible for higher photon
energies. This additional higher-energy resonance would excite spin-polarized electrons from
the lower �5

6 d-band states to higher final state energies, whereas the electrons from the
higher �5

7 band will appear at lower final states for the lower-energy resonance (compare with
figures 1(a)). This means that, in contrast to the conditions in the 1PPE measurements, the spin
polarization observed in the final states off-resonance in 3PPE cannot be pictured as a simple
linear translation from the initial states upwards by the photon energy. Due to the finite excitation
bandwidth (170meV at hν = 3.07 eV) of the laser pulses, we will have a mixture of two types of
spin-polarized contributions as we move away from the resonance peak: the first contribution is
related to off-resonant excitation from the upper �5

7 d-band (lower photon energies in the pulse,
ω2 in figure 1(a)), and the second contribution originates from off-resonant excitation from the
lower �5

6 d-band by the alternative resonance for higher photon energies (ω1 in figure 1(a)).
According to this interpretation, the additional off-resonant contribution of the ω1 pathway at
the clean surface and low Cs coverages should be reduced with increasing Cs coverage because
tuning the IP state to lower energies will tend to suppress any higher photon energy resonance
with the lower �5

6 states. This is supported by the observation that the shape of the spin-
polarization spectrum off-resonance in the lower panel of figure 4 is beginning to look more
similar to the 1PPE curve shown in figure 6(a). In higher-resolution 3PPE experiments [18], the
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separate resonances of the IP state with each SO-split initial state are manifest as a clear splitting
in the 3PPE IP state peak. In the present investigation, the lower energy resolution necessary to
increase the count rate for spin-resolved detection does not allow us to resolve the IP peak fine
structure, yet the peculiar signatures of the resonant and off-resonant behaviour are observable
in the spin-polarized measurements. The additional information carried by the electron spins
therefore provides information about the electron excitation pathways involved that would not
be available in the non-spin resolved spectra.

We point out that it is in principle possible, in the Cu(001) system, to also access the
d-band spin polarization via a multi-photon excitation process that is nonresonant via the IP
state. After deposition of a larger amount of ≈0.09ML Cs on the surface, the workfunction
decreases enough to allow the direct observation of the d-band states near the X point in
2PPE [33]. The spin polarization spectrum as a function of the initial state energy deduced
by a single 2PPE measurement under these conditions is reported as the solid black line in
figure 6(a) (hν = 3.14 eV, T = 120K). The data, besides a total reduction that is ascribable to
an unpolarized background, match the spectral structure of the 1PPE results well. This occurs
because the 2PPE excitation pathway on Cs/Cu(001) does not provide the very k-selective
resonant conditions that occur in 3PPE through the IP state. We can expect only a spectrally
smooth contribution to the observed transitions caused by the unoccupied sp-bands. Such
conditions cannot emphasize the contribution of one of the SO-split initial bands like in the
resonant 3PPE transitions. This accounts for the overall good agreement of the spin-resolved
2PPE data from Cs/Cu(001) with the (non-resonant) 1PPE data.

5. Summary

In summary, we have investigated different mechanisms of modifying the spin polarization
of photoemitted electrons that were optically excited via unoccupied states on the Cu(001)
surface. We exploited the coupling of the unoccupied IP states to the occupied SO-split
d-bands via circularly polarized multi-photon excitation. We addressed the effects of a
controlled modification of the energy levels involved in the multi-photon process. This was
achieved either by Cs deposition to lower the vacuum level relevant to the IP or by exploiting
the k� dispersion of the states involved. The deposition of a small amount of Cs on Cu(001) has
been observed to induce a sign reversal of the spin polarization of the n = 1 IP state mediated
by the decrease in its energy level, whereas the variation in spin polarization for off-normal
photoemission is ascribed to the superimposed contribution of electronic effects and of the
measurement geometry.

In addition, our results highlight the important differences between resonant and
nonresonant excitation pathways in determining the resulting spin polarization. Furthermore,
our investigation illustrates the usefulness of the spin degree of freedom of excited electrons to
obtain information about the buildup and decay of excited electron populations on nonmagnetic
surfaces.
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Unconventional spin topology in surface alloys with Rashba-type spin splitting
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The spins of a pair of spin-orbit split surface states at a metal surface are usually antiparallelly aligned, in
accord with the Rashba model for a two-dimensional electron gas. By first-principles calculations and two-
photon photoemission experiments we provide evidence that in the surface alloy Bi/Cu�111� the spins of an
unoccupied pair of surface states are parallelly aligned. This unconventional spin polarization, which is not
consistent with that imposed by the Rashba model, is explained by hybridization of surface states with different
orbital character and is attributed to the spin-orbit interaction. Since hybridization is a fundamental effect our
findings are relevant for spin electronics in general.

DOI: 10.1103/PhysRevB.79.245428 PACS number�s�: 73.20.At, 71.70.Ej, 79.60.Dp

I. INTRODUCTION

In the emerging field of spin electronics, proposals for
device applications often utilize the Rashba effect in a two-
dimensional electron gas �2DEG�,1 thereby relying on the
spin topology of the 2DEG’s electronic states �e.g., Refs.
2–6�. The structural inversion asymmetry, that is, the asym-
metric confinement of the 2DEG, leads via spin-orbit �SO�
interaction to a splitting in the dispersion relation of the free
electrons,

���k� = �0 +
�2k2

2m� � ��k�, k = �kx,ky� , �1�

where m� is the effective mass. The Rashba parameter �
comprises the strength of the atomic SO interaction and of
the gradient of the confining potential in the z direction.7,8

The splitting, quantified by the displacement �k
=2��m�� /�2 of the band extrema in reciprocal space, shows
up as two concentric circles in the momentum distribution.
The spins of the two electronic states at energy � are �i�
oppositely aligned, are �ii� lying within the xy plane, and are
�iii� normal to the wave vector k.9 The spin polarization can
therefore be written as P��k�= � �ky ,−kx ,0� / �k�, implying
also �P�=100% �Fig. 1�a��.10

The above paradigmatic spin topology is found to a large
extent in semiconductor heterojunctions11 and in surface
states at �111� surfaces of noble metals, in particular in
Au�111�.12,13 The surface states in surface alloys such as Bi/
Ag�111� �Refs. 14–16� or Pb/Ag�111� �Refs. 16–18� show an
unmatched spin splitting �large Rashba parameter ��, which
is caused by an additional in-plane gradient of the
potential;19 the spz surface states in these alloys show the
conventional topology of the Rashba model as well but with
minor deviations �e.g., a nonzero but small Pz due to the
in-plane gradient�.

From the experimental and theoretical findings available
so far one is lead to conclude that the spin topology imposed
by the Rashba model shows up in a large number of systems,
if not in all systems. In this paper, we show by first-
principles calculations and two-photon photoemission
�2PPE� experiments for the surface alloy Bi/Cu�111� that this
topology cannot be taken for granted. Instead of the conven-

tional topology with oppositely rotating spins �Fig. 1�a��, we
find momentum distributions with identical spin-rotation di-
rections �Fig. 1�b��. The origin of this effect is explained by
the hybridization of surface states with different orbital char-
acter mediated by the spin-orbit interaction.

Our findings differ qualitatively from those in conven-
tional Rashba systems. The momentum distribution of the
latter comprises spin topologies with identical rotation direc-
tion as well but these are restricted to the low-density
regime6 �or region I in Ref. 20�, i.e., to energies between �0
and the band extrema. This regime extents over 0.015 eV for
the spz surface states in Bi/Cu�111�.21 But we find such to-
pology in a 0.7 eV wide window in the high-density regime
of the pxpy surface states. Note that the present findings are
similar to those for topological metals and insulators.22,23

Previous studies of the Rashba effect at metal surfaces
focused on occupied surface states since these can be ac-
cessed by angle-resolved photoelectron spectroscopy
�ARPES�.24 These states are mainly of spz orbital character
and thus agree with those of a 2DEG �see Ref. 10 for
Au�111��. As a consequence, their spin topology is consistent
with that of the Rashba model �Fig. 1�a��.

