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Kurzfassung/Abstract

Electron spectroscopy provides access to fundamental properties of solids, such as the geometric,
electronic, and the magnetic structure. The latter are necessary for the understanding of a variety
of basic but nevertheless important effects. The present work outlines recently developed theo-
retical approaches to electron spectroscopies. Most of the collected results rely on first-principles
calculations, as formulated in multiple-scattering theory, and are contrasted with experimental
findings. One topic involves spin- and angle-resolved photoelectron spectroscopy which is ad-
dressed for magnetic surfaces and ultrathin films. Exemplary results comprise magnetic dichro-
ism in both valence-band and core-level photoemission as well as the temperature dependence of
magnetic properties of ultrathin films. Another topic is spin-dependent ballistic transport through
planar tunnel junctions, focusing here on the zero-bias anomaly. In most of the cases, spin-orbit
coupling (SOC) is an essential ingredient and, hence, favors a relativistic description. Prominent
effects of SOC are illustrated by means of the electronic structure of rare gases adsorbed on a
substrate and by the splitting of surface states on Au(111). Concerning magnetism, the magnetic
anisotropy of Ni films on Cu(001) is discussed, focusing in particular on the spin reorientation
transition induced by lattice distortions in ultrathin films.



Science consists of two parts – experiment and theory – which are in constant interplay
with each other. It is hardly possible to carry out a meaningful experiment, unless one has
a specific idea or theory in mind, and a scientific theory is worthless unless it is based on
experimental observations.

Per-Olov Löwdin (1916–2000)



1. Einführung

electron spectroscopy – method of determining the energy with which electrons are
bound in chemical species by measuring the kinetic energies of the electrons emitted
upon bombardment of the species with X-ray or ultraviolet radiation. Details of the
structure may be inferred from the results because differences in the arrangements of
the atoms affect the amount of energy required. [. . . ] Ref.: Encyclopædia Britannica
[1]

Die Definition der Elektronenspektroskopie, wie sie die Encyclopædia Britannica gibt, bezieht sich
in erster Linie auf optische Messmethoden und erscheint aus heutiger Sicht recht eng gefasst. Um
aktuelle Methoden der Festkörperphysik unter Elektronenspektroskopien subsumieren zu kön-
nen, muss die Definition weiter gefasst werden, beispielsweise als Antwort der Probe auf eine
äußere Störung, wobei die gemessene Größe von einem kontinuierlich variierten Parameter ab-
hängt.

In der Elektronenspektroskopie, so wie sie in dieser Arbeit definiert wird, besteht die Antwort
aus dem elektrischen Strom, der von der Probe emittiert wird. Im Falle der Photoelektronen-
spektroskopie ist die Störung die auf die Probe einfallende elektromagnetische Strahlung, deren
Energie und Einfallsrichtung verändert werden. Jedoch fallen auch Streuexperimente unter diese
Definition: bei der Streuung langsamer Elektronen [Low-energy electron diffraction (LEED)] wird
die Probe durch einen einfallenden Elektronenstrahl, dessen kinetische Energie, Spinpolarisati-
on und Einfallsrichtung gewählt werden können, angeregt. Auch die Messung des elektrischen
Stroms, der durch eine Probe aufgrund einer angelegten Spannung fließt, stellt in diesem Sinne
eine elektronenspektroskopische Methode dar.

Die Wahl der spektroskopischen Methode richtet sich in erster Linie nach der Fragestellung. Je
nach Art der applizierten Störung lassen sich gezielt Informationen über die gewählte Probe ge-
winnen. Da die Eigenschaften der kondensierten Materie in hohem Ausmaße von Elektronen nahe
der Fermi-Energie bestimmt werden, bieten sich Elektronen als Testobjekte geradezu an. So lassen
sich strukturelle Eigenschaften vorzugsweise mittels LEED bestimmen, während die Photoelektro-
nenspektroskopie vorwiegend zur Analyse der elektronischen Struktur herangezogen wird.

Elektronen besitzen neben ihrer Ladung auch Drehimpuls, den Spin. Ihre Wellenfunktionen ent-
halten somit einen räumlichen Anteil und einen Spinanteil. In Atomen und Festkörpern sind beide
Anteile nicht voneinander unabhängig, sondern durch die Spin–Bahn-Kopplung (SBK) miteinan-
der verflochten. Daher ist es möglich, bei Detektion eines Anteils Aussagen über den anderen zu
erhalten, also einen Informationsgewinn zu bekommen.

Die elektronischen Eigenschaften von Festkörpern, sowie die mit diesen eng verbundenen struk-
turellen und magnetischen Eigenschaften, können zuverlässig und genau aus ersten Prinzipien
berechnet werden. Diese Ab–initio-Rechnungen basieren meist auf der Dichtefunktionaltheorie
(DFT) und ihren Näherungen, wie zum Beispiel die lokale Spindichtenäherung. Zugänglich sind
somit Grundzustandseigenschaften wie Zustandsdichte, Bandstruktur, magnetisches Moment und
magnetische Anisotropie. Letztere sind in der Regel Experimenten nicht direkt zu entnehmen,
sondern müssen aus den aufgenommenen Spektren abgeleitet werden: die Informationen wer-
den quasi in den Spektren kodiert. Der Vergleich von theoretisch berechneten mit experimentell
gemessenen Größen ist demnach indirekt. Diese Lücke lässt sich allerdings schließen — oder
zumindest verringern —, wenn die Theorie dahingehend erweitert wird, dass Spektren auf der
Grundlage der verlässlichen DFT berechnet werden. Somit wird ein direkter Vergleich der Mess-
größen ermöglicht. Die Grundzustandsrechnungen der DFT werden also für angeregte Systeme
erweitert und erlauben daher Aussagen darüber, wie sich Grundzustandsgrößen in der jeweili-
gen Spektroskopie widerspiegeln. Als Beispiel dienen in dieser Arbeit Quantum–size-Effekte in
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der Photoemission von dünnen Filmen und die Temperaturabhängigkeit der Photoemission von
magnetischen Filmen.

Der obige Aspekt ist insbesondere dann wichtig, wenn die Messung selbst die interessieren-
de Größe signifikant verändert. Wichtige Beispiele für diese fundamentale Einschränkung des
Messprozesses beruhen auf der Spin–Bahn-Kopplung. So erzeugt letztere in der Photoelektronen-
spektroskopie spinpolarisierte Photoelektronen, auch wenn die Grundzustandselektronen nicht
spinpolarisiert sind. Der naive Schluss von der Spinpolarisation der Photoelektronen auf die der
Grundzustandselektronen führt offensichtlich in die Irre. Dieser SBK-Effekt ist insbesondere bei
der Untersuchung von magnetischen Systemen mittels spinaufgelöster Photoemission zu beach-
ten.

Das Vorhergehende unterstreicht, dass der theoretischen Berechnung von Messgrößen eine große
Bedeutung zukommt. Weiterhin ist zu bemerken, dass der erwähnte SBK-Effekt die interessieren-
de Observable nicht nur verschleiert, sondern selbst durch seine Ausnutzung zu weitergehenden
Erkenntnissen führen kann. Als Beispiel mag hier der Magnetische Dichroismus (MD) in der spin-
integrierten Photoemission dienen. Da, wie man theoretisch zeigen kann, der MD dann groß sein
sollte, wenn elektronische Zustände aufgrund der SBK miteinander hybridisieren, lassen sich mit
seiner Hilfe Bandstrukturen von Ferromagneten detailliert untersuchen. Diese Genauigkeit ist mit
konventioneller, d. h. nichtdichroischer, Photoemission nur schwer zu erreichen.

Wurde als prominentes Beispiel die Photoemission für eine Spektroskopie angeführt, in der die
orbitalen Freiheitsgrade und die Spinfreiheitsgrade der Elektronen eng miteinander verknüpft
sind, so mag der spinabhängige Transport von Elektronen dazu dienen, den Einfluss des Spinfrei-
heitsgrades auf eine Observable (hier: des elektrischen Stroms durch die Probe) zu illustrieren.
Denn in diesem Falle ist die Kopplung der beiden elektronischen Freiheitsgrade von minderer
Bedeutung. Ein weiterer Unterschied zur Photoelektronenspektroskopie besteht darin, dass diese
meist zur Untersuchung von paradigmatischen Systemen herangezogen wird, beispielsweise von
Oberflächen und dünnen Filmen, und eher auf deren inhärente Eigenschaften abzielt. Im Gegen-
satz dazu befasst sich der spinabhängige Transport mit zusammengesetzten Systemen, wie zum
Beispiel Tunnelkontakten, und weist somit von der Grundlagenforschung in Richtung der Ange-
wandten Physik. Auch werden für das System charakteristische Observable untersucht, die mit
dessen jeweiliger Realisierung (Probe) variieren können. Um den Unterschied zu verdeutlichen:
die elektrische Leitfähigkeit ist eine Materialgröße, der Leitwert hingegen eine Systemgröße.

Zur Berechnung der elektronischen Struktur von Festkörpern existiert eine Vielzahl diverser Me-
thoden, die oftmals für bestimmte Systeme und Fragestellungen besonders geeignet erscheinen.
Neben der Genauigkeit und der numerischen Effizienz erlangt die Flexibilität der Verfahren zu-
nehmende Bedeutung, insbesondere in dem Maße, wie die zu untersuchenden Systeme komple-
xer werden. Eine Methode ist in dieser Hinsicht besonders vielversprechend: die KKR-Methode
[Korringa–Kohn–Rostoker (KKR)]. Diese basiert auf der Vielfachstreutheorie (VST) und ist durch
die Trennung von geometrischer und elektronischer Information gekennzeichnet. Die einzelnen
Streuzentren, aus denen die Probe zusammengesetzt gedacht ist, bewahren einerseits die geo-
metrische Information (Ort), andererseits die elektronische Information (Streumatrix) und be-
stimmen in ihrer Gesamtheit die Eigenschaften des Systems. Das hohe Maß an Flexibilität wird
dadurch erreicht, indem mit Hilfe der Dyson-Gleichung das zu untersuchende System mit einem
einfacher zu behandelnden Referenzsystem verknüpft wird. Daher sind der KKR-Methode kaum
Grenzen in Bezug auf die geometrische Anordnung der Streuzentren gesetzt.

Neben der gewöhnlichen KKR, die die Streuzentren als fundamentales Objekt verwendet, hat
sich die LKKR-Methode [Layer-KKR (LKKR)] für Systeme mit Schichtstruktur etabliert. Hier die-
nen Schichten von Streuzentren als Basisobjekt, was einerseits Vorteile gegenüber der KKR bietet,
andererseits die Flexibilität geringfügig einschränkt. Die überwiegende Anzahl von Resultaten,
die in der vorliegenden Arbeit präsentiert werden, wurden mit dem Computerprogrammpaket
omni berechnet, in dem eine relativistische Version der LKKR implementiert ist. Die Spin–Bahn-
Kopplung ist somit vollständig berücksichtigt (Dirac-Gleichung). Da das Hauptaugenmerk des
Programmpakets auf der Berechnung von Elektronenspektroskopien liegt, werden die Potentiale
der Streuzentren daher meist mit Hilfe anderer Computerprogramme selbstkonsistent berechnet,
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ohne dass Abstriche an der Genauigkeit der Ergebnisse hingenommen werden müssen. Als sehr
ergiebige Quelle ist hier das KKR-Programm von Arthur Ernst hervorzuheben.

Die vorliegende Arbeit ist wie folgt aufgebaut. Nach einer Einführung in die Vielfachstreutheorie
(Kap. 2) wird der Einfluss der Spin–Bahn-Kopplung auf die elektronische und magnetische Struk-
tur von Festkörpern exemplarisch behandelt (Kap. 3). Mit Aspekten der Photoelektronenspek-
troskopie befasst sich Kapitel 4, wobei das Hauptaugenmerk auf Spineffekten liegt. Im abschlie-
ßenden Kapitel 5 werden Beispiele für spinabhängigen ballistischen Transport von Elektronen
vorgestellt. Zuletzt wird eine Methode zur Untersuchung dünner magnetischer Filme vorgestellt,
die die spinaufgelöste Photoemission und den spinabhängigen Transport miteinander verbindet
(Abschn. 5.5). Im Anhang sind Publikationen dokumentiert, in denen die in den vorangegange-
nen Kapiteln skizzierten Beispiele umfassender diskutiert sind.



2. Elemente der Vielfachstreutheorie

Die meisten theoretischen Resultate, die in dieser Arbeit dargestellt und dokumentiert sind, wur-
den durch Ab–initio-Rechnungen im Rahmen der Vielfachstreutheorie (VST) gewonnen. Daher
werden in diesem Kapitel deren Grundlagen skizziert, zum ersten die Dichtefunktionaltheorie
(DFT), zum zweiten die Korringa–Kohn–Rostoker-Methode (S. 6ff).

2.1. Grundlagen der Dichtefunktionaltheorie

Wegen der großen Zahl von Elektronen in ausgedehnten Systemen, wie große Moleküle oder
Festkörper, kann die Wechselwirkung der Elektronen miteinander nicht exakt behandelt werden.
Man ist deshalb auf Näherungen angewiesen. Eine der erfolgreichsten ist die DFT in der lokalen
Dichtenäherung (Local density approximation, LDA).1 Moderne Rechnungen zur elektronischen
Struktur basieren auf dieser Näherung oder einer ihrer Erweiterungen.

Die Hohenberg–Kohn-Theoreme. Der Hamilton-Operator H eines N -Teilchensystems lautet
H = T + U + V , worin T der Operator der kinetischen Energie, U die Coulomb-Wechselwirkung
zwischen den Elektronen und V das externe Potential bedeuten. Die Gesamtenergie ist dann
durch den Erwartungswert E = 〈Ψ H Ψ〉 bezüglich der N -Teilchenwellenfunktion |Ψ〉 gege-
ben. Aus Letzterer lässt sich ein Dichteoperator gemäß N(r) = Ψ?(r)Ψ(r) konstruieren. Die
Hohenberg–Kohn-Theoreme besagen, dass (i) der Grundzustand |Φ〉 des N -Elektronensystems
ein Funktional der Dichte n(r) = 〈Φ N(r) Φ〉 ist, |Φ[n]〉, und dass (ii) das Energiefunktional E[n]
für die Grundzustandsdichte minimal ist.

Um magnetische Systeme beschreiben zu können, wurde die Spindichtefunktionaltheorie ent-
wickelt [2, 3]. Unter der Annahme, dass das externe Potential nur an die Spinfreiheitsgrade
koppelt, tritt der zusätzliche Beitrag

∫
B(r) ·m(r) dr3 im Hamilton-Operator auf. Hier ist

m(r) =
∑
ττ ′

〈Φ Ψ?
τ (r)σττ ′Ψτ ′(r) Φ〉 , τ, τ ′ = ±, (2.1)

die Spindichte, mit dem Vektor σ der Pauli-Matrizen. Die Summe läuft über die Spinindizes τ .
Die Hohenberg–Kohn-Theoreme besagen dann, dass der Grundzustand ein Funktional der Dich-
ten n(r) und m(r) ist. Die Gesamtenergie E[n, m] ist minimal für die Grundzustandsdichten. Da
das externe Potential nur an den Spin koppelt, wird orbitaler Magnetismus nicht in der Spindich-
tefunktionaltheorie beschrieben. Dieses ist jedoch innerhalb der Stromdichtefunktionaltheorie
möglich [4, 5].

Die Kohn–Sham-Gleichungen. Nach der allgemeinen Formulierung wird nun eine Lösung
des Problems entwickelt, also eine „Rechenvorschrift“. Diese führt zu effektiven Einteilchenglei-
chungen, den Kohn–Sham-Gleichungen. Das „universale“ Hohenberg–Kohn-Funktional F [n] =
T [n]+EH[n]+Exc[n] wird in die Coulomb-Wechselwirkung U(r, r′) = 1/|r−r′| (Hartree-Beitrag),

EH[n] =
1
2

∫ ∫
n(r) U(r, r′) n(r′)dr3dr′

3
, (2.2)

und in die kinetische Energie T [n] des wechselwirkungsfreien Elektronengases mit Dichte n(r)
zerlegt: F [n] = 〈Φ[n] T + U Φ[n]〉. Der Restbeitrag Exc[n] subsumiert die Austausch- und die

1Englische Abkürzungen werden an Stelle deutscher verwendet, wenn sie die gebräuchlicheren sind.
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Korrelationsenergie. Die Grundzustandsdichte n minimiert die Gesamtenergie E[n] = F [n] +∫
V (r) n(r) dr3. Die Erhaltung der Teilchenzahl wird mittels eines Lagrange-Parameters µ =

δT [n]/δn(r) + Veff [n(r)] garantiert, der mit dem chemischen Potential identifiziert wird. Die De-
finition des effektiven Potential

Veff(r) = VH[n(r)] + Vxc[n(r)] + V (r) (2.3)

und die Einführung einer orthonormalen Einteilchenbasis {|Φi〉} resultiert im Gleichungssystem

0 = {T + Veff [n]− εi} |Φi〉 , (2.4a)

n(r) =
N∑

i=1

| 〈r Φi〉 |2, (2.4b)

welches selbstkonsistent zu lösen ist (Vxc[n] = δExc[n]/δn). Vernachlässigt man in den Kohn–
Sham-Gleichungen (2.4) das Austausch-Korrelationspotential Vxc, so sind sie mit den Hartree-
Gleichungen identisch, und die Einteilchenzustände erzeugen die Slater-Determinanten.

Bei der Generalisierung auf magnetische Systeme nimmt man an, dass das externe Potenti-
al spinabhängig ist. Mit der z-Achse als Spinquantisierungsachse braucht nur die z-Projektion
der spinabhängigen Dichten n±(r) betrachtet zu werden. Die Elektronendichte n = n+ + n−

und die Spindichte m = n+ − n− treten als unabhängige Variable auf, und anstelle ei-
nes einzigen Satzes von Kohn–Sham-Gleichungen liegt nun ein Satz für jede Spinprojekti-
on τ vor: 0 = {T + V τ

eff [n] − ετ
i } |Φτ

i 〉, τ = ±. Gewöhnlich führt man ein spingemitteltes
Austausch-Korrelationspotential Vxc[n+, n−] = δExc[n, m]/δn und ein „magnetisches“ Austausch-
Korrelationspotential Bxc[n+, n−] = δExc[n, m]/δm ein. Mit diesen lässt sich das effektive Einteil-
chenpotential als

V τ
eff(r) = VH[n(r)] + Vxc[n(r),m(r)] + τ{B(r) + Bxc[n(r),m(r)]} (2.5)

schreiben.

Für eine relativistische Beschreibung wird in Analogie zum Vorherstehenden angenommen, dass
das wechselwirkende Elektronensystem auf ein wechselwirkungsfreies abgebildet werden kann,
welches die Grundzustandsdichte reproduziert. Vernachlässigt man den orbitalabhängigen Bei-
trag zur Stromdichte, ist die Austausch-Korrelationsenergie ein Funktional der Elektronen- und
der Spindichte, wie im nichtrelativistischen Fall auch. Zu lösen sind somit die Dirac–Kohn–Sham-
Gleichungen[

cα · p + βc2 + Veff − εi

]
|Φi〉 = 0, (2.6)

mit Veff = V + VH + Vxc + βσ · (B + Bxc). Die Matrizen

α =
(

0 σ
σ 0

)
und β =

(
1 0
0 −1

)
(2.7)

lassen sich durch die Pauli-Matrizen

σx =
(

0 1
1 0

)
, σy =

(
0 −i
i 0

)
und σz =

(
1 0
0 −1

)
(2.8)

ausdrücken.

Lokale Näherungen für das Austausch-Korrelationsfunktional. Weil das Austausch-
Korrelationsfunktional nicht bekannt ist, muss man Näherungen finden, die für bestimmte Mo-
dellsysteme exakt und außerdem für Rechnungen praktikabel sind. Die einfachste Näherung
für spinpolarisierte Systeme ist die lokale Spindichtenäherung [Local spin-density approxima-
tion (LSDA)]. Im Falle einer geringfügig variierenden Dichte ist eine naheliegende Näherung,
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das Austausch-Korrelationsfunktional des homogenen Elektronengases zu verwenden. Dazu wer-
tet man die Dichte am aktuellen Aufpunkt r aus und berechnet für diese das Austausch-
Korrelationspotential.