In the Bi/Ag�111� and Pb/Ag�111� surface alloys, the ada-
toms induce also spz states but with larger splitting �as com-
pared to Au�111�� and negative dispersion �effective mass
m��0�.16 Further, there are indications for another mainly

FIG. 1. �Color online� Spin topologies in a spin-orbit split
2DEG �schematic�: �a� Conventional Rashba-type and �b� uncon-
ventional spin topology in the momentum distribution. The spin
polarization of the “inner” and the “outer” state is represented by
arrows.
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unoccupied set of bands. Since these bands cross at energies
�0 above the Fermi energy EF, their splitting �k could only
be extrapolated from their occupied “tails.” First-principles
calculations show that these states are of pxpy orbital charac-
ter �i.e., oriented within the surface plane�. Their occupied
tails display the same spin topology as the spz states �Fig.
1�a��.

In the present work we focus on Bi/Cu�111� which shows
a �3��3-R30° surface geometry,25 such as Bi/Ag�111� and
Pb/Ag�111�. Consequently, the surface electronic structure of
Bi/Cu�111� consists also of two sets of Rashba-split surface
states, namely, the spz and the pxpy branch. As found by
ARPES and scanning tunneling microscopy experiments,21,26

the partially occupied spz branch extends to about EF
+0.23 eV and shows a Rashba splitting of �k
�0.035 Bohr−1.

II. EXPERIMENTAL FINDINGS

In contrast to ARPES which maps the occupied states, we
can additionally access the unoccupied states by angle-
dependent 2PPE. Experimental details are as described in
Ref. 27. The single-photon energy used in the 2PPE mea-
surements was 3.1 eV, using off-normal-incident p-polarized
light. Bi was deposited by thermal evaporation on the
Cu�111� substrate kept at 500 K. The formation of the �3
��3-R30° structure was checked by low-energy electron
diffraction.

Angle-dependent 2PPE spectra were measured by rotating
the sample around the axis perpendicular to the optical plane.
The sample was oriented so that k� was measured in the

plane containing the �111� and �112̄� directions. The resulting
experimental 2PPE intensity map is shown in Fig. 2. After
the deposition of Bi, a reduction in the work function from
about 4.9 eV for clean Cu�111� to below 4.4 eV is observed,
as judged from the low-energy cutoff of the 2PPE spectrum
at k� =0 in Fig. 2. This makes possible the observation of
additional unoccupied intermediate states in the energy re-
gion below 1.8 eV which cannot be excited above the work
function on clean Cu�111� using 3.1 eV photons.

In the lower half of Fig. 2, at about 4.5 eV final-state
energy, a pair of split bands is clearly visible. These bands
belong to unoccupied states located one photon energy �3.1
eV� below the final-state energy; as will become clear from
the comparison with theory, these bands originate from the

pxpy surface states. They cross at �̄ at about EF
+ �1.38�0.05� eV, and their maxima are shifted symmetri-

cally from �̄ by about �0.06�0.01� Bohr−1 ��k
��0.12�0.02� Bohr−1� �Fig. 3�.

In addition to the unoccupied states, the 2PPE experiment
measures also the occupied states of spz character �see Fig.
4�, which are excited by two photons to final-state energies
near 6.2 eV in the upper half of Fig. 2. We note that a slightly
increased intensity is also observed in the region extending
to about 0.5 eV above the crossing point of the unoccupied
split bands in Fig. 2. While no clearly dispersing bands can
be observed experimentally, this intensity is consistent with
the theoretical bands in Fig. 4 above 1.5 eV; their weak ex-

perimental intensity correlates with a comparably small the-
oretical spectral density.

The 2PPE intensity depends strongly on the emission
angle, as can be seen by the pronounced intensity maximum
at about 4.5 eV final-state energy and +5° emission angle
�red spot in Fig. 2; note the comparably small intensity at
−5°�. Such features also appear also in the conventional
�one-photon� photoemission from these surface alloys and
can be explained by the transition matrix elements.

III. THEORETICAL FINDINGS

To elucidate the dispersion and especially the spin topol-
ogy of the unoccupied bands we performed first-principles
electronic-structure calculations, in close analogy to our pre-
vious investigations on surface alloys �e.g., Ref. 16�. The
interatomic distances at the surface are obtained from total-
energy minimization using the Vienna Ab initio Simulation
Package.28 Due to the much smaller lattice constant of Cu as
compared to Ag �dCu-Cu=4.83 Bohr and dAg-Ag=5.40 Bohr�,
the Bi atoms are more relaxed outward �by 38% of the bulk
interlayer distance of Cu, d�=3.94 Bohr� than in Bi/
Ag�111�. The optimum surface geometry serves as input for
Korringa-Kohn-Rostoker �KKR� calculations. The electronic
structure is analyzed in detail by means of the spectral den-
sity n�E ,k�, which is computed from the Green’s function in
the relativistic layer-KKR method. n�E ,k� is resolved with
respect to site, spin, and angular momentum.

The spin-averaged spectral density of a Bi site shows the
split spz and pxpy surface states �Fig. 4�. Each branch com-
prises an “inner” band �with smaller �k�� and an “outer” band
�with larger �k��. The spz bands cross at EF+0.1 eV; their
Rashba splitting is �k=0.10 Bohr−1 �Bi/Ag�111�: �k
=0.14 Bohr−1�. The pxpy bands cross at EF+1.4 eV �experi-
ment: EF+ �1.38�0.05� eV�, with �k=0.08 Bohr−1 �experi-
ment: �k= �0.12�0.02� Bohr−1�. The theoretical results are
thus consistent with the experimental findings and identify
the split bands in experiment �Fig. 3� with the pxpy surface
states. The spectral density becomes blurred in regions in
which the surface states hybridize with Cu-bulk states. The
dispersion of the two branches follows closely that imposed
by the Rashba model �Eq. �1� with negative effective mass
m��. An exception, however, might be a “kink” in the inner
pxpy band at �E ,k���EF+0.6 eV, �0.12 Bohr−1� �marked
in Fig. 4�.

The spin topology of the surface states is visualized by the
difference n�E ,k� �↑−n�E ,k� �↓ of the spectral densities,
where ↑ and ↓ indicate the projection of the in-plane spin-
polarization component normal to k �Fig. 5; this P compo-
nent is prescribed by the Rashba model and is by far domi-
nating�. For the spz branch we find the expected conventional
spin topology which is imposed by the Rashba model; the
opposite spin-rotation direction of the two bands shows up at

energies below the crossing at �̄ as a red-blue-red-blue color
coding with increasing wave number �line a in Fig. 5; cf. Fig.
1�a��. In contrast, the pxpy branch shows a red-red-blue-blue
coding at, say, EF+1.0 eV �line b in Fig. 5�; thus these sur-
face states have identical rotation direction �cf. Fig. 1�b��.
This finding is not consistent with the Rashba model: It
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appears that the spin polarization of the inner pxpy state is
reversed in comparison to that of the inner spz state. It is
important to note that at energies below the kink the spin
polarization of this band has changed sign, e.g., at EF
+0.2 eV, and the conventional spin topology is restored; in
other �E ,k� regions its absolute value is as large as 90%.

Deviations from a smooth dispersion, as seen at the kink
�Fig. 4�, indicate hybridization of electronic states. A group-
theoretical analysis shows that wave functions can be repre-
sented either as29,30
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FIG. 2. �Color� Two-photon photoemission from Bi/Cu�111�.
The intensity for given final-state energy and emission angle is
shown as color scale. The unoccupied pxpy surface states appear at
about 4.5 eV. To guide the eye, orange lines highlight the dispersion
of the electronic states.

FIG. 3. Rashba splitting �k in the unoccupied pxpy surface
states of Bi/Cu�111�, as obtained from two-photon photoemission
experiments �Fig. 2�.

FIG. 4. Surface electronic structure of Bi/Cu�111� as obtained
from first-principles calculations. The spectral density n�E ,k� for a
Bi site is depicted as gray scale �white=zero�. The spz and the pxpy

surface-state branches are indicated.

FIG. 5. �Color� Spin-resolved electronic structure of Bi/Cu�111�
as obtained by first-principles calculations. The difference
n�E ,k� �↑−n�E ,k� �↓ of the spin-projected spectral densities for a Bi
site is depicted as color scale �red=negative, white=zero, and
blue=positive�. The spin projection is in-plane and perpendicular to
the wave vector. Horizontal lines are guides to the conventional
�line a� and unconventional �line b� spin topology of the spz and the
pxpy states, respectively.

FIG. 6. �Color� Hybridization of surface states in Bi/Cu�111�.
The orbital- and spin-resolved spectral densities at a Bi site are
depicted as color scales. The top �bottom� panels comprise contri-
butions according to Eq. �2� �Eq. �3��. All data share the same color
scale, with white=zero and dark red �dark blue�=maximum spec-
tral density �70 states/Hartree�. The left panels display the total
spectral density for comparison �in gray scale; cf. Fig. 4�.
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�		 = �spz↑	 + �px↑	 + �py↓	 �2�

or as

�		 = �spz↓	 + �px↓	 + �py↑	 . �3�

The spinors �↑ 	 and �↓ 	 are quantized with respect to the y
axis. Both the outer spz band and the inner pxpy state belong
to the representation of Eq. �2� and hence are allowed to
hybridize. Thus, if the usually dominating �py↓	 component
of the inner pxpy state is surpassed by the �px↑	 component,
the spin polarization of this state changes sign. That this is
indeed the case is seen by the �px↑	 contribution to n�E ,k�,
which increases with energy �top row in Fig. 6�. At the kink,
where the inner pxpy band and outer spz band approach, both
the �spz↑	 and the �py↓	 orbitals show a significant spectral
density; the kink shape is thus attributed to the hybridization
of these two bands. The inner spz and the outer pxpy states
belong to the representation of Eq. �3� and hybridize as well
but less due to their larger �E ,k� “distance” �bottom row in
Fig. 6�.

Note that hybridization of orbitals with opposite spin is
brought about only by SO coupling.31 Further, the effect is
not described by first-order perturbation theory in the SO
interaction because this order would produce the spin split-
ting but not the hybridization.

The Dresselhaus effect could in principle produce a de-
viation from the Rashba-type spin topology.32 A closer analy-
sis, however, shows that it vanishes in the present case.
Therefore, hybridization as a result of the spin-orbit interac-
tion remains as the sole reason for the unconventional spin
topology in Bi/Cu�111�.

An important ingredient for the unmatched splitting found
in these surface alloys is the in-plane gradient of the
potential.15,19 As the gradient perpendicular to the surface
�along z� produces the in-plane spin polarization �Px and Py�,

the in-plane gradient gives rise to a nonzero Pz. A pxpy sur-
face state is expectedly more susceptible to the in-plane gra-
dient than a spz surface state. Consequently, its Pz should be
larger. Indeed, Pz of the pxpy states is negligibly for small �k�
but reaches 20% in absolute value for larger wave vectors
��k�
0.15 Bohr−1�. In contrast, the spz states have no sig-
nificant Pz.

The demonstrated mechanism for changing the spin topol-
ogy of the surface states in surface alloys is also present in
Bi/Ag�111�, as we have investigated theoretically as well �re-
sults not shown here�. In comparison with Bi/Cu�111�, the
effect is less pronounced because hybridization of the spz
and pxpy branches is decreased by the smaller outward relax-
ation of Bi.18 Another aspect is that the surface states hybrid-
ize with Ag bulk states in a large �E ,k� region due to pro-
jected bulk-band structure of Ag. As a consequence, they
show no clear kink.

IV. CONCLUDING REMARKS

In summary, there is more to the spin-resolved electronic
structure of surface states in surface alloys than first imag-
ined. Although the basic properties are described by the stan-
dard Rashba model, additional effects �e.g., hybridization
and the in-plane potential gradient� can change important
features of the electronic states and their spin topology. In
turn, there is the possibility to exploit these mechanisms in
new spintronics devices and in new effects �e.g., Refs. 6 and
23�.

Since hybridization is a general mechanism, the present
effect can be important also in other systems, possibly at
other high-symmetry points in the two-dimensional Brillouin
zone or at other energies. It is therefore desirable to carry out
spin-resolving experiments on the spin-orbit splitting of sur-
face states.
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Magnetic Dichroism from Optically Excited QuantumWell States
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We demonstrate magnetic dichroism from optically excited states in two-photon photoemission. Using

ultrathin cobalt films grown on Cu(001), we observe unoccupied quantum well states which give rise to a

sizable intensity change in photoemission under magnetization reversal. The simultaneous comparison of

both circular and linear magnetic dichroism in the same system permits us to check fundamental

symmetry requirements and allows us to explicitly elucidate the common origin of both effects. Based

on our observations we argue that the observed effect is related to spin-orbit coupling in the intermediate

quantum well states.

DOI: 10.1103/PhysRevLett.103.077601 PACS numbers: 79.60.�i, 73.21.Fg, 75.70.Rf

The relativistic coupling between spin and orbital angu-
lar momentum of electrons is an essential mechanism in
the physics of ultrafast magnetism [1], spintronics, and
quantum information processing [2]. Besides its funda-
mental role in the interplay of spin, electronic and lattice
degrees of freedom, a unique capability of spin-orbit cou-
pling is to provide an access to the electron spin via purely
optical excitation. In a magnetic system, the optical tran-
sition rates can be strongly influenced by spin-orbit inter-
action, leading to element-specific dichroism in optical
absorption [3] and photoemission [4,5]. When combined
with ultrashort laser pulses, magnetic dichroism allows us
to analyze the dynamics of spin and orbital angular mo-
mentum down to the femtosecond time scale [6,7], provid-
ing key insights into long-standing issues of nonequi-
librium magnetism triggered by the optical excitation [8].
Since excited states play a central role in optically driven
processes, it is of great interest to characterize their intrin-
sic spin-orbit coupling strength, with potential implications
for optical control of spin and magnetism on ultrashort
time scales.

In order to probe the spin-orbit interaction in excited
states, decisive spectroscopic measurements are required,
which can be obtained when the excited electronic states
act as intermediate levels in a two-photon-photoemission
(2PPE) process [9,10]. In combination with magnetic di-
chroism, 2PPE thus can offer a direct grasp on spin-orbit
coupling in the optically excited, initially unoccupied elec-
tronic states. Recently, magnetic linear [11] and circular
[12] dichroism were indeed observed in 2PPE experiments.
Nevertheless, in both cases the dichroic signal could not be
correlated to specific excited states: In the first case, Pickel
et al. [11] observed dichroic signals of up to 20% which
were associated with intensively spin-orbit influenced re-
gions in the occupied band structure of cobalt. In the
second case, Hild et al. [12] carried out nonspectroscopic
2PPE total yield measurements from Heusler alloys, not
allowing identification of the intermediate states, and ac-
companied with a maximum signal of 0.35%.

In this Letter, we demonstrate the effect of magnetic
dichroism by specific intermediate optically excited states.
Well-characterized unoccupied quantum well states in ul-
trathin ferromagnetic cobalt films on Cu(001) [13,14] serve
as the intermediate levels in a two-photon-photoemission
experiment. By control over the incident polarization of

FIG. 1 (color). (a) Thickness dependent 2PPE spectra (h� ¼
3:1 eV) measured in normal emission during the deposition of a
Co film on Cu(001). Three selected positions of the quantum
well state are marked by t1...3 (see text). (b) Equivalent experi-
ment as in (a) but with one-photon photoemission (1PPE, h� ¼
6:0 eV). The excitation light is p polarized in both cases.
General energy level schemes for 2PPE and 1PPE are shown
on the side.
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light, we experimentally demonstrate the common princi-
ple that governs both magnetic circular and linear dichro-
ism: the interference between optical transitions coupled
by mutually orthogonal electric field components. Taking
into account the available experimental and theoretical
data on the initial, intermediate, and final state electronic
structure relevant to our system, we attribute the observed
dichroism to spin-orbit coupling in the intermediate quan-
tum well states.