Während der Austauschbeitrag zu Exc des homogenen Elektronengases bekannt ist, muss der
Korrelationsbeitrag numerisch für Modellsysteme ausgewertet und parametrisiert werden. Popu-
lär sind Parametrisierungen von von-Barth und Hedin [2], Vosko, Wilk und Nusair [7] sowie von
Perdew und Wang [8]. Über die LSDA hinaus gehen die Generalized gradient approximation (GGA)
[9] und die Self-interaction correction (SIC). Während diese Erweiterungen parameterfrei bleiben,
führt man in der LDA+U die Coulomb-Energie U auf den einzelnen Gitterplätzen als frei zu vari-
ierende Größe ein. Diese Abbildung auf ein Hubbard-Modell ist also im strikten Sinne nicht mehr
ab initio. Allerdings ist meist nur ein Wert von U mit diversen physikalischen Größen verträglich.

2.2. Elemente der Korringa–Kohn–Rostoker-Methode

Die Vielfachstreutheorie, wie sie im Folgenden skizziert wird, kann auf die Arbeiten von Kor-
ringa [10] sowie von Kohn und Rostoker [11], die sie für dreidimensionale Systeme formulier-
ten, zurückgeführt werden [12]. Die Methode wird daher auch als KKR bezeichnet (nach Kor-
ringa, Kohn und Rostoker). Eine speziell an Oberflächen und planare Grenzflächen angepasste
Formulierung ist als Layer-KKR (LKKR) bekannt. Hier ist das wesentliche Objekt eine Schicht von
Streupotentialen, im Gegensatz zu einzelnen Streuzentren in der „dreidimensionalen“ KKR [13].
In der vorliegenden Arbeit kann nur ein kurzer Überblick der VST gegeben werden. Umfassende
Darstellungen finden sich bei Mertig et al. [14], Weinberger [15] und Gonis [16].

Im Gegensatz zu einer kinematischen Streutheorie umfasst eine dynamische Theorie die Viel-
fachstreuung der Elektronen innerhalb des Festkörpers [17]. Die Hauptaufgabe einer VST besteht
darin, die Streueigenschaften des Gesamtsystems zu bestimmen. In der LKKR-Methode wird die-
ses durch sukzessive Berechnung der Streueigenschaften der Konstituenten erreicht: beginnend
beim einzelnen Streupotential, einer einzelnen Schicht von Streupotentialen, Schichtenstapeln
und schließlich vom gesamten System. Diese Schritt-für-Schritt-Prozedur gewährleistet somit ein
hohes Maß an Flexibilität in der räumlichen Anordnung der streuenden Potentiale. Damit ein-
hergehend ist die VST, insbesondere in der LKKR-Formulierung, durch einen Darstellungswechsel
gekennzeichnet (Drehimpulsdarstellung ↔ ebene Wellen).

Streuung an einem Gitterplatz

Der erste Schritt in einer VST-Rechnung ist die Bestimmung der Streueigenschaften der einzelnen,
auf Gitterplätzen lokalisierten Potentiale Vi. Das Gesamtpotential V des Systems wird als Summe
von Einzelpotentialen angenommen, V (r) =

∑
i Vi(r −Ri). Gewöhnlich besitzen die Potentiale

sphärische Symmetrie und haben MT-Form [Muffin tin (MT)],

Vi(ri) =

{
Vi(r) r ≤ rmti

0 sonst
, (2.9)

wobei die MT-Kugeln mit Radius rmti disjunkt sind. Ferner nimmt man reguläre Potentiale an
[limr→0 r2V (r) = 0; [15]]. Selbstverständlich existieren Verallgemeinerungen für nichtsphäri-
sche sowie für raumfüllende Potentiale [18, 19].

Prinzipiell verfährt man bei der relativistischen Behandlung der Gitterplatzstreuung wie im nicht-
relativistischen Fall. Die Dirac-Gleichung für ein Streupotential mit effektivem Magnetfeld B(r)
lautet [Gl. (2.6)][

cα · p + βc2 + v(r) + βσ ·B(r)
]
Ψ(r) = EΨ(r). (2.10)

Die Streulösungen werden als

〈r Ψ〉 =
1
r

∑
Λ

(
fΛ(r) 〈r̂ χΛ〉
igΛ(r) 〈r̂ χΛ〉

)
=

∑
Λ

(
ΨΛ(r) 〈r̂ χΛ〉
iΦΛ(r) 〈r̂ χΛ〉

)
, (2.11)
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angesetzt, mit ΨΛ(r) = fΛ(r)/r und ΦΛ(r) = gΛ(r)/r. Die relativistischen „Partner“ χµ
κ der Ku-

gelflächenfunktionen erhält man durch Kopplung von l und s zum Gesamtdrehimpuls j = l + s
[20],

χµ
κ =

∑
τ=±1/2

C(l
1
2
j;µ− τ, τ)Y µ−τ

l χτ . (2.12)

Diese sind Eigenfunktionen von σ·l+1 zum Eigenwert κ = (j+ 1
2 )2−l(l+1). Die Koeffizienten C in

Gl. (2.12) sind die bekannten Clebsch–Gordan-Koeffizienten. Für j = l+ 1
2 (j = l− 1

2) ist κ = −l−1
(κ = l). Wenn möglich, werden die Drehimpulsquantenzahlen zusammengefasst, L = (l,m) im
nichtrelativistischen und Λ = (κ, µ) im relativistischen Fall. Ferner werden Sκ = κ/ | κ |, l = l−Sκ

sowie Λ = (−κ, µ) definiert.

Wird die z-Achse als Spinquantisierungsachse gewählt, so resultiert daraus das Gleichungssystem

c∂r fΛ = −c
κ

r
fΛ + (E + c2 − v)gΛ + B

∑
Λ′

〈χΛ σz χΛ′〉 gΛ′ , (2.13a)

c∂r gΛ = c
κ

r
gΛ − (E − c2 − v)fΛ + B

∑
Λ′

〈χΛ σz χΛ′〉 fΛ′ . (2.13b)

Im nichtmagnetischen Fall (B = 0) hängen fΛ und gΛ nicht von µ, sondern nur von κ ab.

Die Matrixelemente von σz in Gl. (2.13) koppeln die Lösungen zu l und l + 2. Ackermann hat
gezeigt, dass diese aufgrund der fehlenden Singularität von B(r) vernachlässigt werden dürfen
[21]. Somit erhält man ein System von vier gekoppelten Differentialgleichungen erster Ordnung,
in dem Partialwellen mit Drehimpulsen κ und −κ− 1 gekoppelt sind.

Die regulären und irregulären Lösungen verhalten sich asymptotisch wie

〈r Ψreg
Λ 〉 →

∑
Λ′

(
[jl(kr)δΛ′Λ + h+

l′ (kr)tΛ′Λ] 〈r̂ χΛ′〉
i Sκ′

ck
E+c2 [jl(kr)δΛ′Λ + h+

l′
(kr)tΛ′Λ] 〈r̂ χΛ′〉

)
, (2.14a)

〈
r Ψirr

Λ

〉
→

∑
Λ′

(
h+

l′ (kr) 〈r̂ χΛ′〉
i Sκ′

ck
E+c2 h+

l′
(kr) 〈r̂ χΛ′〉

)
δΛ′Λ, (2.14b)

für r →∞. Hier bezeichnen jl und h±l sphärische Bessel- bzw. Hankel-Funktionen. Die einfallende
Partialwelle ist durch

〈r JΛ〉 =
(

jl(kr) 〈r̂ χΛ〉
i Sκ

ck
E+c2 jl(kr) 〈r̂ χΛ〉

)
(2.15)

gegeben. Mit〈
r H

(±)
Λ

〉
=

(
h±l (kr) 〈r̂ χΛ〉

i Sκ
ck

E+c2 h±
l

(kr) 〈r̂ χΛ〉

)
(2.16)

ergibt sich für die Gesamtwellenfunktion 〈r Ψ〉 =
∑

Λ(AΛ 〈r JΛ〉 + BΛ

〈
r H

(+)
Λ

〉
), wobei die

Koeffizienten AΛ (einfallend) und BΛ (auslaufend) durch die Gitterplatzstreumatrix t miteinan-
der verknüpft sind, BΛ =

∑
Λ′ tΛΛ′AΛ′ . Letztere kann entweder durch stetig-differenzierbares

Anpassen der Lösungen am MT-Radius oder mittels Wronski-Determinanten bestimmt werden
[15, 22]. Für sphärische Potentiale sind nur diejenigen Elemente von t von Null verschieden,
die zu gekoppelten Partialwellen gehören; also tΛΛ′ = 0 falls κ′ 6∈ {κ,−κ − 1} oder µ′ 6= µ. Im
nichtmagnetischen Fall ist die t-Matrix diagonal und hängt nur von κ ab.

Viele Effekte in der Elektronenspektroskopie beruhen auf dem gleichzeitigen Vorhandensein von
Magnetismus und Spin–Bahn-Kopplung. In der numerischen Problembehandlung ist es daher
wünschenswert, beide Faktoren in ihrer Stärke variieren zu können. In nichtrelativistischen Theo-
rien lässt sich die entsprechende Kopplungskonstante leicht skalieren. In relativistischen Theo-
rien erhöht man die als Parameter auftretende Lichtgeschwindigkeit c, mit dem unerwünsch-
ten Nebeneffekt, dass alle relativistischen Effekte (Massenterm, Darwin-Term) ebenfalls verän-
dert werden. Ausgehend von der skalar-relativistischen Näherung [23–25], lässt sich allerdings
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eine Methode entwickeln, die zwischen der relativistischen Dirac-Gleichung und der skalar-
relativistischen Schrödinger-Gleichung interpoliert und nur die SBK skaliert [26–28].

Streuung an Schichten

Streuung an einer einzelnen Schicht. Nachdem die Streuung an einem einzelnen Potential be-
handelt wurde, werden die Streueigenschaften einer einzelnen Schicht, dem wesentlichen Objekt
der Layer–KKR-Methode, berechnet.

Für jeden Strahl,2 der durch den zweidimensionalen reziproken Gittervektor g charakterisiert ist,
definiert man den Wellenvektor

k±g =
(

k‖ + g
±

√
k2 − (k‖ + g)2

)
. (2.17)

Das Vorzeichen + (−) steht für ebene Wellen, die entlang der +z-Richtung (−z-Richtung) propa-
gieren oder gedämpft sind. Die auf die Schicht einfallenden (Ψinc) und von der Schicht auslau-
fenden (Ψout) Wellenfelder werden damit als

Ψinc(r) =
∑
gτ

[
u+

gτ exp(ik+
g · r) + u−gτ exp(ik−g · r)

]
χτ , (2.18a)

Ψout(r) =
∑
gτ

[
v+

gτ exp(ik+
g · r) + v−gτ exp(ik−g · r)

]
χτ (2.18b)

geschrieben. Fasst man die Koeffizienten u±gτ und v±gτ in Spaltenvektoren zusammen, so ist deren
Beziehung untereinander durch die Streumatrix M der Schicht gegeben (Abb. 2.1),(

v+

v−

)
=

(
M++ M+−

M−+ M−−

) (
u+

u−

)
. (2.19)

Um M zu berechnen, werden alle Beiträge von sphärischen Streuwellen addiert, die am Refe-
renzgitterplatz einfallen. Dieses Wellenfeld ist also durch das von außerhalb der Schicht einfal-
lende und das innerhalb der Schicht gestreute Feld gegeben, da die einfallende Welle mehrfach
an jedem Gitterplatz der Schicht gestreut wird. Das an einem Gitterplatz Rj einfallende Feld
ist mit dem zugehörigen von Rj auslaufenden durch die t-Matrix verknüpft. Letzteres kann an-
schließend vermöge sogenannter Strukturkonstanten in ein am Referenzplatz einlaufendes um-
gerechnet werden [16, 29]. Nach Rücktransformation der sphärischen in ebene Wellen sind die
einzelnen Blöcke der M -Matrix schließlich bestimmt.

Streuung an einer Oberflächenbarriere. Eine Oberflächenbarriere, also der Übergang des Po-
tentials im Inneren des Festkörpers zum Vakuum, lässt sich einerseits durch MT-Potentiale be-
schreiben. Andererseits werden in der Spektroskopie, insbesondere in der LEED und in der Photo-
emission, stetige Potentialübergänge verwendet. Diese „weichen“ Barrierenformen erfüllen in der
Regel die Asymptotik der klassischen Bildladung an einer Metalloberfläche, V (z) ≈ 1/(4z) [30].

2Die Bezeichnungen „Strahl“ und „ebene Welle“ werden synonym verwendet. Als historische Begründung kann die
Anwendung der LKKR-Methode zur Berechnung von LEED-Spektren herangezogen werden.

Abbildung 2.1. Streuung an einer
einzelnen Schicht von Streuzentren
(schematisch). Das Referenzstreuzen-
trum ist durch den grauen Kreis re-
präsentiert. Einfallende (auslaufende)
Strahlen u± (v±) werden nach ihrer
Propagationsrichtung (±z) indiziert.
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Die JJJ-Barriere interpoliert zwischen dem Bildladungspotential und dem konstanten inneren Po-
tential V0 des Festkörpers (Muffin-tin zero) und wurde von Jones, Jennings und Jepsen [31]
eingeführt (daher der Name JJJ). Neben der einfachen Integration der Schrödinger-Gleichung in
der Oberflächenregion mittels numerischer Standardverfahren wurden fortgeschrittene Metho-
den angewendet und entwickelt, um das Oberflächenpotential, insbesondere seine Korrugation,
zu behandeln [32–35].

Streuung an Schichtenstapeln. Sind die Streueigenschaften aller Schichten im System be-
kannt, lassen sich mit Hilfe einer geringen Zahl von Basisalgorithmen diejenigen einer beliebigen
Stapelung von Schichten berechnen, was die Flexibilität der VST unterstreicht. Die einzig essenti-
elle Bedingung ist die Translationsinvarianz innerhalb der Schichten: alle Schichten des Systems
müssen die gleiche Periodizität besitzen.

Die M -Matrix einer Doppelschicht erhält man zum Beipiel, indem über alle Vielfachstreuereignis-
se summiert wird, die durch Reflexion an jeder der Schichten auftreten (Layer stacking, Abb. 2.2).
Die Propagation zwischen den Schichten wird durch P±

gτ,g′τ ′ = exp(ik±g ·d) δgg′ δττ ′ beschrieben,
wobei der Translationsvektor d äquivalente Gitterplätze der Schichten 1 und 2 verbindet.

Die obige Prozedur ermöglicht es, die Reflexionsmatrix R−+
bulk des Volumens, also eines unendlich

oft wiederholten Arrangements von identischen Schichten oder von identischen Schichtenstapeln,
zu berechnen (Layer doubling). Desweiteren kann die komplexe Bandstruktur k⊥(E,k‖) aus der
Streumatrix mit Hilfe der Bloch-Wellenmethode gewonnen werden. Dabei geht man von identi-
schen Schichten 1 und 2 aus. Die ein- und auslaufenden ebenen Wellen auf der linken Seite von
1 und von 2 unterscheiden sich gemäß dem Floquet’schen Theorem nur durch einen Faktor λ:
u− = λv− und v+ = λu+. Eine kurze Rechnung ergibt ein Standardeigenwertproblem der Form
Qcn = λncn, wobei die Blöcke der Matrix Q sich aus der Streumatrix M einer einzelnen Schicht
berechnen lassen. Die Eigenwerte λn sind im allgemeinen komplex, und cn ist ein (4 Ng)-Vektor
und umfasst die (2 Ng)-Vektoren u+ und v− (Ng ist die Anzahl der in der numerischen Rechnung
berücksichtigten Strahlen). Aus λn = exp(ikn · d) ergibt sich dann die komplexe Wellenzahl kn,⊥
zu kn,⊥ = −i

(
lnλn − ik‖ · d‖

)
/d⊥. Die Reflexionsmatrix R−+

bulk des Volumens lässt sich ebenfalls
aus den Eigenvektoren erhalten.

Um die reflektierten Intensitäten in LEED zu berechnen, benötigt man die Reflexionsmatrix des
gesamten halbunendlichen Systems, das sich aus den identischen Schichten des Volumens und
den sich davon unterscheidenden oberflächennahen Schichten zusammensetzt. Diese Reflexions-
matrix kann schrittweise mittels der oben beschriebenen Algorithmen bestimmt werden.

Green-Funktion und Streupfadoperator

In diesem Abschnitt werden die grundlegenden Eigenschaften der KKR-Green-Funktionen rekapi-
tuliert. Da die Energie E komplex sein darf, und somit der Hamilton-Operator nicht mehr hermi-
tesch ist, muss mit links- (Superskript L,

〈
ΨL

∣∣ H = E
〈
ΨL

∣∣) und rechtsseitigen (Superskript R,
H

∣∣ΨR
〉

= E
∣∣ΨR

〉
) Wellenfunktionen gearbeitet werden [36].

Abbildung 2.2. Streuung an einer Doppelschicht (schematisch). Der Stapel zweier Schichten (1 und 2, links)
kann durch eine effektive Schicht (1′, rechts) ersetzt werden.
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Analog zur vorgehend beschriebenen sukzessiven Berechnung der Streueigenschaften geht man
bei der Berechnung der Green-Funktion (GF) des gesamten Systems vor. Zunächst wird die GF in
Anwesenheit eines einzelnen Potentials V , die Gitterplatz-Green-Funktion

G+
1 (r, r′) = −ik

∑
Λ


〈
r JR

Λ

〉 〈
H

L(+)
Λ r′

〉
, r < r′〈

r H
R(+)
Λ

〉 〈
JL

Λ r′
〉
, r > r′

, (2.20)

berechnet [16]. Anschließend wird aus dem Gesamtsystem eine Schicht entfernt und deren GF

G+
EL bestimmt. Dabei werden die Randbedingungen, also die Bloch-Bedingung G+

EL(ri +R, r′i) =
exp(ik‖ ·R) G+

EL(ri, r
′
i) parallel zu den Schichten und die Reflexionseigenschaften der „gefüllten“

Schichtenstapel links und rechts der leeren Schicht (R bezeichnet eines Gittervektor der Schicht),
berücksichtigt. Durch Lösung der Dyson-Gleichung für die „leere“ Schicht erhält man dann die GF

G+(ri, r
′
i) = G+

1 (ri, r
′
i) +

∑
ΛΛ′

〈
ri J iR

Λ

〉
U ii

ΛΛ′
〈
J iL

Λ′ r′i
〉

(2.21)

der gefüllten Schicht i. Durch Zerlegung in ein- und auslaufende ebenen Wellen lassen sich auch
die Matrizen U ij für alle Schichten i und j des Systems berechnen. Wieder spielen die oben
beschriebenen Basisalgorithmen für die Berechnung der Streueigenschaften eine profunde Rolle.

Die regulären Lösungen des Gitterplatzproblems erfüllen die Lippmann–Schwinger-Gleichung für
das Potential Vi(r),〈

ri J iR
Λ

〉
=

〈
ri jR

Λ

〉
+

∫
Ωi

G+
0 (ri, r

′
i)Vi(r′i)

〈
r′i J iR

Λ

〉
dr′i

3 (2.22)

(G0 Green-Funkton freier Elektronen), womit sich die Single-site-t-Matrix als

tiRΛΛ′ = −ik
∫

Ωi

〈
jL
Λ ri

〉
Vi(ri)

〈
ri J iR

Λ′
〉
dri

3 (2.23)

ergibt. Desweiteren gilt tiLΛ′Λ = tiRΛΛ′ .