The experimental setup has been described before [15].
Deposition and photoemission measurements are per-
formed at 300 K in an ultrahigh vacuum chamber with
base pressure lower than 1� 10�10 mbar. The ultrathin
films were grown by electron-beam evaporation from a Co
rod. Simultaneously with the Co film growth, we measured
thickness dependent normal-emission 2PPE and one-
photon photoemission (1PPE) spectra which are shown in
Fig. 1. Beginning with initial double layer growth [16],
both 2PPE and 1PPE show intensity oscillations with
monolayer (ML) periodicity, which we ascribe to addi-
tional scattering centers in incomplete layers. Com-
parison of the 2PPE and 1PPE spectra allows us to imme-
diately identify a contribution from an intermediate state in
the 2PPE data, as shown in Fig. 1. The final state energy of
this feature disperses characteristically as a function of
cobalt thickness and is compatible with unoccupied quan-
tum well (QW) states derived from the sp band of the
cobalt film [13,14]. The increased intensity at around 6.0
and 5.8 eV in 2PPE and 1PPE is attributed to the occupied
Co d band near the Fermi level.

To examine a possible magnetic dichroism in 2PPE, we
employed the experimental geometry shown in Figs. 2(a)
and 2(b) for measurements with circularly and linearly
polarized light. The sample magnetization M is in the
optical plane, with �M parallel and antiparallel to the
Co [110] magnetic easy-axis. We note that the geometry
of Fig. 2(b) is not the standard magnetic linear dichroism
setup, where M is usually taken perpendicular to the opti-
cal plane [17]. Our setup instead allows us to systemati-
cally investigate the effects of light polarization on
dichroism with the magnetization in the optical plane.
The plane of linear polarization can be continuously ro-
tated by an angle � relative to the optical plane OP
[Fig. 2(b), p : � ¼ 0�, s : � ¼ 90�]. The photoelectrons
are detected in normal emission. Photoemission through
the quantum well state and from the Fermi level is indi-
cated by EQW þ h� and EF þ 2h�, respectively. The nor-

malized intensity change under magnetization reversal A
(dichroic asymmetry) is determined from the magnetiza-
tion dependent 2PPE intensities I�M for circularly (AMCD)
and linearly polarized light (AMLD) according to
AMCD;MLD ¼ ðIþM � I�MÞ=ðIþM þ I�MÞ.

The 2PPE spectra observed using circularly polarized
light are shown in the upper panel of Fig. 2(c), and the de-
rived AMCD curves for right- as well as for left-circularly
polarized light (��, �þ) are shown in the lower panel.

Looking at AMCD, we observe a large dichroism of 5%
originating from the occupied states near the Fermi level
[11,18]. More importantly, a signal of about 3% is ob-
served at the position EQW þ h� of the unoccupied QW

state.
While we cannot observe any dichroic asymmetry

within our detection limit for nominally p- and
s-polarized light, magnetic dichroism appears for a tilted
polarization plane (� � 0�, �90�, 180�), in agreement
with symmetry requirements [17]. For � ¼ 82�, we ob-
serve a very large dichroic signal of 10% at EQW þ h�, and

a small signal of 2% at EF þ 2h�, as is shown in Fig. 2(d).
In order to verify the intrinsic connection of the dichroic
feature at EQW þ h� to the QW state, we measured the

thickness dependence of the dichroism as shown in Fig. 3
for films of 6, 8, and 12 ML thickness. There we see in the
lower panel that the maximum dichroic signal in AMLD

moves consistently with the dispersion of the QW state
feature in the thickness dependent 2PPE spectra shown in
Fig. 1(a). The behavior of the circular dichroism AMCD in
the upper panel of Fig. 3 is less obvious due to the overlap
of the relatively small contribution from the QW state at
EQW þ h� with a larger signal from EF þ 2h�, but a

consistent shift of the partial contribution from the QW
state can still be identified.

FIG. 2 (color). (a) and (b) Experimental geometry. OP denotes
the optical plane, and the angle of the linear polarization plane is
�. (c) upper panel: 2PPE spectra measured for opposite sample
magnetizations �M using right- (��) and left-circularly polar-
ized light (�þ); lower panel: dichroic asymmetry AMCD for ��
(blue circles) and �þ (red squares), and their average (gray
diamonds). (d) upper panel: 2PPE spectra measured for �M
using linear polarized light at � ¼ 82�; lower panel: dichroic
asymmetry AMLD for s-polarized light (� ¼ 90�, gray diamonds)
and for � ¼ 82� (blue squares). The Co film thickness was
6 ML.

PRL 103, 077601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

14 AUGUST 2009

077601-2

150 5. Originalveröffentlichungen



Using systematic measurements of linear and circular
dichroism, we can check general symmetry relations that
are expected to hold in the experimental geometry. For
circular dichroism, reversal of the light helicity combined
with a reversal of the sample magnetization should not
change the photoemission intensity in our setup [17,19].
The average of AMCD from �� and �þ light, shown in
Fig. 2(c) (lower panel, gray diamonds), would thus give
zero in the ideal case. We ascribe the remaining experi-
mental average of below 1% to the apparatus asymmetry.
Furthermore, since the photoemission intensity is a current
in the optical plane OP, it must be invariant under the
mirror operation (mOP), whereas the magnetization M,
the helicity of circularly polarized light � and the angle
� of linearly polarized light are reversed by mOP. This

implies the relations [17,19,20]: I�Mð�þÞ ¼mOP
I�Mð��Þ and

I�Mð�Þ ¼mOP
I�Mð��Þ. From these relations we can trace the

cause of circular and linear dichroism back to the differ-
ence in photoexcitation between the�þ=�� andþ�=� �
settings, respectively. For both cases, it is the sign of the
s-polarized component that is reversed when applying the
mirror operation. This can be followed by looking at
Fig. 2(b) where we explicitly indicate the p- and
s-polarized components of the incident electric field. The
difference between circular and linear dichroism is only
the switch in phase difference between s and
p components, which is þ90�=� 90� between �þ and
��, and 0�=180� between � and ��. We checked these
expectations experimentally by measuring the 2PPE inten-
sities IþM and I�M at EQW þ h� as a function of the

polarization plane angle �. In the upper panel of Fig. 4,
the experimental data are fitted under the assumption of a

constant contribution Is plus a contribution varying with
angle and sign of magnetization as Ipcos

2ð�� ��=2Þ.
Very good agreement can be reached assuming a constant
shift angle �� ¼ 5� (solid lines). In the lower panel, we
show the experimental dichroic asymmetry AMLDð�Þ to-
gether with a curve resulting from the fit in the upper panel.
As one can clearly see, the predicted symmetry property
AMLDð�Þ ¼ �AMLDð��Þ is convincingly fulfilled by the
experimental data. The assumptions of the model fit in
Fig. 4 are derived from the common interpretation of linear
dichroism in terms of interference of photoemission path-
ways where �� is related to the product of transition
matrix elements coupled to the components of the electric
field which are perpendicular and parallel to the surface
[19,20]. Such interference is provided by states of mixed
spatial symmetries in the presence of spin-orbit coupling.
The good agreement of the model with the experimental
data strongly supports the interference mechanism behind
the observed magnetic dichroism.
So far, we have shown that our observations are consis-

tent with general symmetry requirements, independent of
the details of the 2PPE process. Now wewill discuss where
spin-orbit coupling influences 2PPE in our magnetic sys-
tem, involving initial, intermediate, and final states. In the
2PPE study of Co=Cuð001Þ by Pickel et al. [11], the
relativistically calculated band structure of fcc Co shows
several spin-orbit hybridization points, one of them located
at about 1.3 eVabove the Fermi level along the� direction,
hybridizing unoccupied Co d-band states with the sp band
from which the quantum well states are derived. This
specific hybridization point is lower in energy than the
intermediate quantum well state we measured in Fig. 3 at
2.4 to 2.9 eV above EF. In this case, the phase difference
between spin-orbit coupled bands of different spatial sym-
metry does not have a sign change in the energy range
observed by us. This gives rise to a single-signed magnetic
dichroism in both AMCD and AMLD [21]. These qualitative
considerations are corroborated by theoretical calculations
of photoemission from quantum well states in tetragonally
distorted Co films, which indeed show spin-orbit hybrid-
ization and corresponding dichroic effects that are consis-
tent with our experimental observations [22]. The Co
initial states which are relevant for excitation of the QW
state in Fig. 3 show a spin-orbit hybridization point of �5

and �1 majority bands near EF � 0:6 eV [23] and a mi-
nority�1 surface resonance is present at EF � 0:4 eV [23].
A significant influence of these initial states on the ob-
served dichroism does not seem compatible with the fact
that the dichroic signal of the dispersing QW state feature
for linearly polarized light shows almost no variation in
Fig. 3 while the relevant initial states move through the
strongly variable region of the band structure between
EF � 0:7 eV andEF � 0:2 eV. Concerning the final states,
which are required to have �1 symmetry for normal emis-
sion, we can exclude final state diffraction [24,25] and
surface transmission [21,26] effects because they are for-

FIG. 3 (color). Thickness dependence of magnetic circular and
linear dichroism (MCD and MLD) from Co=Cuð001Þ. MCD
obtained with �� light and MLD with � ¼ 82� are shown in
the upper and lower panel, respectively. The positions of the QW
state EQW þ h� for three different thicknesses are marked by

t1...3 (see also Fig. 1). 2PPE from near the Fermi level is indicated
at EF þ 2h�.

PRL 103, 077601 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

14 AUGUST 2009

077601-3

5. Originalveröffentlichungen 151



bidden in our normal-emission geometry with magnetiza-
tion and optical plane along a high symmetry crystal di-
rection [25,26]. Additionally, a possible contribution of
magneto-optical effects on photoemission [27] is contra-
dicted by the �-independent shift angle �� in AMLD

(Fig. 4), which is also much too large for a linear magneto-
optical rotation as estimated from known magneto-optical
constants (�Kerr � 0:5� at h� ¼ 3 eV [28]).

To summarize, we demonstrated both circular and linear
magnetic dichroism in two-photon photoemission via op-
tically excited states. Our observations are well explained
by the interference between spin-orbit influenced photo-
emission pathways and indicate the presence of spin-orbit
interaction in the unoccupied quantum well states. Our
experiments provide a starting point for future pump-probe
dichroic studies on femtosecond dynamics of optically
excited magnetic systems, allowing extended insights
into the relativistic unoccupied band structure at surfaces
[17] and spatial imaging of magnetization and spin dynam-
ics [29]. The identification of spin-orbit coupling in inter-
mediate states in a 2PPE process would also be a first step
towards the analysis and control of quantum interference
effects [30] via multiple spin-dependent excitation path-
ways at surfaces, enabling for instance the steering of spin-
polarized surface currents [31,32] by optical pulses.

We gratefully acknowledge discussions with J. Henk as
well as technical assistance by F. Helbig.
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Spin-orbit coupling in unoccupied quantum well states: Experiment and theory for Co/Cu(001)
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The influence of spin-orbit coupling in the unoccupied spz quantum well states in ultrathin Co films is
investigated by two-photon photoemission spectroscopy with linearly polarized light. The asymmetry of the
experimental two-photon photoemission intensities upon magnetization reversal is as large as 10%, which is in
striking contrast to expectations based on the weakness of spin-orbit coupling in the observed quantum well
states. The magnetic dichroic signal depends strongly on the polarization of the incident light as well as on the
spin polarization of the quantum well states. These findings are explained by detailed electronic structure
calculations and one-photon photoemission calculations. Our conclusions are supported by analytical consid-
erations. In this way, a detailed picture of spin-orbit coupling in the unoccupied Co/Cu�001� quantum well
states is provided.

DOI: 10.1103/PhysRevB.81.115130 PACS number�s�: 79.60.�i, 73.21.Fg, 71.70.Ej

I. INTRODUCTION

The coupling between spin and orbital angular momen-
tum in the relativistic electronic structure is essential in the
interplay between the electronic and lattice degrees of free-
dom with the electron spin in solid state systems, including
their dynamical properties. In particular, the mechanism of
spin-orbit coupling �SOC� can be exploited to provide access
to the electron spin via purely optical excitation,1 which is
relevant in investigations of the relativistic band structure of
nonmagnetic and magnetic solids by photoemission,2,3 in
laser-based ultrafast magnetism,4 and in optically controlled
spintronics.5 In a magnetic system, the optical transition rates
between electronic states can be strongly influenced by the
spin-orbit interaction. This leads to element-specific dichro-
ism in optical absorption6 and photoemission7,8 and gives
access to magnetic properties of materials without an experi-
mentally more demanding external spin analysis.3,9 Powerful
applications of magnetic dichroism include the element-
specific imaging of magnetic domains in photoemission elec-
tron microscopy,10 the determination of spin and orbital mag-
netic moments and their anisotropy by core-level x-ray
magnetic circular dichroism �XMCD�,11 and the study of the
hybridization of occupied electronic states by angle-resolved
photoemission spectroscopy �ARPES�.2,12–14 Moreover, by
exploiting the time resolution given by ultrashort laser
pulses, magnetic dichroism can provide access also to the
dynamics of spin and orbital angular momentum down to the
femtosecond regime.15,16

Since excited states naturally play a key role in optically
driven processes, it is important to characterize to which de-
gree these states are influenced by spin-orbit coupling. For
this purpose, investigations of magnetic dichroism have to be
extended to the unoccupied states with energies between the
Fermi and the vacuum level. Inaccessible by conventional
ARPES experiments based on one-photon photoemission
�1PPE�, these states can be approached by two-photon pho-
toemission �2PPE� using lasers with photon energies in the
order of a few electron volts.17,18 In such 2PPE experiments,
magnetic linear19 and circular20 dichroism were recently ob-
served. In these investigations, however, the dichroic signal

was not related to specific unoccupied states. In another
2PPE investigation, we have demonstrated magnetic dichro-
ism from unoccupied states for the well understood and char-
acterized Co films on Cu�001�.21 These experiments ad-
dressed the dispersion of unoccupied quantum well states in
the Co film in connection with magnetic circular dichroism
�MCD� and magnetic linear dichroism �MLD�. The sizable
MLD, with a maximum intensity asymmetry under magneti-
zation reversal of about 10%, is particularly astonishing
since it is common knowledge that MLD is large in band
structure regions where electronic states hybridize strongly
due to spin-orbit coupling; see, for example, Ref. 13 for
Fe�110�. The unoccupied Co quantum well states on
Cu�001�, however, are derived from the exchange-split spz
bands22 which are thought to be negligibly affected by spin-
orbit coupling but are found to show considerable MLD at
energies far away from hybridization regions. Apparently,
this finding questions the interpretation of magnetic dichro-
ism studies performed so far. It thus seems necessary to es-
tablish whether the experimentally observed MLD can in-
deed be attributed to the unoccupied quantum well states.
Because not only the unoccupied intermediate states but also
the occupied initial states and the final outgoing photoelec-
tron states are involved in the 2PPE process, we have to take
into account the possible contributions from the occupied Co
states23 or even the final state24 as origins of magnetic di-
chroism in the 2PPE experiments from Co/Cu�001�. We will
show that the established interpretation of MLD is still valid.
In fact, we will demonstrate that MLD in 2PPE is a suitable
tool for investigating even marginal hybridizations, which
are mediated by spin-orbit coupling, provided an appropriate
setup is chosen.

The above questions can hardly be answered by experi-
ments alone. Thus, there is need for a joint experimental and
theoretical investigation of Co/Cu�001� on which we report
in this paper. The major issues to be addressed are: how large
is the spin-orbit induced hybridization in the unoccupied Co
quantum well states? If it is tiny, as expected, is it neverthe-
less large enough to produce the significant MLD found in
experiment? How crucial is the choice of the setup, in par-
ticular the polarization of the excitation light and its inci-
dence angle, for obtaining large asymmetries? A detailed pic-
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ture of the unoccupied quantum well states is obtained by
relating results of 2PPE experiments, first-principles elec-
tronic structure calculations, 1PPE calculations, and analyti-
cal considerations.