Streupfadoperator und Streulösungen. Bestimmte Größen in der VST lassen sich vorteilhaf-
ter formulieren, wenn man anstelle der bisher verwendeten Streulösungen solche mit anderer
Asymptotik benutzt:

∣∣ZR
Λ

〉
=

∑
Λ′

∣∣JR
Λ′

〉
(tR)−1

Λ′Λ und
〈
ZL

Λ

∣∣ =
∑

Λ′ (t
L)−1

ΛΛ′

〈
JL

Λ′

∣∣ (Tab. 2.1) [37].
Beim Darstellungswechsel werden die Matrizen U ij durch Streupfadoperatoren (SPO) τ ij ersetzt,
Umn = (tmR)−1(τmn − tmRδmn)(tnL)−1 [14–16] und

G(rn, r′n) =
〈
rn ZnR

〉
τnn

〈
ZnL r′n

〉
− ik

〈
rn ZnR

〉 〈
J̃nL r′n

〉
. (2.24)

Die Matrizen τ ij sind rekursiv durch τ ij = tiδij +
∑

k 6=i ti G0 τkj definiert und transformieren
eine einlaufende Welle in der Zelle j in eine auslaufende in der Zelle i, wobei alle Streupfade
von j nach i berücksichtigt werden. Die Streupfadoperatoren τ ij(ε) sind die On–the–energy–shell-
Matrixelemente des Übergangsoperators T , T (ε) =

∑
ij τ ij(ε).

Der Imaginärteil der GF lässt sich damit kompakt durch 〈rn Γ(E) r′m〉 =
2i

∑
ΛΛ′ 〈rn Zn

Λ〉 Im(τnm
ΛΛ′) 〈Zm

Λ′ r′m〉 ausdrücken, wobei die Symmetrie τnm
ΛΛ′ = τmn

Λ′Λ ausge-
nutzt wurde. Ein Nachteil ist allerdings mit dem Auftreten der inversen t-Matrix verbunden, da
für t = 0 singuläre Terme auftreten können. In der Darstellung mit |J〉 und |H〉 erhielte man
einen zusätzlichen Beitrag vom gitterplatzdiagonalen Anteil.

Tabelle 2.1. Asymptotisches Verhalten
der Streulösungen.

Funktion Verhalten für r → 0 Verhalten für r →∞
|J〉 regulär |j〉+ |h〉 t
|H〉 irregulär |h〉
|Z〉 regulär |j〉 t−1 + |h〉∣∣∣J̃〉

irregulär |j〉
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Screened KKR. Im Gegensatz zu KKR-Methoden, die auf der Screened KKR beruhen [38, 39], ist
in LKKR Screening nicht notwendig, da die Berechnung der schichtdiagonalen GF schon ein O(N)-
Verfahren ist. Ferner kann Screening nicht für höhere Energien angewendet werden, da die GF

nicht hinreichend lokalisierbar ist. Für Photoemissionsrechnungen ist Screened KKR demnach nicht
geeignet.

Defekte und Unordnung

Green-Funktion einzelner Defekte. Ersetzt man das Potential V0(r) am Gitterplatz 0 durch
Ṽ0(r) (Abb. 2.3), so lautet die GF des Defektsystems

G̃ij(ri, r
′
j) = G̃+

i (ri, r
′
i)δij +

∑
ΛΛ′

〈
ri J̃ i

Λ

〉
Ũ ij

ΛΛ′

〈
J̃j

Λ r′j

〉
. (2.25)

Die regulären Streulösungen
∣∣∣J̃ i

Λ

〉
sind hier durch

∣∣∣J̃ i
Λ

〉
=

∣∣∣J̃0
Λ

〉
δi0 +

∣∣J0
Λ

〉
(1 − δi0) und entspre-

chenden Ausdrücken für die irregulären Lösungen
∣∣∣H̃i

Λ

〉
definiert. Die Dyson-Gleichung bzgl.

der GF des Wirtsgitters führt zu Ũ00 = ∆LU00, Ũ0j = ∆LU0j , Ũ i0 = U i0∆R und Ũ ij =
U ij − 1

ikU i0(t̃0 − t0)∆LU0j , wobei die „Defektmatrizen“ durch ∆L =
[
1 + U00(t̃0 − t0)/(ik)

]−1

und ∆R =
[
1 + (t̃0 − t0)U00/(ik)

]−1
gegeben sind. Die Matrizen Ũ ij hängen insbesondere von

der Differenz der Streumatrizen t̃0 und t0 ab [14]. Die Green-Funktion für ein System mit mehre-
ren Defekten kann durch die sukzessive Anwendung der obigen Gleichungen berechnet werden.

Coherent Potential Approximation. Die einfachsten Möglichkeiten, die Unordnung von bi-
nären substitutionellen Legierungen AcB1−c zu beschreiben, sind die Virtual crystal approxima-
tion (VCA) und die Averaged t-matrix approximation (ATA). Im ersten Fall wird das Potential an
jedem Gitterplatz i durch Vi = cVA + (1 − c)VB (c Konzentration) ersetzt, und es können daher
Standardmethoden zur Berechnung der elektronischen Struktur verwendet werden. In der ATA

ersetzt man nicht das Potential, sondern die Gitterplatz-Streumatrizen t. Da innerhalb der ATA nur
die Wellenfunktionen der defektfreien Systeme A (c = 1) und B (c = 0) bekannt sind, erfordert
die Berechnung von Größen, die die Wellenfunktionen enthalten (Zustandsdichte, Photostrom),
eine Behandlung wie in der Coherent potential approximation (CPA).

In der CPA fixiert man die Eigenschaften eines ausgewählten Gitterplatzes und führt die Kon-
figurationsmittelung an den restlichen Gitterplätze aus (bedingter Mittelwert). Somit wird ein
effektives Medium durch die Forderung bestimmt, dass dieses dieselben Streueigenschaften be-
sitzt wie die mit den Konzentrationen gewichteten Defektsysteme. Dieses führt zur CPA-Bedingung
τ̃00
C = cτ00

A + (1− c)τ00
B in der Single-site approximation für die Streupfadoperatoren τ̃C des effek-

tiven Mediums. Die Defektsysteme werden duch die gitterplatzdiagonalen Streupfadoperatoren
τ00
A und τ00

B beschrieben. Hier befindet sich ein Defekt vom Typ A bzw. B am Gitterplatz 0 einge-
bettet im effektiven Medium C (Abb. 2.3). Die CPA-Bedingung erfordert also eine selbstkonsistente
Bestimmung des effektiven Mediums, die in die Ab–initio-Berechnung der elektronischen Struktur
eingefügt werden kann. „Fluktuationsartige“ Beiträge, wie die Differenz einer Größe von ihrem
Mittelwert, werden vernachlässigt, und der Einfluss kurzreichweitiger Ordnung wird nicht erfasst.

Abbildung 2.3. Defekt in einer Schicht von
Streuzentren (schematisch). Ein einzelner Defekt
(blaue Kugel), beschrieben durch das PotentialeV0(r), ist in einer Schicht von Streuzentren (grüne
Kugeln) mit den Potentialen V0(r) eingebettet.
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Beschreibung des Magnetismus bei endlichen Temperaturen — Das Bild der ungeordne-
ten lokalen Momente. Das Verschwinden der Magnetisierung eines ferromagnetischen Systems
oberhalb der kritischen Temperatur lässt sich anschaulich auf zwei Weisen im Bild lokalisierter
magnetischer Momente verstehen. Bei der Temperatur T = 0 sind alle lokalen magnetischen
Momente parallel ausgerichtet (entlang der Magnetisierungsrichtung M).3 Im einen Szenario
nimmt das magnetische Moment an jedem Gitterplatz mit wachsender Temperatur ab, sodass
oberhalb der kritischen Temperatur TC das Gesamtsystem, wie auch jedes Teilvolumen, nicht-
magnetisch wird. Im anderen Szenario bleiben die lokalen Momente endlich, ihre Ausrichtung
jedoch fluktuiert zunehmend. Oberhalb TC sind die Fluktuationen so stark, dass keine Vorzugs-
richtung der Momente mehr existiert und das Gesamtsystem somit paramagnetisch wird, wobei
endliche Teilvolumina magnetisch bleiben können.

Das zweite Modell kann offensichtlich im Rahmen der CPA behandeln werden. Die Idee der unge-
ordneten lokalen Momente [Disordered local moment (DLM)] bildet die Unordnung auf eine binäre
substitutionelle Legierung AcB1−c ab, in der die Spezies A und B lokale Momente darstellen, die
entlang der Magnetisierungsrichtung M und entlang −M für T = 0 ausgerichtet sind. Bei der
Konzentration c = 0 liegt der ferromagnetische Fall vor (T = 0), während TC bei c = 0.5 erreicht
wird. Das DLM-Bild eignet sich besonders für Systeme nahe der kritischen Temperatur. Eine Rea-
lisierung des DLM erhält man, indem die spinabhängigen Potentiale V (r) für die Spezies A und B
komplementär gewählt werden: vA+ = vB− = v + B und vA− = vB+ = v − B. Somit lässt sich
die Temperaturabhängigkeit der elektronischen Struktur und der Spektroskopien, insbesondere
der Photoemission, behandeln (vgl. Publikation 8 auf S. P80ff).

Das Programmpaket OMNI

Die meisten der hier vorgestellten Resultate wurden mit dem Programmpaket OMNI berechnet.
Ausgehend von einer Implementierung der relativistischen LKKR-Methode dient es zur Berech-
nung einer Vielzahl von Elektronenspektroskopien. Das Paket OMNI hat seinen Ursprung in der
Arbeitsgruppe von Feder (Duisburg). In den letzten Jahren wurde die C++-Version von mir er-
heblich erweitert. Als Meilensteine können die Implementierung der CPA und des ballistischen
Transport angeführt werden. Fominykh programmierte die Zweielektronenphotoemission (γ,2e).

Die strikte Befolgung des objektorientierten Ansatzes von C++ erlaubt die Abstrahierung von
fundamentalen Datentypen, sodass mit den Objekten der LKKR-Methode direkt gearbeitet werden
kann (Atome, Schichten, Kristalle, Wellenfunktionen, Zustände). Rekursive Algorithmen, Überla-
den von Operatoren und strikte Kompatibilitätsprüfung erleichtern die Entwicklung und Wartung
des Codes. Das Kennenlernen des umfangreichen Codes ist durch den strukturierten Aufbau re-
lativ einfach, insbesondere da LKKR-Gleichungen quasi eins-zu-eins kodiert werden können. Der
Preis für die erzwungene Konsistenz ist das gegenüber einer FORTRAN-Version schlechtere Lauf-
zeitverhalten.

3Als lokales magnetisches Moment kann das über eine Einheitszelle oder über eine MT-Kugel integrierte Spinmoment
aufgefasst werden.
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In diesem Kapitel wird exemplarisch gezeigt, wie die Spin–Bahn-Kopplung (SBK) elektronische
und magnetische Eigenschaften von niedrigdimensionalen Systemen beeinflusst. Im folgenden
Abschnitt 3.1 wird die Aufspaltung der elektronischen Valenzzustände von Edelgasketten auf
einer strukturierten Pt-Oberfläche diskutiert. Neben der Aufspaltung kann die SBK zur Spinpola-
risation von Oberflächenzuständen führen, in Analogie zur Rashba–Bychkov-Wechselwirkung in
zweidimensionalen Elektronengasen, wie anhand der Au(111)-Oberfläche gezeigt wird (S. 15).
Eine weitere Manifestation der SBK ist die magnetokristalline Anisotropie. Hier dienen dünne
Ni-Filme auf Cu(001), die einen ungewöhnlichen Spinreorientierungsübergang zeigen, als proto-
typisches Beispiel (S. 19).

3.1. Energetische Aufspaltung elektronischer Zustände

Energetische Niveaus von Atomen können neben der Hauptquantenzahl n durch die Dreh-
impulsquantenzahl l klassifiziert werden. Sie sind bezüglich der z-Projektion m des Drehimpulses
l und bezüglich des Elektronenspins s entartet. Der relativistische Effekt der Spin–Bahn-Kopplung
lässt sich im Rahmen der ls-Kopplung (auch mit Russell–Saunders-Kopplung bezeichnet) oder,
wie im Falle schwerer Atome, durch die jj-Kopplung verstehen. Die Spin–Bahn-Kopplung hebt
die Entartung auf, und die Niveaus müssen durch die Quantenzahl j des Gesamtdrehimpulses
j = l + s klassifiziert werden, j = l ± 1/2. Wird die Rotationssymmetrie des Systems gebro-
chen, findet eine Aufspaltung in Subniveaus statt. Im Falle magnetischer Atome kann dann die z-
Projektion mj des Gesamtdrehimpulses zur Klassifizierung dienen. Denn die Spin–Bahn-Kopplung
koppelt Subniveaus mit gleichem mj , aber verschiedenem j [40]. Dominiert die Stärke der SBK

gegenüber der Austauschaufspaltung, wie zum Beispiel in tiefliegenden Rumpfniveaus, ergeben
sich zwei Gruppen von Niveaus, die deutlich voneinander getrennt sind. Die erste zu j = l − 1/2
enthält die Subniveaus zu mj = l−1/2, . . . ,−l+1/2 und ist durch eine große energetische Lücke
von der zweiten getrennt (ca. 12 eV im Falle von Fe-2p). Die letztere Gruppe mit j = l + 1/2 um-
fasst die Subniveaus zu mj = −l−1/2, . . . , l+1/2. Für relativ schwach gebundene Rumpfniveaus,
wie zum Beispiel Fe-3p, in denen die Stärke der SBK vergleichbar mit der Austauschaufspaltung
ist, beoachtet man diese eindeutige energetische Trennung nicht.

Als eine weitere Ursache für die Brechung der Rotationssymmetrie kommt die geometrische
Struktur des Systems in Frage. Eine starke Störung der sphärischen Symmetrie tritt in linea-
ren Ketten von Edelgasatomen auf, die auf der strukturierten Pt(110)-Oberfläche adsorbiert sind.
Die Pt(110)-Oberfläche zeigt eine 1×2-Rekonstruktion, in der jede zweite Reihe von Pt-Atomen
fehlt, die sogenannte Missing-row reconstruction. Dadurch wird eine Vorzugsrichtung bei der Ad-
sorption vorgegeben, die die Formierung linearer Ketten endlicher Länge bevorzugt (Abb. 3.1).
Im Falle von Xenon können sich zwei Spezies von Ketten auf der reinen Pt-Oberfläche ausbil-
den, was allerdings durch Modifikation der Oberfläche mit Wasserstoff verhindert werden kann.
Es liegt dann nur eine Xe-Spezies vor. Deren genauer Adsorptionsplatz, entweder in den Gräben
(wie in Abb. 3.1 dargestellt) oder auf den äußersten Pt-Atomreihen dazwischen, spielt für die
folgenden Betrachtungen keine Rolle, da die Wechselwirkung des Edelgases mit dem Substrat
vernachlässigbar ist.

Die elektronische Struktur der Edelgasketten wird im Valenzbandbereich durch p-Zustände be-
stimmt, bei Krypton durch die 4p- und bei Xenon durch die 5p-Zustände. Diese spalten vermöge
der SBK in Niveaus mit j = 1/2 und j = 3/2 auf. Im Folgenden werden Xe-Ketten auf wasserstoff-
modifiziertem Pt(110)-1×2-H diskutiert. Die lineare Anordnung der Edelgasatome lässt Orbitale
benachbarter Xe-Atome innerhalb einer Kette überlappen, was zur Ausbildung der Dispersion der
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Abbildung 3.1. Adsorbierte Edelgasketten auf Pt(110)-1×2. In der äußersten Schicht der (110)-Oberfläche
fehlt jede zweite Reihe von Pt-Atomen (magenta), sodass sich die sogenannte Missing-row reconstruction
ausbildet. In die entstandenen Gräben können Edelgasatome (grün) adsorbieren und lineare Ketten bilden.
Es sind nur die vier äußersten Pt-Schichten dargestellt.

elektronischen Zustände in Kettenrichtung führt (Abb. 3.2a). Die Dispersion in Richtung senk-
recht zu den Ketten verschwindet (Abb. 3.2b), da der Überlapp der Orbitale benachbarter Ketten
sehr gering ist. Zusätzlich beobachtet man eine Aufspaltung der Zustände mit j = 3/2 [Publika-
tion 1 (S. P2ff)] [41–43]. Theoretische Rechnungen im Rahmen eines semi-empirischen Tight-
binding-Modells, das auf DFT-Rechnungen für den Xe-Volumenkristall basiert, zeigen, dass nicht,
wie man in Analogie zu hexagonalen Xe-Schichten erwarten dürfte, das 5p

±1/2
3/2 -Niveau stärker

als das 5p
±3/2
3/2 -Niveau gebunden ist, sondern die umgekehrte energetische Anordnung vorliegt.

Verstehen lässt sich dieser Effekt mit Hilfe des Quadrupolmoments der Xe-Ladungsverteilung.

Die beobachtete energetische Anordnung kann in Beziehung zum elektrischen Feldgradienten
(EFG) Vxy = d2V/dxdy, der aufgrund der Ladungsverteilung benachbarter Atome entsteht, ge-
bracht werden. In sphärisch symmetrischen Systemen ist die Wahl der Quantisierungsachse (etwa
die z-Achse) willkürlich. Beim Vorliegen einer quadrupolaren Aufspaltung wird diese Wahlfrei-
heit genommen und die Quantisierungsachse durch die Quadrupolwechselwirkung diktiert. Die
5p3/2-Zustände sind nämlich nur dann Eigenzustände des Hamilton-Operators, wenn die z-Achse
entlang der größten Hauptachse des EFG-Tensors (mit Tensorkomponente Vzz ) ausgerichtet ist
und die planare Asymmetrie η = (Vxx − Vyy)/Vzz verschwindet. In diesem Falle, der auf die hier
behandelten linearen Xe-Ketten sowie auf zweidimensionale Xe-Schichten bei k‖ = 0 zutrifft,1

beobachtet man die besagte Aufspaltung. Deren Größe 6 ωq ist durch das Quadrupolmoment Q
der Ladungsverteilung bestimmt, ωq = QVzz/2. Der elektrische Feldgradient Vzz kann aus der

1In beiden Fällen muss die Wechselwirkung der Xe-Atome mit dem Substrat vernachlässigbar sein, was aufgrund der
Edelgasnatur des Adsorbats in sehr guter Näherung erfüllt ist.

Abbildung 3.2. Elektronische
Struktur von Xe-Ketten auf
der wasserstoff-modifizierten
Pt(110)-1×2-Oberfläche. (a)
Mittels Photoelektronenspektro-
skopie bestimmte Dispersion der
Xe-5p-Zustände entlang der Ketten-
richtung (Dreiecke; k‖ parallel der
[110]-Richtung des Pt-Substrats).
(b) Wie (a), jedoch k‖ senkrecht
zu den Xe-Ketten (entlang der
[001]-Richtung des Pt-Substrats).
Die Dispersion aus einem semi-
empirischen Tight-binding-Modell
ist vermöge durchgezogener Linien
dargestellt. Aus Ref. [43].
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Ladungsverteilung ρ(r) an den Xe-Plätzen ermittelt werden,

Vzz =
1

4πε0

∫
3 cos2 ϑ− 1

r3
ρ(r) dr3. (3.1)

Für eine zweidimensionale Xe-Schicht liegt die Quantisierungsachse (z-Achse) normal zur
Schicht, und der Hauptbeitrag zum EFG kommt von Winkeln nahe ϑ = π/2. Damit ist Vzz ne-
gativ. Für eine Xe-Kette hingegen fallen z-Achse und Kettenausrichtung zusammen, sodass der
Hauptbeitrag zu Vzz von Winkeln nahe ϑ = 0 stammt und Vzz positiv ist. Die verschiedenen Vor-
zeichen von Vzz korrespondieren daher mit den unterschiedlichen energetischen Anordnungen
der 5p

±1/2
3/2 - und 5p

±3/2
3/2 -Niveaus in ein- und zweidimensionalen Adsorbatsystemen.