The paper is organized as follows. Methodical aspects of
both experiment and theory are addressed in Sec. II. Results
are discussed in Sec. III, and conclusions are given in
Sec. IV.

II. METHODICAL ASPECTS

A. Experimental

The experiments were performed at 300 K in an
ultrahigh vacuum chamber with base pressure lower than
1�10−10 mbar. Ultrashort laser pulses with photon energy
��=3.1 eV served as the excitation light source for two-
photon photoemission. The pulse width was about 20 fs, with
an energy per pulse of about 1 nJ. The repetition rate was 81
MHz. The linear polarization of the incident light was con-
trolled by an achromatic � /2 waveplate, which tuned the
electric field vector E to any angle � with respect to the
optical plane �Fig. 1�. The latter is spanned by the incident
direction �polar angle fixed to 42°� and the sample surface

normal, parallel to a �11̄0� plane containing the magnetic
easy axis of the Co films. The photoelectrons were collected
in normal emission by an electrostatic cylindrical sector en-
ergy analyzer �CSA 300, Focus GmbH�. The energy reso-
lution was about 100 meV, as was estimated from the
vacuum cutoff at the low energy edge of the photoemission
spectra.

Before growing the Co films, the Cu�001� substrate was
cleaned by 2 keV Ar ion sputtering, followed by annealing
up to 900 K in order to recover a smooth surface morphol-
ogy. After cooling down to room temperature, the cleanness
and crystalline structure of the surface were confirmed by the
clean Cu Auger electron spectrum and sharp low energy
electron diffraction spots. Subsequently, Co films with a

thickness of several atomic layers were deposited on the
well-prepared Cu�001� single crystal by an electron beam
evaporator �EFM 3, Omicron� from a cobalt rod of 99.995%
purity.

We measured 2PPE spectra continuously during film
growth. The thickness-dependent intensity modulations with
a period of one monolayer �ML� served as a self-calibrated
indication of film thickness.21 Moreover, we observed the
characteristic features of 2PPE through unoccupied quantum
well states in the Co film and their evolution as a function of
film thickness.21 For the magnetic dichroism measurements,
the Co films are magnetized along the crystalline �110�
�+M� and �1̄1̄0� �−M� directions by a magnetic field pulse
generated from a copper coil �Fig. 1�. 2PPE intensities I�M
were then measured for �M.

B. Computational

The first-principles electronic structure calculations rely
on the local spin-density approximation to density-functional
theory. The computations were performed with our scalar-
relativistic and fully relativistic multiple-scattering codes
�Korringa-Kohn-Rostoker �KKR� �Ref. 25� and layer KKR
�Ref. 26��, using the Perdew-Wang exchange-correlation
functional.27

The 1PPE calculations were performed with our relativis-
tic layer-KKR code in which spin-orbit coupling and magne-
tism are treated on equal footing �Dirac equation�. The spin-
density matrix of the photoelectrons is computed within the
relativistic one-step model of photoemission,26,28 using the
potentials from the self-consistent electronic structure calcu-
lations as input. For photon energies in the optical region, as
in this work, it is essential to include the dielectric response
of the system by means of Fresnel’s equations.

The systems comprise a semi-infinite face-centered cubic
Cu�001� substrate, n monolayers of face-centered tetragonal
Co layers �n=1, . . . ,12�, and a semi-infinite vacuum region.
The latter is modeled by so-called empty muffin-tin spheres.
The Co films are assumed to continue epitaxially the
Cu�001� substrate, with identical in-plane lattice constant
�2.65 Å�. A lattice contraction in perpendicular direction of
2% is assumed homogenous within the entire Co film, in
reasonable agreement with crystallographic structure analy-
ses �e.g., Refs. 29 and 30�.

C. Setup and magnetic linear dichroism

Magnetic dichroism is the change in the photocurrent I
upon reversal of the magnetization, M→−M. It is quantified
by the asymmetry A of the two intensities I�M,

A �
I+M − I−M

I+M + I−M
. �1�

Our setup �Fig. 1� differs from the standard setup for
MLD,31 in which the magnetization is normal to the optical
plane and p-polarized light is commonly chosen. To observe
MLD in the present setup, the electric field vector E of the
light has to be rotated out of the optical plane by an angle �:
For �=0° or �90°, one has p-polarized �E within optical

[110]

ħω
[001]

[110]
_

Co/Cu(001)

42º

α

OP

I±M

+M

M

p

s

FIG. 1. �Color online� Setup for magnetic linear dichroism in
2PPE from Co/Cu�001�. The 2PPE intensities I�M are detected in
normal emission �blue arrow along �001��, with the in-plane mag-

netizations along �110� �+M� or �1̄1̄0� �−M�. The optical plane �OP�
is spanned by the surface normal and the incidence direction of the
linearly polarized light �red arrow; polar angle 42°�. The electric
field vector �red double arrow� is rotated by an angle � out of the
OP and can be tuned continously between s and p polarization.
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plane� or s-polarized light �E normal to optical plane�, re-
spectively: E���=Ep cos �+Es sin �. In accordance with
previous analytical and numerical considerations,32 there is
no MLD for �=0° and �90°.

The present setup is rather similar to the standard setup
for MCD in which the helicity vector and the magnetization
are parallel or antiparallel �or are at least coplanar�.33 One
might think that, because of the complex dielectric constant,
the incident linearly polarized light produces elliptically po-
larized light in the sample and consequently the magnetic
linear dichroism is close to magnetic circular dichroism. It
has been shown theoretically for Ni�001�, however, that this
assumption does not hold.32 Experimental evidence is pro-
vided further by the different shapes of the asymmetries of
MLD and MCD in 2PPE from Co/Cu�001�; confer Fig. 3 in
Ref. 21.

To analyze the dichroic intensities in more detail, the cal-
culated electronic states are decomposed into the basis func-
tions of the single-group representations �i of the point
group 4mm �C4v in Schönflies notation; i=1, 2, 2�, and 5;
�1� contributions show up for f states34 and are thus consid-
ered irrelevant in this work, which focuses on s, p, and d
states�. Due to the dipole selection rules, s-polarized light
excites the �5 part into the �1 part of the electronic states,
whereas p-polarized light excites both the �1 and �5 parts
into the �1 part.35 According to the acknowledged picture,31

MLD is expected to be large for electronic states in which
sizable �1 and �5 contributions are simultaneously present.
We will show below that the �1 and �5 contributions hybrid-
ize only marginally in the unoccupied quantum well states of
the Co films.

In two-photon photoemission, three types of electronic
states are involved: the occupied initial state, the intermedi-
ate state, and the final state, all of which can in principle
contribute to the magnetic dichroism. To pinpoint that the
experimentally observed MLD is indeed due to the interme-
diate Co quantum well states we compare the experimental
MLD in 2PPE with calculated MLD in 1PPE. On the one
hand we consider 1PPE from the quantum well states into
the same final state as in the 2PPE experiment, with photon
energy ��=3.1 eV. Here, the quantum well states are as-
sumed to be equally populated, which might not be true in
2PPE. With respect to these approximations we expect at
least qualitative agreement of the theoretical 1PPE and the
experimental 2PPE spectra. On the other hand we consider
1PPE from the occupied states of the 2PPE experiment into
the final state, with photon energy ��=6.2 eV; thus the Co
quantum well states are not involved in this process.

The comparison of experimental 2PPE and theoretical
1PPE motivated above assumes that 2PPE via an intermedi-
ate state �i.e., a quantum well state� can be treated as two
independent sequential one-photon transitions: First, a one-
photon transition from the initial state to the intermediate
state and, second, one from the intermediate state to the final
state. Within this approximation, the contribution in 2PPE
that is solely due to the polarization from the coherent super-
position of initial and final state is neglected; it does not
involve the population of the intermediate state. Conse-
quently, we are only concerned with the dichroic signal from
the transition from the intermediate to the final state. As will

be shown in the following, this conveys information on spin-
orbit coupling in the quantum well state and is in agreement
with the experimental 2PPE results.