3.2. Spinpolarisation elektronischer Oberflächenzustände

Neben der energetischen Aufspaltung kann die Spin–Bahn-Kopplung zu einer Spinpolarisation
elektronischer Zustände führen. Ein eindrucksvolles Beispiel liefern die Oberflächenzustände von
Edelmetallen, die sich in der Bandlücke um die Γ–Λ–L-Richtung der Volumen-Brillouin-Zone aus-
bilden. Die beigefügte Publikation 2 (S. P6ff) dokumentiert eine detaillierte theoretische und
experimentelle Analyse dieser Zustände an der Au(111)-Oberfläche. In diesem Abschnitt werden
die wesentlichen Aspekte der Theorie dargestellt.

Da die Geometrie der Au(111)-Oberfläche für das Verständnis der Effekte wichtig ist, wird zu-
nächst das verwendete Koordinatensystem beschrieben. Dessen x- und y-Achse fallen mit den
kristallographischen [110]- und [112]-Richtungen zusammen, die z-Achse zeigt entlang der Ober-
flächennormalen in Richtung des Vakuums. Die yz-Ebene bildet somit eine Spiegelebene des Sy-
stems (Abb. 3.3a). Im reziproken Raum liegt die kx-Achse entlang der K–Γ–K-Richtung der zwei-
dimensionalen Brillouin-Zone (2BZ), wogegen die ky-Achse entlang M–Γ–M (Abb. 3.3b) weist.

Die Zeitumkehrsymmetrie erzwingt E(k) = E(−k) für die Energien der elektronischen Zustände
(Kramers’ Entartung) und P (k) = −P (−k) für deren Spinpolarisation. Für Systeme mit Inversi-
onssymmetrie gilt zusätzlich P (k) = P (−k), und im Volumen kubischer Systeme verschwindet
daher die Spinpolarisation. An der Oberfläche hingegen ist die Inversionsinvarianz zwangsläufig
gebrochen. Da nur noch k‖ eine „gute Quantenzahl“ ist, im Gegensatz zu k im Volumen, wird
nur P (k‖) = −P (−k‖) erzwungen. Oberflächenzustände dürfen somit spinpolarisiert sein, das
Spinmoment des gesamten Systems bleibt aber weiterhin Null.

Abbildung 3.3. Geometrische Struktur der Au(111)-Oberfläche. (a) Aufsicht auf die Oberfläche, die durch
die drei äußersten Atomlagen (große Punkte: erste Schicht; mittlere: zweite Schicht; kleine: dritte Schicht)
repräsentiert wird. Die Basisvektoren a1 und a2 spannen das hexagonale Gitter der atomaren Schichten auf.
(b) Reziprokes Gitter mit Basisvektoren b1 und b2. Die zentrale zweidimensionale Brillouin-Zone (2BZ) ist
grau unterlegt. Die Symmetriepunkte M und K bezeichnen eine Kantenmitte und eine Ecke des Randes der
2BZ.
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Der nichtrelativistische Hamilton-Operator der SBK lautet

HSBK =
1

2c2
σ · [∇V (r)× p] , (3.2)

worin σ den Vektor der Pauli-Matrizen und p den Impulsoperator bezeichnen.2 Die Spin–Bahn-
Kopplung ist dort groß, wo sich das Potential V (r) stark ändert, also insbesondere in der Nähe
des Kerns schwerer Atome. Ein zweiter Beitrag zur SBK kann der Oberfläche zugeordnet werden.
Diese bricht die Symmetrie des Volumensystems und kann daher als Quelle einer strukturellen
Asymmetrie angesehen werden, die in einem zusätzlichen Beitrag zur SBK resultiert. Dieser Ef-
fekt ist ganz analog zur Rashba–Bychkov-Wechselwirkung in zweidimensionalen Elektronengasen
[44] und zur Dresselhaus-Wechselwirkung in Volumensystemen mit gebrochener Inversionssym-
metrie [45]. Explizit formuliert: ein zweidimensionales Elektronengas (2DEG) ist an der Grenzflä-
che zweier verschiedener Halbleiter (z. B. GaAs und GaAlAs) lokalisiert. Ein Oberflächenzustand
in der (111)-Oberfläche eines Edelmetalls ist ebenfalls asymmetrisch räumlich beschränkt: in
Richtung Vakuum durch das Potential der Oberflächenbarriere, in Richtung des Kristallinneren
durch die Bandlücke des Volumens. Die Stärke des „atomaren“ Beitrags der SBK übertrifft den
der Oberfläche erheblich [46]. Jedoch führt letzterer zur Aufspaltung und Spinpolarisation des
L–Lücken-Oberflächenzustandes von Au(111).

Da der L–Lücken-Oberflächenzustand den Charakter freier Elektronen trägt, bietet sich eine Be-
schreibung mittels ebener Wellen an. Der Hamilton-Operator eines isotropen zweidimensionalen
Elektronengases inklusive Rashba–Bychkov-SBK ist durch

H =
1
2
k2
‖ + γ (σxky − σykx) (3.3)

gegeben. Der „atomare“ Beitrag der SBK tritt in dieser Formulierung nicht explizit auf. Die Eigen-
funktionen obigen Operators lassen sich in einen inneren (+) und einen äußeren (−) Zustand
klassifizieren (für γ > 0), deren Dispersionsrelationen durch

E±(k‖) =
1
2
k2
‖ ± γ|k‖| (3.4)

gegeben sind. Die Impulsverteilung besteht somit aus zwei konzentrischen Kreisen, deren Radien
sich um ca. 2γ unterscheiden. Die Größe γ beschreibt die Stärke der strukturellen Asymmetrie,
die im wesentlichen durch ∂zV bestimmt ist [47].

Mit der energetischen Aufspaltung geht eine vollständige Spinpolarisation P der Zustände einher.
Letztere steht senkrecht auf k‖ = (cos ϕe, sinϕe),

P x
±(k‖) = α± sinϕe, (3.5a)

P y
±(k‖) = −α± cos ϕe, (3.5b)

mit α± = ±1. Die z-Komponente von P± verschwindet für ein isotropes 2DEG. Für die weitere
Diskussion ist es vorteilhaft, P± in radiale und tangentiale Komponenten. Offenbar rotiert die
Spinpolarisation des äußeren Zustands im Uhrzeigersinn, die des inneren entgegen dem Uhrzei-
gersinn (γ > 0) [48].

Die Oberflächennormale von Au(111) ist eine dreizählige Rotationsachse des Gitters, die zu ei-
ner radialen strukturellen Asymmetrie führt. Der Hamilton-Operator erhält daher weitere Beiträ-
ge zur Rashba–Bychkov-SBK, die eine nicht verschwindende z-Komponente der Spinpolarisation
erlauben. Wie die hier dokumentierten DFT-Rechnungen zur elektronischen Struktur gezeigt ha-
ben [47], sind die Abweichungen der Impulsverteilung von der zirkularen Form vernachlässigbar
klein, sodass P weiterhin nach Zirkularfunktionen in ϕe entwickelt werden kann. Die führenden
Beiträge von P x

± und P y
± verbleiben wie in Gl. (3.5), jedoch lautet P z

± nunmehr

P z
±(k‖) = β± cos 3ϕe. (3.6)

2In atomaren Hartree-Einheiten, e = m = ~ = 1, c ≈ 137.



3.2 Spinpolarisation elektronischer Oberflächenzustände 17

Das Vorhandensein einer nicht verschwindenden z-Komponente erfordert Komponenten des Po-
tentialgradienten innerhalb der Oberflächenebene. Ein Beitrag zu P z

± stammt daher von der Kor-
rugation, also der oberflächenparallelen Asymmetrie der Oberflächenbarriere. Da diese klein im
Vergleich zu den anderen SBK-Beiträgen ist, kann |β±| � 1 erwartet werden. Die yz-Spiegelebene
erzwingt, dass die Spinpolarisation P± für ϕe = 90◦ entlang der x-Achse ausgerichtet ist. Das
System verbleibt aufgrund der Zeitumkehrsymmetrie nichtmagnetisch.

Die Dispersion der L–Lückenzustände mit k‖ lässt sich aus den Maxima der lagen-und spinauf-
gelösten Spektraldichte entnehmen (Abb. 3.4). Wie die Analogie mit einem 2DEG nahelegt, ist
das Verhalten zu dem freier Elektronen mit Rashba–Bychkov-SBK sehr ähnlich. Die effektive Mas-
se m? von 0.203 zeigt, dass die Dispersion im Vergleich zum Experiment zu groß ist, wie die
Fermi-Wellenzahlen belegen: k+F = 0.079/Bohr und k−F = 0.091/Bohr in der Theorie sowie
k+F = 0.091/Bohr und k−F = 0.104/Bohr im Experiment [49]. Die Bindungsenergie von 0.51 eV
bei k‖ = 0 hingegen korrespondiert gut mit dem experimentellen Wert von 0.49 eV. Die Stärke
γ der SBK ist ca. drei- bis fünfmal größer als in typischen zweidimensionalen Elektronengasen in
Halbleiter-Heterostrukturen: in GaAs-GaAlAs beträgt sie ca. 0.8 · 10−9 eV cm, für Au(111) hinge-
gen 4.4 · 10−9 eV cm [47].

Gibt die analytische Theorie für ein isotropes 2DEG eine Spinpolarisation mit α± = ±1 und β± = 0,
so wird für die Au(111)-Oberfläche die parallele Komponente der Spinpolarisation aufgrund der
dreizähligen Symmetrie auf α+ = 0.967 bzw. α− = −0.926 reduziert. Die Normalkomponente ist,
wie erwartet, klein und beträgt β+ = 0.014 und β− = −0.013.

Obwohl die Aufspaltung der L-Lückenzustände schon in der ersten experimentellen Arbeit korrekt
durch die SBK erklärt wurde [48], fehlte ein direkter experimenteller Nachweis der Spinpolarisa-
tion (Publikation 2 auf S. P6). Als Methode der Wahl bietet sich die spin- und winkelaufgelöste
Photoelektronenspektroskopie an. Da die SBK zu spinpolarisierten Photoelektronen von nichtma-
gnetischen Oberflächen führen kann (Abschn. 4.3), ist zunächst fraglich, ob dieser Photoemissi-
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Abbildung 3.4. Oberflächenzustände in Au(111). (a) Berechnete Dispersion des „inneren“ (blaue Symbole)
und „äußeren“ (rot) L-Lückenzustands entlang K–Γ–K (kx). Der Bereich der Volumenzustände ist grün
dargestellt. (b) Berechnete Impulsverteilung der beiden Oberflächenzustände an der Fermi-Energie EF. In
(c) und (d) sind korrespondierende Resultate aus Photoemissionsexperimenten gezeigt. Nur das Zentrum
der 2BZ ist gezeigt. Aus Publikation 2 auf S. P6.
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onseffekt es erlaubt, Rückschlüsse von der Spinpolarisation der Photoelektronen auf die der Ober-
flächenzustände zu ziehen. Die durch den Anregungsprozess vermittelte Spinpolarisation könnte
so groß sein, dass die des Anfangszustands quasi überdeckt, verschleiert wird. Wählt man aller-
dings die Messgeometrie geschickt dergestalt, dass der Photoelektronenspin entlang der erwar-
teten Spinpolarisation des Anfangszustands orientiert ist, gelingt der experimentelle Nachweis
der Spinpolarisation der L-Lückenzustände dennoch, wie in der Gruppe von Jürg Osterwalder
an der Universität Zürich gezeigt wurde. Deren Resultate stimmen sehr gut mit korrespondieren-
den Photoemissionsrechnungen überein. Es zeigt sich nämlich, dass die durch die Photoemission
selbst erzeugte Spinpolarisation bei der gewählten Anregungsenergie klein ist.

Die Abbildung 3.5 fasst die experimentellen und theoretischen Befunde in spinaufgelösten Im-
pulsverteilungen exemplarisch zusammen. Die Tangentialkomponente von P± zeigt genau das
analytisch und numerisch vorhergesagte Verhalten [Abb. 3.5a und Abb. 3.5d]. Nur die Extre-
malwerte im Experiment sind im Vergleich zur Theorie deutlich geringer, ein typisches Merkmal,
welches durch die Auflösung und durch Lebensdauereffekte in der Photoemission erklärt wer-
den kann. Auch die Normalkomponente P z

± [Abb. 3.5c und Abb. 3.5e] stimmt mit der Theorie
gut überein: im Experiment liegt sie unterhalb des Detektionslimits von 5 %, in der Theorie bei
maximal 4 Prozent und ist somit wesentlich geringer als die oberflächenparallele Komponente.

Wie in Kapitel 4 gezeigt wird, ist die SBK eine Ursache für die Spinpolarisation von Photoelektro-
nen. Abhängig von der Messgeometrie können spinpolarisierte Elektronen von nichtmagnetischen
Oberflächen, genauer: von nichtspinpolarisierten elektronischen Zuständen, emittiert werden
(Abschn. 4.3). Dieser Effekt ruft bei magnetischen Systemen den Magnetischen Dichroismus, also
die Änderung des Photostroms unter Umkehr der Magnetisierungsrichtung hervor (Abschn. 4.4).
Ein weiterer wesentlicher Effekt der SBK in magnetischen Systemen ist die magnetokristalline
Anisotropie, die im Folgenden für dünne magnetische Filme behandelt wird.

Abbildung 3.5. Spin- und winkelaufgelöste Photoelektronenspektroskopie von Au(111). Obere Reihe: Theo-
retische Resultate für die Tangentialkomponente P tan (a), die Radialkomponente P rad (b) und die Normal-
komponente P z (c) der Spinpolarisation des „inneren“ und des „äußeren“ L-Lückenzustands im Zentrum der
2BZ (rot: positive Werte, blau: negative Werte; vgl. Abb. 3.4). Untere Reihe: Experimentell ermittelte Tan-
gentialkomponente P tan (d) und Normalkomponente P z (e). Die Positionen der Oberflächenzustände in der
2BZ sind durch Kreisbögen markiert. Die Bindungenergie beträgt 170 meV. Die experimentellen Resultate
wurden in Jürg Osterwalders Gruppe (Universität Zürich) aufgenommen.
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3.3. Magnetokristalline Anisotropie dünner Filme

Mit magnetokristalliner Anisotropie [Magneto-crystalline anisotropy (MCA)] bezeichnet man die
Ausrichtung der Magnetisierung M bezüglich ausgezeichneter kristalliner Achsen. Im Falle ferro-
magnetischer Systeme bei T = 0 bedeutet dieses, dass alle lokalen magnetische Momente parallel
zur „leichten Achse“ ausgerichtet sind. Es sind jedoch auch nichtkollineare Anordnungen der ma-
gnetischen Momente möglich.

Die magnetokristalline Anisotropie erfordert die Kopplung der elektronischen Freiheitsgrade an
die Spinfreiheitsgrade, was durch die SBK vermittelt wird. Die Spin–Bahn-Kopplung hebt Entar-
tungen in der Bandstruktur E(k) auf, jedoch in Abhängigkeit von der Magnetisierungsrichtung an
unterschiedlichen Orten in der Brillouin-Zone (BZ). In weiten Teilen der BZ ergeben sich hingegen
keine signifikanten Änderungen in der Bandstruktur. Die Magnetisierung wird die Konfiguration
mit der geringsten Gesamtenergie einnehmen. Um die Gesamtenergien für verschiedene Magne-
tisierungsrichtungen genau zu bestimmen, sind deshalb sehr genaue Rechnungen auf einem sehr
feinen Netz in der BZ notwendig (Special points [50]).

In Volumensystemen beträgt der Energiegewinn bei Änderung der Ausrichtung der Magnetisie-
rung von der „harten“ in die „leichte“ Achse aufgrund der hohen Symmetrie lediglich einige
µeV pro Atom. In dünnen Filmen hingegen ist durch die geringere Symmetrie der Energiege-
winn zwischen der senkrechten Anisotropie (Ausrichtung der magnetischen Momente entlang
der Oberflächennormalen) und der planaren Anisotropie (Ausrichtung innerhalb von zur Ober-
fläche koplanaren Ebenen) um einige Ordnungen größer und liegt im Bereich von meV/Atom.
Der Energiegewinn bei Ausrichtung entlang der leichten Achse innerhalb der Oberflächenebene
ist wiederum deutlich kleiner.

Die Anisotropieenergie wird gewöhnlich durch Konstanten Ki parametrisiert, indem man die Ma-
gnetisierungsrichtung in sphärischen Koordinaten (ϑ, ϕ) ausdrückt. Für ein tetragonal verzerrtes
System erhält man beispielsweise für die Freie-Energiedichte

E(ϑ, ϕ) =−K2⊥ cos2(ϑ)−K2‖ cos(2ϕ) sin2(ϑ)

− 1
2
K4⊥ cos4(ϑ)− 1

8
K4‖[3 + cos(4ϕ)] sin4(ϑ) + · · · .

(3.7)

Einen wichtigen experimentellen Zugang zu den nicht einheitlich definierten Konstanten Ki lie-
fert die ferromagnetische Resonanz (FMR) [51]. Da die Orbitalmomente mit der Anisotropieener-
gie korrespondieren [53, 54], ist der Röntgenzirkulardichroismus in der Absorption von Rumpf-
niveaus [X-ray magnetic circular dichroism (XMCD) [55]] eine weitere, oft genutzte Methode,
da mit ihm Orbitalmomente über die Summenregeln bestimmt werden können [56]. Im Volu-
menkristall ist das Orbitalmoment unterdrückt (sphärische Ladungsverteilung) und somit die
Anisotropie klein, während in dünnen Filmen ein großes Orbitalmoment mit einer großen Aniso-
tropie einhergeht. Mit wachsender Filmdicke d bleibt der Volumenbeitrag KiV der Anisotropie Ki

konstant. Die Grenzflächenbeiträge K
(surf)
iS von der Oberfläche und K

(if)
iS von der Film–Substrat-

Grenzfläche nehmen relativ zur Gesamtanisotropie gemäß Ki(d) = KiV + (K(surf)
iS + K

(if)
iS )/d

ab.

Für große Filmdicken überwiegt der magnetostatische Dipolbeitrag, und die für geringe Film-
dicken vorliegende senkrechte Anisotropie geht bei einer kritischen Dicke in die planare über.
Dieses ist z. B. für Fe- und Co-Filme auf Cu(001) der Fall. Im Gegensatz dazu zeigen Ni-Filme
auf Cu(001) ein komplementäres Verhalten. Diese sind bei geringen Filmdicken planar magne-
tisiert (d < 7 ML), zeigen dann allerdings einen Übergang zur senkrechten Anisotropie [Spin-
reorientation transition (SRT)]. Für sehr dicke Filme (d > 35 ML) erzwingt der Dipolbeitrag wieder
die planare Anisotropie. Um dieses ungewöhnliche Verhalten zu verstehen, wurden Gesamtener-
gierechnungen für verschiedene Gitterverzerrungen im Ni-Film durchgeführt (S. 20). Bevor deren
Ergebnisse diskutiert werden, werden deren theoretische Grundlagen rekapituliert.

Für die Bestimmung der magnetokristallinen Anisotropie ist das Force theorem von essentiel-
ler Bedeutung [57–59]. Es erlaubt die Berechnung der magnetokristallinen Anisotropieenergie
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(MAE) im Rahmen der lokalen Spindichtenäherung [Local spin-density approximation (LSDA)] und
besagt, dass die durch die SBK hervorgerufene magnetokristalline Anisotropie durch die Dif-
ferenz der relativistisch berechneten Bandenergien, die für zwei Richtungen m1 und m2 der
Magnetisierung mit demselben skalar-relativistischen Potential berechnet wurden, gegeben ist:
Ebnd =

∑occ
i

∑
k [εi(m1,k)− εi(m2,k)].