III. RESULTS AND DISCUSSION

A. Spin-orbit coupling in unoccupied Co quantum well states

First, we address the formation of the unoccupied quan-
tum well states in Co films on Cu�001� �Fig. 2�. These states
are derived from the strongly dispersive and exchange-split
spz bands of fct Co. Without spin-orbit coupling these belong

at 	̄ �i. e. k� =0� to the representation �1. They are confined
on the vacuum side of the film by the image-potential barrier
�surface barrier� and on the substrate side by a gap in the �1
bands of the Cu band structure along 	-�-X. Such a band
gap shows up at energies higher than the maximum of the spz
band, that is at E
EF+1.63 eV �horizontal arrow in Fig. 2�.
Consequently, majority quantum well states can exist from
this energy up to the maximum of the Co majority spz band
at EF+2.85 eV �dark gray area in Fig. 2�b��. Likewise, mi-
nority quantum well states appear at energies up to EF
+3.04 eV �light gray area in Fig. 2�b��.

In both the Cu and Co band structure, several band gaps
appear as a consequence of the spin-orbit interaction.19 In
particular if majority and minority states of Co hybridize,
their spin-polarization changes sign �confer the bands turning
from blue to red or vice versa in Fig. 2�b�; note that spin is
not a good quantum number due to spin-orbit coupling�. The
spin-orbit induced gaps appear mainly in the regime of the
weakly dispersive d bands. In contrast, the strongly disper-
sive spz bands do not show any signature of spin-orbit cou-
pling in the regions of the unoccupied quantum well states.
Consequently, the associated Bloch states should be almost
exclusively of �1 character. That this is indeed the case is
shown by displaying the relative weights of the single-group
representations for each band �Fig. 3�.

As addressed in Sec. II C, the relevant representations for
the present photoemission setup are �1 and �5 whose
weights are displayed in Figs. 3�a� and 3�b�. The exchange-
split spz bands hybridize with the minority �5 band at about
E�1.0 eV and k��0.8�	-�-X� �this region is marked by
circles in �a� and �b��. As a result, a minority �5 contribution
is mixed into the spz states �Fig. 3�b��; and, vice versa, �1
contributions are mixed into the minority �5 band �Fig. 3�a��.
Both additional contributions, however, decrease rapidly
when leaving the hybridization region. To be more specific,
the �5 contribution to the spz bands is less than 1% in the
regime of the quantum well states �gray areas in Fig. 3�b��.
We also performed a symmetry analysis of the Bloch spectral
functions of the quantum well states in Con /Cu�001�; it fully
confirms the picture derived from the bulk-band structure of
fct Co, namely, that the quantum well states are marginally
affected by hybridization and are almost of pure �1 type.

Summarizing at this point, we find that the effect of spin-
orbit coupling is very weak in the energy regime of the un-
occupied Co spz quantum well states. Since hybridization
due to the spin-orbit interaction is a prerequisite for MLD,
this finding calls into question that the MLD observed in the
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2PPE experiments can be attributed to the quantum well
states.

B. Dispersion of the unoccupied Co quantum well states

To show that the exchange-split Co quantum well states
are well described by the theory we address now their dis-
persion, that is the dependence of their energies on the Co
film thickness n. The energy positions were obtained from

the maxima in the layer- and spin-resolved Bloch spectral
function �Fig. 4�.

A first set of bands is already present in the “window of
quantum well states” �gray area in Fig. 2�c�� at 2 ML thick-
ness �labeled “1st”�. A parabolic dispersion, however, is ob-
tained at thicknesses larger than about 3 to 4 ML, in agree-
ment with experiment. A second set �“2nd”� shows up at
7 ML �minority spin� and 9 ML �majority spin�, which is in
agreement with experiment as well.21 Note that the exchange
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splitting increases with n. The dispersions for n
3 ML can
be well approximated by parabolae, indicating that the
Co spz electrons can be regarded as nearly free.

The agreement between the theoretical dispersions and
their experimental counterparts is addressed in Fig. 5. In our
2PPE experiments, electrons are selectively pumped into the

majority quantum well states, due to the majority character
of the relevant initial states. This scheme is supported by the
agreement of the experimental dispersion obtained from
2PPE and the calculated results for the first majority branch
1st in Fig. 5�a��. The dispersions determined from spin-
integrated inverse photoemission �Ortega et al., Ref. 36� sup-
port our findings for the first branch. Spin-resolved inverse
photoemission data �Yu et al., Ref. 22� show also the second
branches, which have higher energies than those in our cal-
culations and, in particular for the thin Co films, lie outside
the theoretically calculated region of quantum well states
�confer the gray stripes in Fig. 2�.

C. Magnetic linear dichroism in the unoccupied
Co quantum well states

We now address the question whether the �5 contribution,
which is mixed into the �1 quantum well states �Sec. III A�,
is sufficient to produce a significant MLD. It is important to
stress that not only the weight of these contributions in the
wave function is important but also the transition matrix el-
ements; the latter enter explicitly the analytical expression
for the photocurrent �Appendix�.

Taking advantage of the dipole selection rules, we can
disentangle the hybridized �1 and �5 components of the
quantum well states by tilting the electric field vector E of
the incident light by an angle � out of the optical plane �cf.
Sec. II C, Appendix, and Fig. 1�. We have experimentally
investigated the �-dependence of the quantum well states at
film thicknesses 3.5 ML, 6 ML, and 16 ML; because all
spectra show the same qualitative behavior we focus in the
following on 6 ML as a representative �Fig. 6�.

The experimental 2PPE intensities are maximum at �
=0°, that is for p-polarized light. Here, only the �1 contri-
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FIG. 4. �Color online� Bloch spectral function of the surface Co
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Fig. 2�b�.

FIG. 5. �Color online� Dispersions of the unoccupied majority �a� and minority �b� quantum well states in Co/Cu�001�. Experimental data
are extracted from inverse photoemission �Yu et al. �Ref. 22� and Ortega et al. �Ref. 36�� and 2PPE �Chiang et al., Ref. 21�. Theoretical data
are taken from Fig. 2�c�. The two sets of quantum well states are labeled by 1st and 2nd.
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bution to the quantum well state is probed. In contrast, the
intensities are minimal for �90° �s-polarized light� for
which the �5 contribution is probed. Neglecting for a mo-
ment matrix elements effects, this finding supports nicely the
orbital character derived theoretically �Sec. III A�: a strong
�1 but a weak �5 contribution.

The intensities show a cosine dependence on the tilt angle
� �Fig. 6�a��. Further, the intensity difference I+M− I−M is
largest �in absolute value� at �45° �Fig. 6�b�� whereas the
asymmetry is largest at �75° �Fig. 6�c��. As will become
clear from what follows, the position of the asymmetry ex-
trema reflects the ratio of the dipole transition matrix ele-
ments that are related to excitations from the �1 and the �5
contributions of the quantum well state.

The �-dependence of the dichroic intensities is phenom-
enologically modeled as �Appendix�

I�M��� = Is sin2�� � ��/2� + Ip cos2�� � ��/2� , �2�

with Is and Ip defined in Fig. 6�a�. A fit to the experimental
data gives ��= �5�1�°. The asymmetry defined in Eq. �1�
can thus be approximated as

A��� =
Ip − Is

2

sin�2��sin ��

Is sin2 � + Ip cos2 �
. �3�

The first term in the above expression determines mainly the
amplitude of the asymmetry. The second term relates the tilt
angle �max for which the asymmetry becomes extremal to the
ratio of the intensities Is and Ip for s and p polarization.
Ignoring again the transition matrix elements, it reflects the
�5 and �1 contributions to the quantum well state. From Sec.
III A, we know already that the �5 contribution �equivalent
to a small Is� is very small. Consequently, to obtain roughly
similar weights of the two contributions, �max must be close
to �90°, as is confirmed by its numerical values of �75°
�see also Appendix�. This analysis supports the experimental
value of �� of about 5° and rules out effects due to the
magneto-optical Kerr effect since typical Kerr rotation
angles are significantly smaller.