Der zweite Beitrag zur MAE ist die magnetostatische Energie Edip der Magnetisierungsdichte
m(r),

Edip =
1
c2

∫ ∫ [
m(r) ·m(r′)
|r − r′|3

− 3
[(r − r′) ·m(r)] [(r − r′) ·m(r′)]

|r − r′|5
dr dr′

]
. (3.8)

Der interatomare Beitrag des Moments für den Drehimpuls l = 0, der aus einer Multipolentwick-
lung von m(r) resultiert, ist nur bedingt konvergent und wird mittels Ewald-Technik berechnet.
Durch die lange Reichweite der Dipol–Dipol-Wechselwirkung hängt die magnetostatische Energie
von der Gestalt der Probe ab und führt somit zur Formanisotropie (Shape anisotropy). Bei dünnen
Filmen zwingt der Dipolbeitrag die magnetischen Momente in die Filmebene.

Die Hauptaufgabe bei der numerischen Bestimmung der MAE dünner magnetischer Filme im Rah-
men der LKKR-Methode ist die Berechnung der Bandenergie. Letztere lässt sich mit Hilfe der la-
genaufgelösten Zustandsdichte Nl(ε) als Ebnd(M) =

∑
l

∫ EF

−∞ ε Nl(ε;M) dε schreiben, wobei die
Summe über alle magnetischen Schichten l läuft, also auch über solche des Substrats, in denen
ein Moment durch den magnetischen Film induziert wird. Die Energieintegration wird effizient
als Konturintegral in der komplexen Ebene ausgeführt (Publikation 3 auf S. P23 [60]).

Um die Anisotropierechnungen interpretieren zu können, ist es hilfreich, die einzelnen Beiträge
zur Bandenergie nach atomaren Schichten aufzulösen. Damit ergeben sich sog. Bandenergie-
profile, die man sich näherungsweise aus einem Oberflächenbeitrag [Ebnd,L(M , l)] und einem
Grenzflächenbeitrag [Ebnd,R(M , l)] superponiert vorstellen kann, von dem der Volumenbeitrag
[Ebnd,B(M)] subtrahiert wird (Abb. 3.6). Explizit formuliert,

Ebnd(M , l) ≈ Ebnd,L(M , l) + Ebnd,R(M , l)− Ebnd,B(M). (3.9)

Diese Näherung lässt sich mit Hilfe von Green-Funktionen für die konstituierenden Teilsyste-
me herleiten [60], in denen die SBK als Störung eingeführt wird. Vernachlässigt werden in obiger
Gleichung Beiträge, die durch Reflexion der elektronischen Zustände an den beiden Grenzflächen
den Ni-Films entstehen (Vakuum–Ni-Film und Ni-Film–Cu-Substrat in Abb. 3.6). Man könnte die-
se Beiträge als Quantentrogbeiträge bezeichnen. Für die schichtaufgelöste Magnetisierung M(l),
also für das Magnetisierungsprofil, erhält man entsprechend M(l) ≈ ML(l) + MR(l)−MB.

Wie erwähnt, zeigen Ni-Filme auf Cu(001) ein ungewöhnliches Verhalten in Bezug auf die
magnetokristalline Anisotropie. Schon erste theoretische Arbeiten für tetragonal verzerrte Ni-
Volumenkristalle gaben Hinweise darauf, dass die erste SRT durch die Gitterstruktur des Ni-Films
erklärt werden könne [61]. Allerdings erlaubten diese Rechnungen keine Aussagen über die kri-
tische Filmdicke, bei der die SRT stattfindet. Solche sind nur durch Anisotropierechnungen für

Abbildung 3.6. Konstruktion eines Ni-
Films auf Cu(001). Ausgehend vom Ni-
Volumenkristall (hellgrau; Bulk, B) werden
die zwei Grenzflächen des Ni-Films (Film)
durch Austausch von halbunendlichen Teil-
kristallen erzeugt: durch Vakuum (weiß)
und durch Cu (dunkelgrau). Das erste er-
gibt das Oberflächensystem (Surface, L), das
zweite das Grenzflächensystem (Interface,
R). Die mathematischen Zeichen ≈, + und
− beziehen sich auf Gl. (3.9).
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Abbildung 3.7. Bandenergiebeiträge zur ma-
gnetokristallinen Anisotropieenergie von tetra-
gonal verzerrten Ni-Filmen auf Cu(001) mit
Dicken von n = 1 bis 10 ML. Das Profil für
einen halbunendlichen Ni-Kristall ist mit ∞
gekennzeichnet, das einer Ni–Cu-Grenzfläche
mit „if“. Ergebnisse aus Ab–initio-Rechnungen
sind durch Quadrate dargestellt, während aus
dem Superpositionprinzip [Gl. (3.9)] gewonne-
ne durch ausgefüllte Kreise repräsentiert wer-
den. Die atomaren Schichten sind mit S, S−1,
S−2, . . . , bezeichnet, wobei S die äußerste Ni-
Schicht markiert.

halbunendliche Ni/Cu(001)-Systeme möglich, in denen sowohl die Ni-Filmdicke variiert als auch
die Gitterverzerrung in den Ni-Filmen berücksichtigt werden [60]. Der zweite, graduelle Spin-
reorientierungsübergang wurde durch Anpassungen an die Gitterstruktur des Ni-Volumens und
durch Inselwachstum erklärt. Da diese Phänomene Rechnungen aus ersten Prinzipien nur schwer
zugänglich sind, beschränkte man sich auf die erste und wichtigere SRT [62].

Der Spinreorientierungsübergang lässt sich anhand der Bandenergieprofile für den tetragonal
verzerrten Ni-Film (fct-Fall) diskutieren. Hier wurden die Abstände aller Ni-Schichten um 6.9 %
im Vergleich zum Cu-Schichtabstand des Volumens reduziert, um das Atomvolumen wie im Ni-
Volumenkristall zu erhalten. Abbildung 3.7 zeigt die lagenaufgelösten Bandenergiedifferenzen
∆E

(l)
bnd = E

(l)
bnd(M (‖)) − E

(l)
bnd(M (⊥)). Die Magnetisierungsrichtungen M (‖) und M (⊥) liegen

entlang der kristallographischen [100]- und der [001]-Richtung. Insbesondere für dicke Filme sind
die Beiträge von der Oberfläche („∞“ in Abb. 3.7) und der Ni–Cu-Grenzfläche („if“) gut wie-
derzuerkennen. Im Vergleich zum unrelaxierten Ni-Film (fcc-Fall; hier nicht gezeigt) verschiebt
sich die Bandenergiedifferenz zu positiven Werten, favorisiert also senkrechte Ansiotropie.3 Der
Volumenbeitrag der uniaxialen Anisotropie beträgt hier KV = 0.081 meV pro Atom und stimmt
gut mit experimentellen und anderen theoretischen Werten überein. Ebenfalls zu positiven Wer-
ten verschieben sich der Oberflächen- und der Grenzflächenbeitrag. Ersterer ist im fcc-Fall in der
äußersten Schicht S negativ, bevorzugt demnach planare Anisotropie.

Die Bandenergiedifferenzen aus dem Superpositionsprinzip zeigen im Allgemeinen qualitative
Übereinstimmung mit den Resultaten der Ab–initio-Rechnungen. Nur bei sehr dünnen Filmen (et-
wa für Filmdicken n ≤ 3) ergeben sich relevante Abweichungen, die auf das Fehlen der Quantisie-
rungsbeiträge im Superpositionsmodell zurückzuführen sind. Das Profil für den Grenzflächenfall
oszilliert weit in den vom Ni ausgefüllten Halbraum hinein. Damit wird unterstrichen, dass An-
sätze, die sowohl den Grenzflächen- als auch den Oberflächenbeitrag auf eine fixierte Anzahl von

3Im Volumen von fcc-Ni verschwindet dieser Beitrag aufgrund der Symmetrie.
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Abbildung 3.8. Magnetische Anisotropieenergien
pro Ni-Atom in Ni-Filmen auf Cu(001). Bandener-
giedifferenzen sind durch Quadrate (∆Ebnd), Dipol-
Dipol-Beiträge durch Kreise (∆Edd) dargestellt.
Diamanten kennzeichnen Bandenergiebeiträge, die
mit dem Superpositionsverfahren gewonnen wurden
(∆Ebnd superpos.). Durchgezogene Linien verbin-
den Werte für den fcc-Fall, gepunktete solche für
den fct-Fall. Ausgefüllte Kreise für 3 und 5 ML zei-
gen Bandenergien für inhomogen verzerrte Ni-Filme
(„fct LEED“). Positive Werte bedeuten senkrechte Ani-
sotropie, negative planare Anisotropie.

Schichten beschränken, dem Problem nicht vollständig gerecht werden. Das Superpositionsver-
fahren ist hier überlegen.

Wie Abbildung 3.8 zeigt, ist der magnetostatische Dipolbeitrag (Kreise in Abb. 3.8)
von geringer Bedeutung für den Spinreorientierungsübergang. Die Dipolenergiedifferenzen
∆E

(l)
dd = E

(l)
dip(M (‖)) − E

(l)
dip(M (⊥)) sind deutlich kleiner (in absoluten Werten) als die Band-

energiebeiträge. Der Spinreorientierungsübergang lässt sich somit allein aus der Änderung des
Bandenergiebeitrags bei Gitterverzerrungen erklären. In der Tat ist für den fct-Fall mit homoge-
ner Verzerrung ein Vorzeichenwechsel zwischen 5 und 6 ML zu erkennen, also ein Umklappen
der Magnetisierung von der planaren in die senkrechte Ausrichtung, wie im Experiment gefun-
den wurde. Der fcc-Fall (unverzerrte Filme) hingegen zeigt auch für dicke Filme einen planare
Ausrichtung (∆Ebnd < 0). Das Ergebnis für den verzerrten Fall wird durch Rechnungen für 3
und 5 ML unterstützt, in denen Ni-Schichtabstände verwendet wurden, die aus LEED-Analysen
stammen („fct LEED“). In diesen Fällen ist die Gitterverzerrung inhomogen.

Die Rechnungen für sehr dünne Filme, also für 1 und 2 ML Dicke, zeigen eine senkrechte Ani-
sotropie, die im Experiment nicht gefunden wurde. Die hier diskutierten Rechnungen wurden
für perfekte Grenzflächen und für die Temperatur 0 K durchgeführt. Es gibt dagegen experimen-
telle und theoretische Hinweise darauf, dass im ersten Stadium des Filmwachstums Ni-Atome
nicht auf der Cu(001)-Oberfläche verbleiben, sondern in die ersten Schichten des Cu-Substrats
diffundieren und somit eine Oberflächenlegierung bilden. Daraus resultiert eine Reduktion der
MAE. Rechnungen im Rahmen der VCA bestätigen diese durch die strukturelle Unordung her-
vorgerufene Reduktion der Bandenergiedifferenzen (hier nicht gezeigt). Desweiteren sollte die
Curie-Temperatur dieser dünnen Filme klein gegenüber der des Volumens sein und unterhalb der
Raumtemperatur liegen. Daher könnten Fluktuationen der lokalen magnetischen Momente, die
in der hier vorgestellten Theorie nicht enthalten sind, eine wesentliche Rolle spielen und die MAE

ebenfalls reduzieren (vgl. in Hinblick auf Magnetismus dünner Filme bei endlichen Temperaturen
auch Abschn. 4.6 auf S. 38ff).

Wie in Abbildung 3.7 gezeigt, ermöglicht das Superpositionsprinzip eine qualitative Analyse der
Bandenergieprofile. Es erlaubt jedoch keine quantitive Bestimmung der kritischen Filmdicke des
Spinreorientierungsübergangs, wie Abb. 3.8 belegt. Die Abweichungen zwischen den Ab–initio-
Resultaten und denen der Superposition sind erheblich. Besonders deutlich wird dieses für den
fct-Fall, für den die superponierten Bandenergien keinen Spinreorientierungsübergang zeigen
(∆Ebnd > 0 für n ≥ 2). Dieser Befund ist ein Hinweis darauf, dass die Quantisierung der elektro-
nischen Zustände im Ni-Film wichtig für die SRT ist.
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Resümee

In diesem Kapitel wurde anhand dreier Beispiele gezeigt, wie der relativistische Effekt der Spin–
Bahn-Kopplung die elektronischen und magnetischen Eigenschaften von niedrigdimensionalen
Systemen (atomaren Ketten, Oberflächen und magnetischen dünnen Filmen) beeinflussen kann.
Ferner spielen geometrische und elektronische Struktur zusammen, insbesondere im Falle der
Edelgasketten auf Pt(110)-1×2 und in Ni/Cu(001). Rechnungen, die auf ersten Prinzipien basie-
ren, sind in der Lage, die experimentellen Befunde zu reproduzieren und zu erklären.



4. Photoelektronenspektroskopie

Nach einer Einführung in die Theorie der Photoemission (S. 25) wird in diesem Kapitel an ausge-
wählten Beispielen dargestellt, wie die Theorie im Zusammenspiel mit dem Experiment zu neuen
Erkenntnissen führen kann. Die Spin–Bahn-Kopplung spielt eine wesentliche Rolle in der Erklä-
rung der Spinpolarisation der Photoelektronen (S. 28), die von nichtmagnetischen Oberflächen
emittiert werden, und beim Magnetischen Dichroismus (S. 29). Die Quantisierung elektronischer
Zustände in dünnen Filmen wirkt sich in spezifischen Modulationen in den Photoemissionsspek-
tren aus (S. 35), und die magnetische Struktur dünner Filme wird hinsichtlich ihrer Temperatur-
abhängigkeit untersucht (S. 38). Schließlich ermöglicht die Photoemission korrellierter Elektro-
nenpaare die Abbildung der Elektron–Elektron-Wechselwirkung an Oberflächen (S. 41).

4.1. Einführung

Nachdem zahlreiche grundlegende Arbeiten verfasst wurden (siehe Ref. [63] für historische De-
tails), gelang es erst in den sechziger Jahren des letzten Jahrhunderts, den photoelektrischen Ef-
fekt als spektroskopische Methode zu nutzen. Als Höhepunkt der frühen Arbeiten darf Einsteins
Einführung der Photonen gelten, für die er 1921 den Nobelpreis erhielt [64]. Bahnbrechend
waren die Arbeiten Siegbahns, der mittels Röntgenstrahlung die elektronische Struktur der in-
neren Schalen von Atomen untersuchte, eine Methode die heutzutage als X-ray photoelectron
spectroscopy (XPS) bekannt ist [65]. Die Untersuchung der Valenzbandstruktur von Festkörpern
erfordert typischerweise Photonen mit Energien im Vakuum-Ultraviolettbereich [Vacuum ultra-
violet (VUV)] und eine winkelaufgelöste Detektion der Photoelektronen [66]. Wurden zunächst
Gasentladungslampen eingesetzt, um monochromatisches Licht zu erhalten, wird heute vorwie-
gend Synchrotronstrahlung verwendet [67–69]: Beschleunigerringe stellen bei hoher Intensität
hochgradig polarisiertes Licht in einem großen Energiebereich zur Verfügung. Wie LEED ist die
VUV-Photoemission oberflächensensitiv, d. h., dass die Spektren Beiträge von der Oberfläche und
vom Volumen enthalten.

Ein Photoemissionsexperiment ist durch eine Vielzahl von Parametern charakterisiert (Abb. 4.1
links). Das einfallende Licht wird durch seine Einfallsrichtung, seine Energie ω und seine Po-
larisation beschrieben. Die Photoelektronen werden hinsichtlich ihrer kinetischen Energie, der
Austrittsrichtung (winkelaufgelöste Photoemission) und ihrer Spinpolarisation (spinaufgelöste
Photoemission) analysiert.

Im Energie–Ort-Schema wird deutlich, dass sich der Photoemissionsprozess in drei Stufen darstel-
len lässt (Abb. 4.1 rechts) [70]. Anfangs sind die elektronischen Zustände bis zur Fermi-Energie
EF besetzt. Ein einfallendes Photon mit Energie ω regt ein Elektron in einen unbesetzten Zustand
an. Letzteres bewegt sich zur Oberfläche und kann den Festkörper in Richtung des Detektors
verlassen, falls seine Energie größer als das Vakuumniveau Evac ist. Zurück bleibt ein Festkör-
per mit einem Loch. Die Mindestphotonenenergie, um Elektronen zu detektieren, ist durch die
Austrittsarbeit Φ = Evac − EF gegeben und beträgt typischerweise etwa 5 eV.

Im Allgemeinen werden Photoemissionsexperimente dergestalt durchgeführt, dass eine der in-
volvierten Energien (Anfangszustands-, Endzustands- oder Photonenenergie) konstant gehalten
wird. Im EDC-Modus (Energy distribution curve) ist die Photonenenergie konstant. Einer Variati-
on der kinetischen Energie Ekin entspricht demnach eine Änderung der Anfangszustandsenergie.
In den Modi Constant initial-state (CIS) und Constant final-state (CFS) wird hingegen die Photo-
nenenergie variiert, während die Anfangszustandsenergie (CIS) oder die kinetische Energie (CFS)
konstant gehalten wird.
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Abbildung 4.1. Schema der Photoemission. Links: Licht mit der Photonenenergie ω fällt auf eine Festkörper-
oberfläche (grau; Punkte repräsentieren Oberflächenatome). Die Komponenten seiner Polarisation sind As

und Ap. Die Austrittsrichtung der Photoelektronen ist durch e− gegeben (hier: in der yz-Ebene). Rechts:
Ein Elektron (ausgefüllter Kreis) wird in einen Zustand oberhalb des Vakuumniveaus Evac angeregt und
lässt ein Loch (leerer Kreis) unterhalb der Fermi-Energie EF zurück. Das Elektron, welches entweder aus
dem Valenzbandbereich (Valence bands, grauer Bereich) oder aus den Rumpfniveaus (Core levels, horizontale
Linien) stammt, verlässt den Festkörper und wird anschließend detektiert.

Eine einfache theoretische Beschreibung der Photoemission basiert auf Fermis Goldener Regel.
Die Übergangswahrscheinlichkeit wfi zwischen dem Anfangszustand |Ψi〉 mit der Energie Ei und
dem Endzustand

∣∣Φ(k‖, Ef )
〉

mit der Energie Ef = Ei + ω und Impuls k‖ ist durch

wfi =
∣∣〈Φ(k‖, Ef ) ∆ Ψi

〉∣∣2 δ(Ef − Ei + ω) (4.1)

gegeben. Der Übergang wird durch den Dipoloperator ∆ vermittelt. Den Photostrom j zur
kinetischen Energie Ekin und k‖ erhält man durch Summation über alle Anfangszustände,
j ∼

√
Ekin

∑
i wfi. Die Detektionswinkel ϑe und ϕe sowie die kinetische Energie bestimmen die

Impulskomponenten k‖ der Photoelektronen parallel zur Oberfläche,

k‖ =
√

2Ekin

(
cos ϕe

sinϕe

)
sinϑe. (4.2)

Heutzutage ist die winkelaufgelöste Photoemission [Angle-resolved photoelectron spectroscopy
(ARPES)] mit VUV-Licht eine der erfolgreichsten Methoden, um die elektronische Struktur im
Valenzbandbereich eines Festkörpers zu untersuchen [63, 71–73]. Allerdings kann die Interpre-
tation der experimentellen Spektren fehl gehen, insbesondere im populären Modell der direkten
Übergänge. Eine tiefergehende Analyse der Resultate erfordert daher Unterstützung seitens der
Theorie, die im folgenden Abschnitt dargestellt wird. Sie bildet die Grundlage der in diesem Ka-
pitel diskutierten Beispiele.

4.2. Einteilchentheorie der Photoemission

Die theoretischen Grundlagen der Photoemission als spektroskopische Methode wurden in den
sechziger und siebziger Jahren des letzten Jahrhunderts gelegt. Als bahnbrechend kann die Ar-
beit von Pendry angesehen werden, der eine Vielfachstreutheorie der Photoemission entwickelte
[74]. Diese enthält alle wesentlichen Zutaten für eine erfolgreiche Beschreibung der Experimente:
elektronische Struktur, Übergangsmatrixelemente sowie Oberflächeneffekte [75–77].