In the following, we provide theoretical evidence that the
experimental findings are related to the unoccupied quantum
well states and not to the occupied initial states. For this
purpose, we calculated 1PPE spectra for which the quantum
well states are assumed to be occupied, as is motivated in
Sec. II C. The magnetic linear dichroism shows �in absolute
value� largest numerical values at about �max= �76°, with
about 6% peak value �Fig. 7�c��. The � dependence as well
as the maximum asymmetry agree astonishingly well with
those found in the 2PPE experiments �Fig. 6�. Since occu-
pied Co states are not involved in this 1PPE calculation, our
finding corroborates that either the unoccupied Co quantum
well states or, rather unlikely, the final states produce the
sizable MLD.

The optical response of the system is taken into account
by Fresnel’s equations. With a dielectric constant �=1, the
linearly polarized light in the vacuum is transferred unaltered
into the solid; with a complex dielectric constant ���=1.61
+3.05i for Co at ��=3.0 eV; Ref. 37�, however, the inci-
dent light turns into a superposition of linearly and circularly
polarized light within the solid. As a consequence, one ob-
serves in the former case a purely magnetic linear dichroism,
whereas in the latter case one is concerned with superim-
posed linear and circular dichroisms.

Since the circular dichroism produces no �-dependence at
all, the dependence on the tilt angle � can be solely ascribed
to linear dichroism; this finding is evident from the asymme-
tries for ��1 and �=1 �Fig. 7�c��, which display identical
shapes and, in particular, identical positions of the extrema.
The asymmetry for ��1 is, however, sizably larger than that
for �=1 �note the scale factor of 20 in Fig. 7�c��. Thus, the
magnitude of the effect is influenced by the additional circu-
lar dichroism introduced by the optical response, while the
position of the asymmetry extrema is determined by the lin-
ear dichroism. This important effect of the optical response
can be understood from Eq. �A2�, where the two terms in-
volving real and imaginary parts of sin 
�E��E��

� will corre-
spond to purely linear �Re term� and circular dichroism �Im
term� only in the limit of vanishing optical response ��=1�.
With ��1, both terms contribute to the magnetic
dichroism.32
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These observations emphasize that the optical response is
essential for quantitatively understanding the magnetic di-
chroism. We note in passing that the intensities from the
minority quantum well state with energy EF+2.35 eV are
very similar to those from the majority state. Its opposite
spin polarization, however, manifests itself in an opposite
sign of the asymmetry.

To rule out the final states of the photoemission process as
origin of the magnetic linear dichroism we calculated 1PPE
spectra for 6.2 eV photon energy, using the same final states
as for ��=3.1 eV. Here, the unoccupied Co quantum well
states are not involved but the occupied Co states serve as
initial states. The theoretical spectra �not shown� reveal a
cosine-dependence on � as well but an �max close to �45°
follows from almost equally large Is and Ip. This finding
clearly contrasts the experimental 2PPE observation. Assum-
ing 2PPE as two sequential one-photon excitation processes,
it supports that the �1 and the �5 parts of the quantum well
states become probably equally populated in 2PPE by the
initial excitation process; we note that the final state in pho-
toemission �i.e., the photoelectron’s wave function� belongs
to the �1 representation,38 as do the unoccupied quantum

well states except for the tiny �5 contribution mixed in by
spin-orbit coupling. In conclusion, the agreement of the cal-
culations for 1PPE from the unoccupied quantum well states
and the disagreement of similar calculations from the occu-
pied Co states with the 2PPE experiment, supports that the
origin of the MLD in 2PPE are the unoccupied quantum well
states.

IV. SUMMARY AND CONCLUSIONS

In summary, by relating results of 2PPE experiments,
electronic structure and photoemission calculations, as well
as analytical considerations, we have derived a more com-
plete picture of the unoccupied quantum well states in Co
films on Cu�001�. The magnetic linear dichroism in 2PPE,
here in a nonstandard setup, is found to be a valuable tool for
the investigation of spin-orbit coupling in unoccupied states.
Although the spin-orbit mediated hybridization is very weak,
we showed that it can be clearly probed in 2PPE experiments
when the excitation conditions are chosen properly.

Besides demonstrating the characterization of spin-orbit
coupling in unoccupied states via magnetic linear dichroism
in 2PPE, our results should be directly relevant for PEEM
imaging of magnetization dynamics down to the fs-time
scales provided by ultrashort laser pulses.39,40 In addition to
the magnetization contrast provided by initial states near the
Fermi level in threshold photoemission,41,42 the magnetic di-
chroism from the unoccupied Co quantum well states pro-
vides enhanced analytical potential because it is element-
specific and it is sensitive to the film thickness.
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APPENDIX: ANALYTICAL DESCRIPTION
OF MAGNETIC LINEAR DICHROISM

In order to better understand the mechanism behind the
observed dichroism, we use an analytical model, in addition
to the numerical results presented in Sec. III C, to extract
different contributions to the magnetic dichroism.

The electric field vector of the incident light is decom-
posed into components perpendicular to �subscript �� and
within �subscript �� the optical plane, respectively. The field
inside the solid �quantities within the solid are marked by a
prime� is given by Fresnel’s formulas,

E�� = 2E0
cos 
 sin �

cos 
 + ��� − sin2 

, �A1a�

E�� = 2E0
n� cos 
 cos �

�� cos 
 + ��� − sin2 

, �A1b�

where �� is the complex dielectric constant and n�=���. 

and � are the polar angle of incidence and the tilt angle of
the electric field vector with respect to the optical plane,
respectively.
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ties I�M for magnetization direction +M �blue, solid� and −M �red,
dotted� versus tilt angle � of the incident light. �b� Difference of
I�M. �c� Asymmetries derived from intensities that have been com-
puted with optical response ���1; filled circles; shown in a� and
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According to the analytical analysis of Ref. 32, the di-
chroic photoemission intensity can be written schematically
as

I�M = �	E�� 	2 + 	sin 
�	2	E��	2�A�1,5� + 	cos 
�	2	E��	2B�5�

� 2 Re�sin 
�E��E��
��Im C�1,5�

� 2 Im�sin 
�E��E��
��Re C�1,5�. �A2�

A�1,5� abbreviates an expression, which comprises terms of
transition matrix elements for excitation from the �1 and �5
parts of the initial state; it is even under magnetization rever-
sal. Likewise, the even B�5� is for excitations from the �5
part. On the contrary, C�1,5� is odd under magnetization re-
versal; thus the magnetic linear dichroism is described by the
last two terms in Eq. �A2�, with an angular dependence given
by sin 
�E��E��

� �Section II.C in Ref. 32; note that the sub-
script “�1,5�” reflects that hybridization among �1 and �5
parts is necessary for magnetic dichroism in our experimen-
tal geometry�.

According to Snell’s law, n� sin 
�=sin 
 and n� cos 
�
=−���−sin2 
, the internal polar angle 
� does not depend
on the tilt angle �. Thus, the �-dependence of the dichroism
is solely due to E�� and E�� in sin 
�E��E��

�, which with Eq.
�A1� yields sin � cos � or equivalently sin�2�� /2. Its
maxima at �= �45° �orange and cyan in Fig. 8�a�� agree
with the experimental and computational findings �Figs. 6�c�
and 7�b��. Consequently, we can condense Eq. �A2� further
to

I = A cos2 � + B sin2 � � C sin�2�� . �A3�

In contrast to the intensity difference, the experimental and
theoretical asymmetries are maximum at about �= �75°
�Fig. 6�d� and Fig. 7�c��, which is explained by the transition
matrix elements. The emission from the �1 part of the initial-
state wave function, which is represented by A in Eq. �A3� is
sizably stronger than that from the �5 part, which is given by
B in Eq. �A3�, an argument that is supported by the group
theoretical analysis given in Sec. III A. The experimental
�-dependence is roughly reproduced by assuming A�9, B
�1, and C�0.35 �Fig. 8�b� and 8�c��. Note that the dichroic
intensities appear mutually shifted by a small angle ��. In-
deed, Eq. �A3� can be rewritten approximately as in Eq. �2�,

keeping terms up to first order in ��. From Fig. 8�b�, we
obtain ���5.5°, which agrees nicely with the �5�1�° de-
duced from experiment.
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