Relativistische Effekte wurden vornehmlich von Feders [21] und Borstels [78–80] Forschergrup-
pen untersucht. Befasste sich letztere vorwiegend mit Optical orientation [81, 82], also der Aus-
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richtung des Photoelektronenspins parallel oder antiparallel zur Einfallsrichtung des zirkular po-
larisierten Lichts, sagte erstere voraus, dass sogar linear polarisiertes Licht spinpolariserte Pho-
toelektronen erzeugen kann [83–85]. Alle Vorhersagen wurden von Heinzmanns Gruppe experi-
mentell bestätigt [86–88].

Die Erweiterung der relativistischen Photoemissionstheorie auf spinpolarisierte Systeme ermög-
lichte die Erklärung des Magnetischen Dichroismus (MD), d. i. die Änderung des Photostroms bei
Umkehr der Magnetisierungsrichtung des ferromagnetischen Festkörpers [89]. Basierend auf ei-
ner gruppentheoretischen Analyse (Publikation 4 auf S. P34ff), konnten detaillierte Aussagen zur
elektronischen Struktur von Ferromagneten getroffen werden (Publikationen 6 und 7 auf S. P59ff
und S. P69ff) [90–92]. Somit wurde der Magnetische Dichroismus auch in der Valenzbandpho-
toemission etabliert, nachdem er schon in der Photoemission von Rumpfniveaus sehr erfolgreich
eingesetzt wurde [55]. Summenregeln, die die Spin- und Orbitalmomente in Beziehung zu den in-
tegrierten Intensitäten bringen, existieren hingegen für die Valenzbandphotoemission nicht [56].
Desweiteren konnte die Photoemission von Ferromagneten bei endlichen Temperaturen beschrie-
ben werden (Publikation 8 auf S. P80ff [93]).

Formalismus der Einteilchentheorie der Photoemission. Die Photoemissonstheorie, die die
Grundlage für die meisten heutzutage verwendeten Implementationen in Computerprogrammen
darstellt, wurde von Feibelman und Eastman [94] formuliert. Den Ausgangspunkt bilden Ergeb-
nisse von Caroli et al. [95], die Keldyshs Green-Funktionsformalismus für Nichtgleichgewichtssy-
steme auf den Photoemissionsprozess anwendeten.

Ein halbunendlicher Festkörper, dessen Elektronen als voneinander unabhängig angenommen
werden, wird mit monochromatischem Licht bestrahlt. Der Hamilton-Operator für das gesamte
System lautet

H(t) =
1
2

[
p +

1
c
A(r, t)

]2

+ V (r), (4.3)

worin V (r) das Festkörperpotential ist. Die Stromdichte j an der Position R des Detektors wird
mittels zeitabhängiger Störungstheorie berechnet, wobei das Vektorpotential A adiabatisch ein-
geschaltet wird. Vernachlässigt man den diamagnetischen Anteil A2/(2c2) des Dipoloperators ∆,
und beachtet, dass Terme, in denen der Stromdichteoperator auf gebundene Zustände wirkt, kei-
nen Beitrag zum Photostrom geben, bleibt genau ein Term übrig, der die Anregung von Zuständen
mit der Energie E in solche mit E + ω beschreibt. Ausgedrückt mittels Green-Funktionen lautet
dann der Ausdruck für den Photostrom

j ∼ −
√

2(E + ω)
〈
Φ?

0 G−(E + ω) ∆ Im G+(E) ∆† G+(E + ω) Φ?
0

〉
, (4.4)

worin |Φ?
0〉 eine ebene Welle an der Detektorposition ist. Diese Gleichung wird durch das

Feynman-Diagramm in Abb. 4.2 beschrieben und kann wie folgt gedeutet werden. Zuerst wird
der Photoelektronenzustand |Φ?

0〉mit der Energie E+ω mittels der retardierten GF G+ vom Detek-
tor ins Festkörperinnere propagiert. Anschließend bewirkt der Dipoloperator ∆† eine Abregung
in einen Anfangszustand mit der Energie E (beschrieben durch Im G+). Zuletzt erfolgt die An-
regung in den auslaufenden Zustand 〈Φ?

0|G− mittels ∆. Diagramme höherer Ordnung werden
im allgemeinen nicht berücksichtigt, d. h., man nimmt an, dass das Photoelektron nicht mit den
verbleibenden Elektronen und dem Photoloch wechselwirkt (Sudden approximation [96–98]).

Inelastische Prozesse lassen sich mittels der Selbstenergie Σ beschreiben [99]. In erster Näherung
ist Σ lokal und homogen und wird dann als optisches Potential bezeichnet. Ihr Realteil verschiebt
die Energien der Quasiteilchen. Der Imaginärteil beschreibt die Lebensdauer und führt zu einer
Verbreiterung der Strukturen in den Photoemissionsspektren, die der spektralen Dichte A(E) =
−Im TrG(r, r;E)/π wie folgt zugeschrieben werden kann:

A(E) =
∑
m


δ(E − Em) relle Energie E
Γ
π

1
(E−Em)2+Γ2 komplexe Energie E + iΓ

Im Σ(Em)
[E−Em−ReΣ(Em)]2+[Im Σ(Em)]2 allg. Fall

. (4.5)
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Abbildung 4.2. Feynman-Diagramm der
Photoemission entsprechend Gl. (4.4). Die
Doppellinie repräsentiert den Detektorzu-
stand |Φ?

0〉 mit der Energie E + ω und Im-
puls k‖. Die Green-Funktionen G± werden
durch Pfeile dargestellt, Photonen durch
Wellenlinien.

Die Energieabhängigkeit des optischen Potentials wird i. d. R. heuristisch modelliert.

Der Endzustand der Photoemission. Der Zusammenhang zwischen LEED und Photoemission
wird am zeitumgekehrten Endzutand |Φ〉 deutlich. Dieser erfüllt

Φ(R, E + ω) = exp(ik ·R) +
∫

G+(R, r′;E + ω) V (r′) exp(ik · r′) dr′
3
, (4.6)

[k =
√

2(E + ω)] und entspricht der Superposition einer einlaufenden ebenen Welle 〈R Φ0〉 =
exp(ik · R) [Gl. (4.4)] und auslaufenden Wellen, letztere beschrieben durch das Integral. Die
retardierte Green-Funktion propagiert die Elektronen vom Inneren des Festkörpers zum Detek-
tor. Kurz, |Φ〉 ist ein zur Beschreibung von LEED geeigneter Zustand, und |Φ?〉 wird daher als
zeitumgekehrter LEED-Zustand bezeichnet.

In Vielfachstreutheorie formuliert, erhält man den Ausdruck

ΦLEED
τ (rn;E,k) = exp(ik ·Rn)

∑
Λ

〈
rn JR

Λ

〉
aΛτ (k̂)

+
i
k

∑
m

exp(ik ·Rm)
∑

ΛΛ′Λ′′

〈
rn JR

Λ′
〉
Unm

Λ′Λ′′ t
L
Λ′′Λ aΛτ (k̂)

(4.7)

für die Wellenfunktion am Gitterplatz Rn [aΛτ (k̂) stammt von der sphärischen Entwicklung der
ebene Welle]. Noch kompakter ist die Darstellung mit Hilfe des Streupfadoperators (SPO) τnm:
ΦLEED

τ (rn;E,k) = i
k

∑
m exp(ik ·Rm)

∑
ΛΛ′

〈
rn ZR

Λ

〉
τnm
ΛΛ′ aΛτ (k̂).

Übergangsmatrixelemente und spinpolarisierter Photostrom. Einen wichtigen Beitrag zur
korrekten Beschreibung der Intensitäten bilden die Übergangsmatrixelemente zwischen dem
Anfangs- und dem Endzustand. Die Wechselwirkung eines Elektrons mit dem einfallenden,
monochromatischen Licht der Energie ω und dem Wellenvektor q wird relativistisch durch
H ′(r, t) = α · A(r, t) = α · A0 eiq·r−ωt beschrieben. Gewöhnlich zerlegt man den elektrischen
Feldvektor A in Anteile, die links- und rechtszirkular sowie linear polarisiertes Licht beschreiben
[A = (A+, A−, Az)].

Die Übergangsmatrixelemente an einem bestimmten Gitterplatz erhält man durch Integration
über die MT-Kugeln. Die Winkelintegration ergibt dann die bekannten „atomaren“ Auswahlregeln:
∆l = ±1 sowie ∆m = 0 für linear und ∆m = ±1 für zirkular polarisiertes Licht. Die radiale
Integration enthält einerseits Matrixelemente zwischen regulären Lösungen, die zu

M
(1)
iΛ′Λ =

∫ Rmt

0

〈JΛ′(E + ω) r〉αiAi 〈r JΛ(E)〉dr, i = ±, z, (4.8)
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führen. Der gitterplatz-diagonale Beitrag der GF G+(E) ergibt eine zweifache Integration auf-
grund der irregulären Lösungen (mit Matrixelementen M

(2)
iΛ′Λ).

Setzt man die auslaufende ebene Welle als Pauli-Spinor an (mit Komponenten Φ?
0τ ), so erlaubt

die Spindichtematrix

ρττ ′ ∼
〈
Φ?

0τ G−(E + ω)∆ Im G+(E) ∆† G+(E + ω) Φ?
0τ ′

〉
, τ, τ ′ = ±, (4.9)

des Photoelektrons die Berechnung des Photostroms I = tr(ρ) und der Spinpolarisation P =
tr(σρ)/tr(ρ). Die Symmetrie des Endzustands ermöglicht bei bekannter Lichtpolarisation eine
detaillierte gruppentheoretische Analyse der Photoemission von magnetischen und nichtmagne-
tischen Oberflächen [100, 101]. Im besonderen zeigt diese, welche Dipolübergänge für bestimmte
Anfangszustände erlaubt sind, welche Komponenten der Spinpolarisation ungleich Null sind und,
im Fall magnetischer Systeme, ob Magnetischer Dichroismus auftreten kann [102].

4.3. Spinpolarisation in der Photoemission von nichtmagnetischen
Oberflächen

Neben der Aufspaltung von Energieniveaus (Publikation 2 auf den S. P6ff; vgl. [41]) ist eine
weitere wichtige Manifestation der Spin–Bahn-Kopplung (SBK) die Erzeugung von spinpolari-
sierten Photoelektronen in der Photoemission von nichtmagnetischen Oberflächen. Obwohl für
Atome diese Spinpolarisationseffekte bereits bekannt waren [103], war man der Ansicht, dass
für Festkörperoberflächen vergleichbare Effekte nicht aufträten [104]. Die Vorhersage der Fe-
der’schen Gruppe (Universität Duisburg) von drei Effekten in der normalen Emission, die von der
Heinzmann-Gruppe (Universität Bielefeld) experimentell bestätigt wurden, eröffneten der spin-
aufgelösten Photoemission neue Möglichkeiten. Man beachte in diesem Zusammenhang, dass der
Dipoloperator nur auf die orbitalen Anteile der Zustände wirkt. Die Spin–Bahn-Kopplung ist dem-
nach unabdingbar, da sie die orbitalen Freiheitsgrade der Elektronen an deren Spinfreiheitsgrade
koppelt.

Die „optische Orientierung“, d. i. die Ausrichtung des Photoelektronenspins an der Helizität des
einfallenden, zirkular polarisierten Lichts, lässt sich bildhaft so erklären, dass der Photonenspin
auf das Photoelektron übertragen wird. Für linear polarisiertes Licht, dass sich als Linearkombina-
tion von links- und rechtszirkular polarisiertem Licht darstellen lässt, ist ein ähnlich anschauliches
Bild schwer zu finden. Dass linear polarisiertes Licht in der Tat spinpolarisierte Photoelektronen
erzeugt, kann auf dreierlei Wegen plausibel gemacht werden: (i) Symmetriebetrachtungen er-
lauben Aussagen darüber, welche Komponenten der Spinpolarisation für einen Messaufbau1 von
Null verschieden sind. (ii) Analytische Rechnung im Rahmen der Gruppentheorie ergeben die
Abhängigkeit der Spinpolarisation vom einfallenden Licht (Einfallswinkel und Polarisation) für
jede Darstellung der Anfangs- und Endzustände. (iii) Letztendlich geben numerische Rechnun-
gen Aufschluss über die Größe der Spinpolarisation. Diese drei Ansätze liefern ein konsistentes
Bild, bedürfen allerdings der Überprüfung durch das Experiment.

Als ein analytisches Beispiel diskutiere ich die Spinpolarisation von (110)-Oberflächen kubischer
Festkörper. Die relevante Punktgruppe im Fall normaler Emission (k‖ = 0) ist 2mm (C2v in
Schönflies-Notation), die die Elemente 1, mxz, myz und c2z umfasst (Tab. 4.1). Da A quadratisch
in den Ausdruck für den Photostrom eingeht, sind Terme für A und −A äquivalent. Für in der yz-
Ebene einfallendes s-polarisiertes Licht (Ay = Az = 0) folgt P = 0. Verwendet man stattdessen
p-polarisiertes Licht (Ax = 0), darf Px ungleich Null sein. Eine Änderung des Azimuts um 180◦

ergibt weiterhin Px(Ay, Az) = −Px(−Ay, Az). Ein nicht verschwindendes Pz erhält man zum
Beispiel für s-polarisiertes Licht, das nicht in einer der Spiegelebenen einfällt.

Die gruppentheoretische Analyse ergibt Ausdrücke für die Spinpolarisation in Abhängigkeit vom
Einfallsazimut ϕ des Lichts (Publikation 4 auf S. P34ff [101]). Dazu werden zunächst sym-

1Unter Messaufbau ist die Gesamtheit der konstituierenden Ingredienzen zu verstehen, also Oberfläche, Polarisation und
Einfallsrichtung des Lichts sowie die Detektionsrichtung der Photoelektronen.
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Operation Feldvektor Spinpolarisation
1 Ax Ay Az Px Py Pz

mxz Ax −Ay Az −Px Py −Pz

myz −Ax Ay Az Px −Py −Pz

c2z −Ax −Ay Az −Px −Py Pz

Tabelle 4.1. Symmetrieanalyse der normalen Photoemission von (110)-Oberflächen kubischer Festkörper.
Die Operationen der Punktgruppe 2mm wirken auf den elektrischen Feldvektor A = (Ax, Ay, Az) des
einfallenden Lichts und die Spinpolarisation P = (Px, Py, Pz) des Photoelektrons. Die Oberflächennormale
ist die z-Achse.

metrie-adaptierte Wellenfunktionen bestimmt. Die Einfachgruppe 2mm besitzt vier Darstellungen
(Σ(1), . . . ,Σ(4)), die in der zugehörigen Doppelgruppe 2mm zu einer Darstellung zusammenfallen
(Σ5). Die Wellenfunktionen lassen sich daher schematisch als

|Ψ5±〉 =
∣∣∣Σ(1)

5

〉
χ± +

∣∣∣Σ(2)
5

〉
χ± +

∣∣∣Σ(3)
5

〉
χ∓ +

∣∣∣Σ(4)
5

〉
χ∓ (4.10)

schreiben, wobei die Raum–Winkel-Anteile gemäß den Darstellungen der Einfachgruppe klassifi-
ziert werden. Die räumlichen Anteile sind im Fall nichtmagnetischer Systeme für jedes Kramers-
Doublett gleich. Nur die Spin–Winkel-Anteile unterscheiden sich und lassen sich mit Hilfe des
Zeitumkehroperators T ineinander überführen. Die Spindichtematrix wird dann aus allen erlaub-
ten Übergängen zwischen den Kramers-Doubletts des Anfangs- und des Endzustands bestimmt.
Für die Spinpolarisation im Fall s-polarisierten Lichts ergibt sich

Pz(ϕ) = − 1
I(ϕ)

sin 2ϕ Im[M (3)M (4)?
], (4.11)

wobei die Intensität durch

I(ϕ) = sin2 ϕ | M (3) |2 +cos2 ϕ | M (4) |2 (4.12)

gegeben ist. Die Übergangsmatrixelemente M (3) und M (4) tragen als Index die Einfachgruppen-
Darstellung des Anfangszustands (Der totalsymmetrische Endzustand gehört zur Darstellung Σ(1)

[100]). Im obigen Ausdruck für Pz ist der Einfluss der SBK sofort auszumachen: ohne sie gäbe es
keine Hybridisierung der Σ(3)- und Σ(4)-Wellenfunktionen und damit kein Produkt von Matrix-
elementen verschiedener Darstellungen der Einfachgruppe. Pz verschwände somit. Die Messung
von Pz erlaubt daher detaillierte Aussagen über die orbitale Zusammensetzung der Anfangszu-
stände, insbesondere in Gebieten der Bandstruktur E(k), in denen Anfangszustände miteinander
hybridisieren. Denn die aus diesen emittierten Photoelektronen sollten erwartungsgemäß eine
große Spinpolarisation aufweisen.

Numerische Vorhersagen, die im Rahmen der hier skizzierten relativistischen Photoemissions-
theorie gewonnen wurden, finden sich in Publikation 5 (S. P53ff) für die rekonstruierte Pt(110)-
1×2-Oberfläche. Die experimentelle Bestätigung erfolgte durch die Heinzmann-Gruppe [88]. Wie
zu erwarten, ist Pz an den Stellen in der Bandstruktur beträchtlich, an denen Σ(3)- und Σ(4)-
Wellenfunktionen aufgrund der SBK hybridisieren.

4.4. Magnetischer Dichroismus

Mit Dichroismus in der Photoemission wird die Änderung der Intensität in Abhängigkeit eines ein-
stellbaren Parameters bezeichnet. So ist der Zirkulardichroismus in der winkelaufgelösten Pho-
toemission [Circular dichroism in angular distribution (CDAD)] die Variation des Photostroms bei
Umkehr der Helizität des zirkular polarisierten Lichts. Dieser tritt in chiralen Messaufbauten oder
in der Spektroskopie chiraler Moleküle auf und basiert auf der Symmetriebrechung aufgrund der
Chiralität.

Eine wichtige Eigenschaft magnetischer Systeme ist die Richtung der Magnetisierung M . Als Ma-
gnetischen Dichroismus (MD) bezeichnet man daher die Änderung der Photoemissionsintensität
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I bei Umkehr der Magnetisierungsorientierung (M → −M), während alle anderen Parameter
fixiert bleiben [I(M) 6= I(−M)]. Offensichtlich erfordert die Beschreibung des MD die Einbe-
ziehung der SBK, da der Dipoloperator nur auf die räumlichen Anteile der beteiligten Zustände
wirkt. Letzterer muss jedoch an den Elektronenspin, und somit an die Magnetisierung, gekoppelt
werden. Daraus folgt ein unmittelbarer Zusammenhang mit den im vorigen Abschnitt skizzierten
Spinpolarisationseffekten in der Photoemission von nichtmagnetischen Oberflächen: Die Intensi-
tätsänderung resultiert aus der Symmetriebrechung durch die Magnetisierung.

Um diesen Zusammenhang zu verdeutlichen, betrachte ich die Photoemission einer senkrecht ma-
gnetisierten (110)-Oberfläche, in Analogie zum vorigen Beispiel. In diesem Fall ist die Entartung
der Kramers-Doubletts |Ψ5±〉 aufgehoben (Austauschaufspaltung), und die räumlichen Anteile
der Zustände unterscheiden sich:

|Ψ5±〉 =
∣∣∣Σ(1±)

5

〉
χ± +

∣∣∣Σ(2±)
5

〉
χ± +

∣∣∣Σ(3±)
5

〉
χ∓ +

∣∣∣Σ(4±)
5

〉
χ∓. (4.13)

Es gilt daher nicht mehr T |Ψ5+〉 = |Ψ5−〉 und T |Ψ5−〉 = − |Ψ5+〉. Eine Rechnung analog zum
nichtmagnetischen Fall ergibt für die Spinpolarisation

Pz(ϕ) =
{

sin2 ϕ
(
| M (3+−) |2 − | M (3−+) |2

)
+ cos2 ϕ

(
| M (4+−) |2 − | M (4−+) |2

)
− sin 2ϕ

[
Im(M (3−+)M (4−+)?

) + Im(M (3+−)M (4+−)?
)
]}

/I(ϕ),
(4.14)

wobei die Intensität durch

I(ϕ) = sin2 ϕ
(
| M (3+−) |2 + | M (3−+) |2

)
+ cos2 ϕ

(
| M (4+−) |2 + | M (4−+) |2

)
− sin 2ϕ

(
Im(M (3−+)M (4−+)?

)− Im(M (3+−)M (4+−)?
)
) (4.15)

gegeben ist. Der nichtmagnetische Fall folgt unmittelbar aus der Gleichheit der Matrixelemente,
d. i. M (i±±) = M (i∓∓) aufgrund der Entartung der dann vorliegenden Kramers-Doubletts. Die
Spinpolarisation besteht aus zwei Anteilen: dem durch den Austausch induzierten (| M (3+−) |2
− | M (3−+) |2 und | M (4+−) |2 − | M (4−+) |2) und einem durch die SBK hervorgerufenen
[Im(M (3−+)M (4−+)?

)+Im(M (3+−)M (4+−)?
)]. Nur letzterer bleibt im Grenzübergang zum nicht-

magnetischen System von Null verschieden.

Die Umkehrung der Magnetisierung vertauscht die Zeitumkehrindizes der Zustände, M (i±±) →
M (i∓∓). Der Dichroismus A(ϕ) = I(ϕ, M)−I(ϕ,−M) enthält gerade diejenigen Matrixelemente,
die auch den SBK-Anteil der Spinpolarisation ergeben:

A(ϕ) = sin 2ϕ
[
[Im(M (3−+)M (4−+)?

)− Im(M (3+−)M (4+−)?
)
]
. (4.16)

Der direkte Zusammenhang des MD mit den Spinpolarisationseffekten in der Photoemission von
nichtmagnetischen Systemen ist somit offenkundig. Die hier skizzierten Analysen lassen sich folg-
lich zur Grundregel für das Vorhandensein vom MD zusammenfassen:

Magnetischer Dichroismus tritt dann auf, wenn im Grenzfall des nichtmagnetischen
Systems eine Komponente der Spinpolarisation entlang der Magnetisierung aus Sym-
metriegründen ungleich Null ist.

Diese Aussage wurde durch eine Vielzahl von analytischen und numerischen Rechnungen, von
denen einige in den beigefügten Publikationen dokumentiert sind, vollauf bestätigt.

Magnetischer Dichroismus wurde als Ersatz für spinaufgelöste Messungen angesehen. Die obigen
Resultate zeigen jedoch, dass diese Vermutung nicht gerechtfertigt ist. Die Spinpolarisation lässt
sich in einen Austausch- und in einen Spin–Bahn-Anteil zerlegen: Pz(M) = P ex

z (M) + P soc
z (M).

Für ersteren gilt P ex
z (M) = −P ex

z (−M) [vgl. die ersten beiden Terme in Gl. (4.14)], während für
letzteren P soc

z (M) = P soc
z (−M) [vgl. den letzten Term in Gl. (4.14)] gilt. Der Dichroismus A(ϕ)
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Abbildung 4.3. Standardmessaufbau für Magnetischen Dichroismus in normaler Emission. Links: Magneti-
scher Lineardichroismus (MLD). P-polarisiertes Licht mit der Energie hν fällt unter nichtnormaler Inzidenz
auf die Probenoberfläche (grün). Sein elektrischer Feldvektor (p+ oder p−) steht senkrecht auf der Ma-
gnetisierung M , die durch blaue Pfeile an den Gitterplätzen (rot) symbolisiert ist. Rechts: Magnetischer
Zirkulardichroismus (MCD). Zirkular polarisiertes Licht (σ+) fällt unter normaler Inzidenz auf die Proben-
oberfläche. Die Probenmagnetisierung M ist ebenfalls parallel zur Probennormale ausgerichtet.

enthält jedoch die Matrixelemente des SBK-induzierten Anteils des Spinpolarisation, und nicht die
vom Austausch induzierten. Ist die Stärke der SBK gering im Vergleich zum Austausch, was für
die Übergangsmetalle Fe, Co und Ni der Fall ist, so würde eine spinaufgelöste Messung im We-
sentlichen P ex

z detektieren, und nicht P soc
z . Desweiteren lässt sich als Gegenargument anführen,

dass der MD auf kleine „Bereiche“ in der elektronischen Struktur konzentriert ist, nämlich auf die
aufgehobenen Kreuzungspunkte in der Bandstruktur E(k), in denen die beteiligten Zustände auf-
grund der SBK hybridisieren. Im Gegensatz dazu umfasst die Austauschaufspaltung die gesamte
Bandstruktur. Zusammenfassend kann man sagen, dass eine vollständige Analyse der elektroni-
schen Struktur MD und Spinpolarisation umfassen sollte, sich beide Messgrößen also ergänzen.

Magnetischer Lineardichroismus: Fe(110). Der Standardmessaufbau für Magnetischen Li-
neardichroismus [Magnetic linear dichroism (MLD)] ist geeignet, Systeme zu untersuchen, deren
Magnetisierung in der Oberflächenebene liegt. Hierbei fällt p-polarisertes Licht unter nichtnorma-
ler Inzidenz auf die Probenoberfläche. Die Spin–Bahn-Kopplung erzeugt somit eine Komponente
der Photoelektronenspinpolarisation, die normal zur Streuebene (aufgespannt durch Probennor-
male und Einfallsrichtung des Lichts) liegt. Gemäß der Grundregel tritt MD dann auf, wenn die
Magnetisierung senkrecht zur Streuebene ausgerichtet ist (Abb. 4.3 links). Die Änderung des
Photostroms lässt sich entweder durch Umkehrung der Magnetisierungsorientierung (M entlang
+y oder −y) oder durch Änderung des Azimuts des Lichteinfalls erreichen (p+ oder p−). Da die
Magnetisierung der meisten magnetischen Systeme innerhalb der Oberflächenebene liegt, ist MLD

also die Methode der Wahl. Als Alternative böte sich Magnetischer Zirkulardichroismus [Magnetic
ciruclar dichroism (MCD)] an, wobei zirkular polarisiertes Licht unter nichtnormaler Inzidenz auf
die Probe fällt und die Magnetisierung innerhalb der Streuebene liegt. Als Beispiele für MLD dient
in dieser Arbeit eine Untersuchung an Fe(110) (Publikation 7 auf S. P69ff).

Die Intensitäten für beide Magnetisierungsorientierungen, I(+M) und I(−M), wurden für ver-
schiedene Photonenenergien experimentell bestimmt (A. Rampe et al., RWTH Aachen). Im Bild
der direkten Übergänge, in dem angenommen wird, dass die Normalkomponente k⊥ des Wellen-
vektors k bei der Anregung erhalten bleibt, kann aus der Dispersion der Maxima die Bandstruktur
ermittelt werden. Der Vergleich mit theoretischen Bandstrukturrechnungen gibt dann die Darstel-
lung der beteiligten Zustände (Abb. 4.4).

Die gute Übereinstimmung der theoretischen Spektren (rechts in Abb. 4.4) mit den experimentel-
len (links) ermöglicht, die orbitale Zusammensetzung der Anfangszustände genau zu analysieren
(Abb. 5 in Publikation 7). Beispielsweise lassen sich Bereiche in der Bandstruktur E(k) genau
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Abbildung 4.4. Magnetischer Lineardichrois-
mus von Fe(110). Für normale Emission sind
experimentelle (links) und theoretische Spek-
tren (rechts) für verschiedene Photonenener-
gien hν gegenübergestellt. Vertikale Markie-
rungen weisen auf direkte Übergänge aus An-
fangszuständen der angegebenen Darstellun-
gen hin.

bestimmen, in denen die SBK zu Hybridisierungsbandlücken führt. Erfolgt die Anregung der Elek-
tronen gerade aus den zugehörigen Anfangszuständen, so sollte gemäß der analytischen Theorie
der MLD besonders groß sein. Zur Untersuchung trägt man die Summe SMLD = I(+M)+I(−M)
und die Differenz DMLD = I(+M) − I(−M) der beiden Photoströme über der Photonenener-
gie bei fester Bindungsenergie auf (CIS-Modus). Der direkte Übergang manifestiert sich dann als
Maximum in der Summenintensität SMLD. In Abbildung 4.5 (links) ist die Bindungsenergie mit
0.5 eV gerade so gewählt, dass der direkte Übergang aus den Γ25′ -Minoritätszuständen stammt.
Die Spin–Bahn-Kopplung erzeugt dort eine kleine Energielücke, die neben dem Summenmaxi-
mum einen maximalen Dichroismus erzeugt. In anderen Worten, die Maxima in SMLD und DMLD

treten bei derselben Photonenenergie auf (hier: 23.8 eV). Dieses Beispiel zeigt, wie es der MD im
erfolgreichen Zusammenspiel von Theorie und Experiment erlaubt, detaillierte Aussagen über
die elektronische Struktur zu erhalten, ohne die Nachteile einer spinaufgelösten Messung in Kauf
nehmen zu müssen. Es sei noch bemerkt, dass eine Spinauflösung wenig neue Information ge-
liefert hätte, da beide Zustände, die im Γ25′ -Punkt hybridisieren, Minoritätscharakter besitzen.

Ein andere Frage betrifft die optische Antwort eines magnetischen Systems. Im einfachsten
Fall wird das elektrische Feld des einfallenden Lichts vom Vakuum in den Festkörper unmo-
difiziert fortgesetzt. Einen Schritt weiter geht die Modellierung gemäß der Fresnel’schen For-
meln und Snellius’ Gesetz, in der das elektrische Feld im Vakuum abrupt in das im Festkörper
übergeht, jedoch gebrochen wird. Um zu untersuchen, ob eine Beschreibung im Rahmen der
klassischen Brechung ausreichend ist, wurde im Experiment der Polarwinkel des Lichteinfalls
variiert. Die so erhaltenen Intensitätsverläufe für feste Photonen- und Bindungsenergie sind in
Abb. 4.5 (rechts) gezeigt. Dort werden ebenfalls die zu erwartenden Winkelabhängigkeiten ge-
zeigt, die sich aus der analytischen Theorie ergeben: einerseits ohne, andererseits mit Berück-
sichtigung der Fresnel’schen Theorie. Hier dienen die Übergangsmatrixelemente als anzupas-
sende Parameter. Zusätzlich sind die numerischen Resultate aus den entsprechenden Ab–initio-
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Abbildung 4.5. Magnetischer Lineardichroismus von Fe(110). Links: Abhängigkeit des MLD von der Photo-
nenenergie. Für die gewählte Bindungsenergie von 0.5 eV sind die Summen (oben) und Differenzen (unten)
der experimentellen und theoretischen Photoströme dargestellt. Rechts: Abhängigkeit des MLD vom Polar-
winkel des einfallenden Lichts (Photonenenergie 25.9 eV, Bindungsenergie 0.5 eV). Zusätzlich zu den expe-
rimentellen Daten sind theoretische Winkelverläufe gezeigt: analytische Abhängigkeiten mit (anal. Theory
with Fresnel) und ohne Berücksichtigung (anal. Theory w/o Fresnel) der Fresnel’schen Theorie, sowie nume-
rische Daten der Photoemissionsrechnungen inkl. Fresnel-Theorie (Calculation).

Photoemissonsrechnungen dargestellt. Wie zu erwarten, geht die Beschreibung ohne Brechung
an der Oberfläche vollständig fehl. Hingegen scheint die Fresnel-Theorie das Experiment gut zu
beschreiben. Man kann demnach schließen, dass im hier skizzierten Fall das elektrische Feld an
der Oberfläche das gleiche wie im Volumen des Festkörpers ist.

Magnetischer Zirkulardichroismus: Ni/Cu(001). Ein prominentes Beispiel für Systeme mit
senkrechter magnetokristalliner Anisotropie sind dünne Ni-Filme auf Cu(001): bei einer Film-
dicke von etwa 7 ML findet ein Spinreorientierungsübergang statt, wobei unterhalb von 7 ML
die Magnetisierung in der Oberflächenebene liegt, oberhalb 7 ML jedoch senkrecht ausgerich-
tet ist. Dieses untypische Verhalten kann durch die tetragonale Verzerrung der Ni-Filme erklärt
werden, wie Berechnungen der Anisotropieenergien für diverse Gitterverzerrungen bestätigen
(Abschn. 3.3 und Publikation 3 auf S. P23ff). Um die elektronische Struktur von Ni/Cu(001)
zu analysieren, bietet sich der Standardmessaufbau des Magnetischen Zirkulardichroismus an
[Magnetic ciruclar dichroism (MCD)]. In diesem fällt zirkular polarisiertes Licht normal auf die
Probenoberfläche, wodurch vermöge „optischer Orientierung“ eine Komponente der Spinpolari-
sation entlang der Einfallsrichtung erzeugt wird (Abb. 4.3 rechts). Als Beipiel für eine gemeinsa-
me experimentelle und theoretische Untersuchung ist die Publikation 6 (S. P59ff) in dieser Arbeit
enthalten [90].

Das Zustandekommen des MCD in normaler Emission von Ni/Cu(001) lässt sich anhand der
Ni-Bandstruktur für die Γ–∆–X-Richtung erläutern. Die Punktgruppe ist in diesem Fall 4mm
(C4v), die die zweidimensionalen Doppelgruppendarstellungen ∆6 und ∆7 besitzt. Durch die
Austauschaufspaltung wird die Zeitumkehrsymmetrie gebrochen, sodass diese Darstellungen je-
weils in zwei eindimensionale zerfallen: ∆6± und ∆7±. Das angefügte Vorzeichen symbolisiert
das Verhalten der zugehörigen Basisfunktionen |∆i±〉 unter Zeitumkehr, T |∆i±〉 = ± |∆i∓〉. Ne-
ben der Spinauflösung in Majoritäts- und Minoritätsbänder lassen sich die Bänder gemäß dieser
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Abbildung 4.6. Magnetischer Zirkulardichrois-
mus von Ni/Cu(001). (a) Spinaufgelöste Band-
strukur von Ni entlang der Γ–∆–X-Richtung. Ma-
joritätsbänder sind durch dicke, Minoritätsbänder
durch dünne Linien dargestellt. (b) Bandstruktur
von Ni aufgelöst nach Darstellungen der Doppel-
gruppe 4 (C4). Die Linientypen sind in (c) de-
finiert. Direkte Übergänge in das für die Photo-
nenenergie von 21.1 eV relevante Endzustands-
band sind durch vertikale Linien gekennzeichnet.
Diese führen zu den in (c) gezeigten spinaufge-
lösten theoretischen Photoemissionsspektren. Die
Austausch- und die Spin–Bahn–Aufspaltung ∆Ex

und ∆SO sind durch horizontale Pfeile markiert.
(d) Spinintegrierte Photoemissionsspektren für
parallele [I(↑↑)] und antiparallele [I(↑↓)] Kon-
figuration von Magnetisierung und Lichthelizität.
(e) Differenz der in (d) gezeigten dichroischen
Spektren.

Darstellungen klassifizieren (Abb. 4.6a und b).

Die gruppentheoretische Analyse der Photoemission ergibt, dass für rechtszirkular polarisiertes
Licht (σ+) nur Anfangszustände der Darstellungen ∆6− und ∆7+ angeregt werden können, für
linkszirkulares Licht (σ−) hingegen nur solche der Darstellungen ∆6+ und ∆7−. Kehrt man die
Orientierung der Magnetisierung im Ni-Film um (M → −M), werden die Darstellungen ver-
tauscht (∆i± → ∆i∓) und somit die Relation I(σ±,M) = I(σ∓,−M) für die Photoströme
etabliert. Die Spektren für eine Helizität (oder eine Magnetisierungsorientierung) setzen sich
demnach aus jeweils zwei Einzelspektren zusammen (Abb. 4.6c und d). Der Dichroismus, hier
genommen als Differenz der Summenspektren in Abb. 4.6d, zeigt einen typischen Vorzeichen-
wechsel.

Die gemäß der Gruppentheorie erlaubten direkten Übergänge sind in Abb. 4.6b und c einge-
tragen. Anhand deren energetischer Position lassen sich die Austauschaufspaltung ∆Ex und die
Spin–Bahn-Aufspaltung ∆SO ablesen. Da die Magnetisierung für die Zerlegung der Darstellungen
∆i in ∆i± verantwortlich zeichnet, sind die zugehörigen Zustände also um ∆Ex gegeneinander
verschoben. Die Spin–Bahn-Kopplung ist die Ursache für das Vorliegen der zweidimensionalen
Darstellungen ∆6 und ∆7, womit die Zustände zu ∆i+ und ∆i− um ∆SO gegeneinander ver-
schoben sind. Für Nickel ist ∆Ex � ∆SO, wie Abb. 4.6c zu entnehmen ist.

Die durch die SBK hervorgerufene Bandlücke in den ∆7+-Bändern bei ca. 0.5 eV Bindungsener-
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Abbildung 4.7. Symmetrieaufgelöste Valenz-
bandstruktur von Ni entlang der ∆-Richtung.
Die Linientypen entsprechen denen aus Abb. 4.6.
Waagerechte Pfeile weisen auf Bänder mit über-
wiegendem ∆5-Anteil hin. Die stark dispersiven
Bänder repräsentieren das um die Photonenener-
gie nach unten verschobene relevante Endzu-
standsband hin. Schnittpunkte mit den Valenz-
bändern ergeben dann direkte Übergänge.

gie führt zu der Doppelstruktur im zugehörigen Photoemissionsspektrum (Abb. 4.6c). Wird die
Photonenenergie variiert, so werden im Modell der direkten Übergänge die Schnittpunkte des
Endzustandsbandes mit den Anfangszustandsbändern verschoben (Abb. 4.7). Die Intensitätsma-
xima verschieben sich dann entsprechend (strichpunktiert in Abb. 4.6b).

Wie im Fall von Fe(110) lassen sich durch die Untersuchung der Abhängigkeit von der Photonen-
energie SBK-induzierte Bandlücken finden. Die Asymmetrie der Photoströme I(↑↑) und I(↑↓) ist
in Abb. 4.8 rechts gezeigt. Wie oft ist die theoretische Asymmetrie erheblich größer als die im
Experiment gemessene, was in dem hier diskutierten Beispiel im Wesentlichen an der zu großen
Lebensdauer der Anfangszustände liegt. Rechnungen mit verbesserten Lebensdauern weisen die-
ses Manko nicht mehr auf [105].

Auffallend ist ein Minimum (durch die gestrichelten Linien gekennzeichnet), das mit zunehmen-
der Photonenenergie zu höheren Bindungsenergien dispergiert und durch Zustände der Darstel-
lung ∆7+ erzeugt wird. Die zugehörigen Bänder (durchgezogen in Abb. 4.7) zeigen bei etwa
0.5 eV Bindungsenergie eine SBK-induzierte Bandlücke (k⊥ ≈ 0.55 · 2π/a), aus der direkte An-
regungen mit 21.1 eV Photonenenergie möglich sind. Die geringe energetische Aufspaltung der
Bandlücke ist den Intensitäten nur schwer direkt zu entnehmen (vertikale Linien in Abb. 4.8
links), tritt jedoch in der Asymmetrie deutlich hervor. Dieses Beispiel offenbart erneut das Poten-
tial des Magnetischen Dichroismus bei der detaillierten Untersuchung elektronischer Strukturen,
insbesondere im Zusammenwirken von Experiment und Theorie.

4.5. Quantum–size-Effekte in der Photoemission von dünnen Filmen

Ultradünne Filme und Vielfachschichtsysteme werden intensiv untersucht, weil an ihnen grund-
legende, aber auch neue Phänomene studiert werden können. Eine wichtige Rolle spielen dabei
sogenannte Quantentrogzustände [Quantum–well state (QWS)] in ultradünnen Filmen, die auf ein
Substrat aufgebracht wurden. Elektronische Zustände des Filmmaterials, die energetisch in einer
Bandlücke des Substrats liegen, werden im Film lokalisiert: an der Vakuum–Film-Grenzfläche
durch die Oberflächenbarriere, an der Film–Substrat-Grenzfläche durch die erwähnte Bandlücke,
da Zustände des Substrats für die Propagation der Elektronen ins Volumen nicht zur Verfügung
stehen. Daraus resultiert eine energetische Quantisierung, sodass Filme als paradigmatische Rea-
lisierung des in Textbüchern behandelten Problems des eindimensionalen Quantentrogs oder
-topfes verstanden werden können [106].
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Abbildung 4.8. Magnetischer Zirkulardichroismus von Ni/Cu(001). Ganz links: Die experimentellen (links)
und theoretischen (rechts) Intensitäten sind für verschiedene Photonenenergien (Mitte) gezeigt: I(↑↑) für
parallele Konfiguration von Magnetisierung und Lichthelizität, I(↑↓) für die antiparallele Konfiguration. Die
vertikalen Linien bei 21.1 eV Photonenenergie kennzeichnen die im Text diskutierte Bandlücke. Ganz rechts:
Asymmetrie der links gezeigten Spektren, definiert gemäß [I(↑↑)− I(↑↓)]/[I(↑↑) + I(↑↓)]. Die gestrichelten
Linien kennzeichnen ein markantes Minimum.

Die Quantentrogzustände besitzen Eigenschaften der Bloch-Zustände des Filmmaterials, erfah-
ren jedoch durch die Lokalisierung spezifische Änderungen. Insbesondere ihre Wellenfunktion
wird dahingehend modifiziert, dass sie durch eine Einhüllende moduliert wird [107, 108]. Die-
se Modulation manifestiert sich in ausgeprägten Oszillationen des CIS-Photostroms, woraus sich
auf die Lokalisierung der Wellenfunktionen schließen lässt. Im Rahmen eines eindimensionalen
TB-Modells können die fundamentalen Effekte verstanden werden (Publikation 9 auf S. P97ff).
Eindimensionale Ketten mit n Gitterplätzen und einem Orbital pro Gitterplatz besitzen n Eigenzu-
stände. Die CIS-Intensitäten von diesen Quantentrogzuständen zeigen ein Hauptmaximum genau
bei der Energie, bei der auch die unendliche Kette maximale Intensität hervorrufen würde, d. i.
bei einem direkten Übergang. Bei letzterem sind die Wellenvektoren von Anfangs- und Endzu-
stand identisch und erlauben die Bestimmung der Volumenbandstruktur. Dünne Filme eignen sich
demnach in besonderer Weise wegen der k⊥-Quantisierung zur Bandstrukturbestimmung (Band
mapping) [109]. In der Abbildung 4.9 für Ketten mit n = 10 (a) und n = 5 (b) Gitterplätzen
folgen die Maxima der direkten Übergänge exakt der Dispersionsrelation E(k) = ε + 2t cos(ka)
(Hier bezeichnen die Gitterplatzenergie ε und das Hopping-Matrixelement t die Parameter des TB-
Modells). Ein weiteres typisches Merkmal sind Intensitätsoszillationen mit der Photonenenergie
(repräsentiert durch kfza in Abb. 4.9). Neben den Hauptmaxima treten Nebenmaxima auf, deren
Anzahl proprotional zur Kettenlänge ist, was auf die Filmdicke schließen lässt.

In geradezu paradigmatischer Weise lassen sich die am simplen TB-Modell studierten Quantisie-
rungseffekte an QWS in Cu-Filmen auf fcc-Co(001) nachweisen. Im Zentrum der 2BZ (k‖ = 0) zeigt
das Co-Substrat eine Bandlücke im Bereich der ∆1-Minoritätselektronen, die sich von −2.10 eV
bis −0.65 eV erstreckt (hellgrau unterlegter Bereich in Abb. 4.10a links). Das stark dispersive
sp-Band des Kupfers (c), das zur ∆1-Darstellung gehört, wird in k⊥ quantisiert und erzeugt in
der lagen- und spinaufgelösten Zustandsdichte zwei Maxima (b). Die zugehörigen Quantentrog-
zustände sind mit A und B bezeichnet. Die Lokalisierung auf den Cu-Film ist spinabhängig, weil
nur Minoritätselektronen durch eine Bandlücke im Kobalt betroffen sind. Die Majoritätselektro-
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Abbildung 4.9. Photoemission von eindimensio-
nalen endlichen Ketten mit n = 10 (a) und n =
5 (b) Gitterplätzen. Die Intensitätshauptmaxima
folgen der Volumenbandstruktur E(kfz) = ε +
2t cos(kfza).

nen des sp-Cu-Bandes hingegen hybridisieren mit Co-Zuständen und werden nicht lokalisiert. Die
sehr schwach ausgeprägte Struktur C ist ebenfalls mit den Co-Zuständen hybridisiert. Ihr Verhal-
ten in der Photoemission, wie auch ihre Spinpolarisation, unterscheidet sich deutlich von dem
der QWS A und B.

Wie im TB-Modell folgen die Photoemissionsintensitäten der Quantentopfzustände A und B gene-
rell denen des halbunendlichen Cu-Kristalls (Cu-Oberfläche ohne Co-Substrat). Der Einfluss der
Cu-Filmdicke hingegen zeigt sich, wenn man die CIS-Photoemission von QWS betrachtet, die in
etwa die gleiche Bindungenergie besitzen. Solche Quantentrogzustände treten zum Beispiel in
Cu-Filmen der Dicken 9, 14 (vgl. A), 19, 24 und 29 ML auf. Für dünne Filme, etwa n = 9, zeigt die
Intensität neben dem Hauptmaximum bei ca. 12.5 eV Photonenenergie deutliche Oszillationen
(Abb. 4.10 rechts). Deren Wellenlänge (in der Photonenenergie) nimmt mit wachsender Dicke
ab (vgl. die gestrichelten Linien). Im Limes unendlicher Dicke verschwindet die Quantisierungs-
oszillation. Die Oszillationen des QWS B zeigen das gleiche Verhalten wie die von Zustand A. Die
Resonanz C hingegen unterscheidet sich signifikant, einerseits in den Wellenlängen und anderer-
seits in den Amplituden der Modulationen. Dass überhaupt ihre Intensität moduliert wird, ist auf
die geringe Reflexion an der Cu–Co-Grenzfläche zurückzuführen.

Zusammenfassend bietet die CIS-Photoemission die Möglichkeit, Aussagen über die Filmdicke und
über den Grad der Lokalisierung der elektronischen Zustände zu erhalten. Das System Cu/fcc-
Co(001) ist insofern prototypisch, dass die QWS strikt auf den sozusagen inerten Cu-Film einge-
schränkt sind. Die deutliche Manifestation derjenigen Effekte, die aus dem TB-Modell gewonnen
wurden, überrascht daher nicht. Ein signifikant abweichendes Verhalten zeigen dagegen QWS in
Ag-Filmen auf V(001) [110]. Die Quantentrogzustände stammen, wie bei Cu, vom dispersiven
sp-Band und bilden sich in der ∆1-Bandlücke des bcc-V-Substrats aus. Allerdings findet an der
Ag–V-Grenzfläche ein Ladungsübertrag von den Ag–d-Zuständen in die Bandlücke des Vanadi-
ums statt. Die Quantentopfzustände des Silbers hybridisieren mit diesen Elektronen und sind
nicht mehr räumlich scharf auf den Film beschränkt (Abb. 4.11b). Die CIS-Oszillationen weichen
daher beträchtlich vom modellhaften Verhalten ab (Abb. 4.11a).
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Abbildung 4.10. Quantentrogzustände in Cu/fcc-Co(001). Links: QWS in 14 ML Cu/Co für k‖ = 0. (a) Spin-
aufgelöste Bandstruktur von Co (Minorität schwarz, Majorität grau). Die Bandlücke der zur ∆1-Darstellung
gehörenden Minoritätselektronen ist durch den hellgrauen Bereich gekennzeichnet. (b) Spin- und lagenauf-
gelöste Spektraldichte von 14 ML Cu/fcc-Co(001) für die äußerste (S) und eine zentrale (S−6) Atomlage des
Cu-Films. Die mit A und B bezeichneten Maxima gehören zu QWS, die Struktur C zu einer Resonanz. (c)
Bandstruktur von Cu. Die Energieskala bezieht sich auf die Fermi-Energie des Substrats. Rechts: Constant-
initial-state-Photoemission aus QWS für Cu-Filmdicken n von 9, 14, 19, 24 und 29 Schichten. Die Bindungs-
energien der QWS entspricht der von Zustand A für n = 14.

4.6. Temperaturabhängige Photoemission von dünnen magnetischen
Filmen

Die Temperatur wird in Photoemissionsrechnungen im Allgemeinen nicht berücksichtigt. Ausnah-
men bilden die Elektron–Phonon-Kopplung, die Eingang in die Gitterplatzstreumatrizen mittels
Debye–Waller-Faktoren findet, und die „Aufweichung“ der Fermi–Dirac-Verteilung in der Nähe des
Fermi-Niveaus. Magnetische Systeme zeigen eine ausgeprägte Temperaturabhängigkeit, die sich
zum Beispiel im Curie–Weiss-Gesetz manifestiert. Die kritische Temperatur Tc, oberhalb der die
globale Magnetisierung verschwindet, ist für ausgedehnte Systeme jedoch so hoch, dass Messun-
gen, die bei Raumtemperatur vorgenommen wurden, gut mit Rechnungen für T = 0 verglichen
werden können. Bei dünnen Filmen sinkt Tc allerdings in die Nähe der Raumtemperatur (oder so-
gar darunter), sodass die reduzierte Magnetisierung in der Theorie berücksichtigt werden sollte.
Eine wichtige Frage ist demnach, in welchem Modell diese Reduktion beschrieben werden muss.

Im Stoner-Bild geht die Temperaturerhöhung mit einer Reduktion der lokalen magnetischen Mo-
mente (LMM), und damit mit einer Reduktion der Austauschaufspaltung, einher (Rigid-band mo-
del). Oberhalb der kritischen Temperatur Tc ist das Gesamtsystem, wie auch jedes Teilsystem,
nicht mehr magnetisch. Desweiteren existieren Modelle, die auf Fluktuationen der LMM beruhen.
Bei T = 0 sind alle LMM entlang der globalen Magnetisierung M ausgerichtet und erzeugen somit
die maximale Magnetisierung. Mit zunehmender Temperatur weicht die Orientierung einzelner
LMM von dieser Richtung ab, was zu einer Reduktion der globalen, mittleren Magnetisierung führt.
Oberhalb Tc sind die Fluktuationen so stark, dass keine Vorzugsrichtung der Magnetisierung mehr
existiert. Die globale Magnetisierung verschwindet, endliche Teilsysteme können jedoch magne-
tisch bleiben. Haines und Heine haben ein Modell entwickelt, dass die Verteilung der Fluktua-
tionen der LMM parametrisiert [111–113]. Die Moment–Moment-Korrelationsfunktion wird als
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Abbildung 4.11. Constant-initial-state-
Photoemission aus Quantentopfzuständen in
Ag-Filmen auf V(001) für Filmdicken n von 4
(Zustand c3), 7 (d5), und 10 (e7) Schichten.
Die Bindungsenergien der QWS ist nahezu
identisch. (a) Photoemissionsintensitäten der
QWS im Vergleich zu der von halbunendlichem
fct-Ag(001) (gestrichelt). (b) Lagenaufgelöste
Spektraldichte der QWS. Der Bereich der
V-Substratschichten ist grau unterlegt. Die
Oberflächenschichten tragen die Indices 4 (c3),
7 (d5) und 10 (e7).

gauss-verteilt angenommen, sodass benachbarte LMM mit größerer Wahrscheinlichkeit gleich ori-
entiert sind als weit voneinander entfernte. Die elektronische Struktur erhält man durch Mitte-
lung über alle magnetischen Konfigurationen, die mit den vorgegebenen Parametern kompatibel
sind. Für 2 ML fcc-Co/Cu(001) zeigen TB-Rechnungen, dass dieses Modell Photoemissionsexperi-
mente gut beschreibt [114].

Das Bild der ungeordneten lokalen Momente [Disordered local moment (DLM)] unterscheidet sich
vom Haines–Heine-Modell im wesentlichen dadurch, dass die Nahordnung vernachlässigt wird.
Somit kann eine numerische Behandlung des Problems im Rahmen der CPA erfolgen (S. 11).
Die Unordnung wird auf eine binäre substitutionelle Legierung AxB1−x abgebildet, in der die
Spezies A und B lokale magnetische Momente darstellen, die entlang M und −M ausgerichtet
sind. Bei der Konzentration x = 0 liegt der ferromagnetische Fall vor (T = 0), während bei
x = 0.5 Tc erreicht wird. Eine Realisierung der DLM erhält man durch komplementäre Wahl der
spinabhängigen Potentiale für die Spezies A und B: vA+ = vB− = v +B und vA− = vB+ = v−B.
Somit lässt sich die Temperaturabhängigkeit der elektronischen Struktur und der Spektroskopien
im Rahmen der VST behandeln (Publikation 8 auf S. P80ff).

Im Folgenden wird die Photoemissionstheorie für binäre Legierungen, wie sie von Durham ent-
wickelt wurde, skizziert [115, 116]. Größen, die an einem einzelnen Gitterplatz i ausgewertet
werden, sind durch die mit der Konzentration x gewichteten Größen für die Konstituenten A
und B gegeben. Für die Übergangsmatrixelemente ergibt sich M i = xM i

A + (1 − x)M i
B. Auf-

grund der Vielfachstreuung treten Terme auf, die zwei Gitterplätze miteinander verknüpfen, z. B.
〈M iτ ijM j?〉, wobei 〈· · · 〉 den Konfigurationsmittelwert bezeichnet. Im Falle i = j erhält man
〈M iτ iiM i?〉 = xM i

A〈τ ii
A 〉M i

A
? + (1 − x)M i

B〈τ ii
B 〉M i

B
?. Sind die Gitterplätze i und j voneinander

verschieden, so folgt

〈M iτ iiM j?〉 =x2M i
A〈τ

ij
AA〉M

j
A

?
+ x(1− x)M i

A〈τ
ij
AB〉M

j
B

?

+ x(1− x)M i
B〈τ

ij
BA〉M

j
A

?
+ (1− x)2M i

B〈τ
ij
BB〉M

j
B

?
.

(4.17)

Die Konfigurationsmittelwerte der Streupfadoperatoren können im Rahmen der CPA durch den
SPO τc des kohärenten Systems und durch die Defektmatrizen Di

A ausgedrückt werden [117]:
〈τ ij〉 = τ ij

c , 〈τ i
A〉 = DiL

A τ i
c = τ i

cD
iR
A und 〈τ ij

AB〉 = DiL
A τ ij

cBDjR
B (S. 11).
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Der Photostrom zerfällt in zwei Anteile: den intra-atomaren Beitrag Ii
atom, der durch die git-

terplatzdiagonale GF Gii hervorgerufen wird, und in den inter-atomaren Beitrag. Letzterer ent-
hält alle Terme, in die zwei verschiedene Gitterplätze involviert sind. Mit der Definition M i

c =
xM i

ADiR
A + (1− x)M i

BDiR
B der effektiven Übergangsmatrixelemente kann der Photostrom als

〈I〉 =
∑

i

〈Ii
atom〉 −

1
π

Im
∑
ij

M i
cτ

ij
c M j

c

?

− 1
π

Im
∑

i

(
xM i

Aτ ii
AM i

A

?
+ (1− x)M i

Bτ ii
B M i

B

? −M i
cτ

ii
c M i

c

?
) (4.18)

ausgedrückt werden. Der intra-atomare Beitrag Ii
atom vom Gitterplatz i ist hier durch 〈Ii

atom〉 =
xIi

A +(1−x)Ii
B gegeben. Die obere Zeile in Gl. (4.18) enthält nur Größen des kohärenten Gitters

und besitzt somit die Symmetrie eines geordneten Systems. Dieser kohärente Beitrag erzeugt die
k‖-Abhängigkeit des Photostroms. Die Interpretation der unteren Zeile als inkohärenten Beitrag
folgt aus der CPA-Gleichung τ ii

c = xτ ii
A + (1− x)τ ii

B . Damit lautet dieser Beitrag

Iinkoh =− 1
π

Im
∑

i

x
(
M i

Aτ ii
AM i

A

? −M i
cτ

ii
AM i

c

?
)

− 1
π

Im
∑

i

(1− x)
(
M i

Bτ ii
B M i

B

? −M i
cτ

ii
B M i

c

?
)

.

(4.19)

Während τ ii
c im Wesentlichen die (k‖-abhängige) Bloch’sche Spektraldichte widerspiegelt, korre-

spondieren τ ii
A und τ ii

B eher mit der lokalen Zustandsdichte. Die Winkelabhängigkeit von Iinkoh

ist durch die der Übergangsmatrixelemente selbst gegeben.

Anwendung auf dünne Co-Filme auf Cu(001). Die Curie-Temperatur von 2 ML Co auf Cu(001)
liegt etwa bei Raumtemperatur, sodass spin- und winkelaufgelöste Photoemissionexperimente
nur eine geringe Spinpolarisation detektierten. Ferner zeigen die Spektren statt ausgeprägter
Maxima breite Strukturen (Abb. 4.12, unterstes Spektrum), die sich nur schwer im Rahmen des
Band mapping für T = 0 interpretieren ließen.

Für T = 0 berechnete Spektren (Abb. 4.12, x = 0) zeigen in der Tat kaum Übereinstimmung mit
dem Experiment, denn es finden sich ausgeprägte Maxima mit großer Spinpolarisation. Eine Er-
höhung der Temperatur, ausgedrückt durch die Konzentration x, erzeugt zwei wesentliche Effek-
te: eine Verbreiterung der Maxima, die durch die CPA-Selbstenergie hervorgerufen wird [15], und
eine energetische Verschiebung der Maxima. Letztere verschieben zu geringeren Energien für An-
fangszustände mit Minoritätsspinorientierung und zu höheren Energien für solche mit Majoritäts-
spinorientierung, was im Einklang mit dem Rigid-band model steht. Für T = Tc (x = 0.5) laufen
austauschaufgespaltene Partnermaxima allerdings nicht zusammen (vgl. A und C in Abb. 4.12),
sondern bleiben getrennt — sofern man bei der großen Verbreiterung noch von Maxima spre-
chen möchte. Einige Strukturen, zum Beispiel D, zeigen keine Verschiebung mit der Temperatur,
was durch ihren Ursprung im Cu-Substrat erklärt wird. Während A und C von elektronischen
Anfangszuständen im Co-Film stammen, und daher vollständig dem Einfluss der magnetischen
Unordnung unterliegen, wird D durch Anfangszustände im Cu erzeugt, deren Photoelektronen
durch den Co-Film transmittiert werden. Nur dieser spinabhängige Transfer unterliegt der Tem-
peraturabhängigkeit und kann somit keine Energieverschiebung des Maximums hervorrufen.

Der Unterschied im Temperaturverhalten der individuellen Maxima offenbart sich auch in der
Spinpolarisation der Photoelektronen (Abb. 4.13). Diejenige der aus dem Substrat stammenden
Struktur D hängt linear von der Konzentration x ab, während die Maxima A und C das typische
Verhalten der Magnetisierung zeigen. Für T = Tc (x = 0.5) verschwindet die Spinpolarisation.2

Die Übereinstimmung der theoretischen Spektren für x = 0.45 mit dem Experiment zeigt, dass
das DLM-Bild die Temperaturabhängigkeit dünner Co-Filme auf Cu(001) korrekt beschreibt. Die

2Für die gewählte Messgeometrie manifestiert sich die SBK aufgrund der Symmetrie nicht in einer von Null verschiedenen
Spinpolarisation der Photoelektronen.
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Abbildung 4.12. Spinaufgelöste norma-
le Photoemission von 2 ML Co/Cu(001).
Die theoretischen Spektren für Majoritäts-
(durchgezogen) und Minoritätsorientierung
(gestrichelt) sind für verschiedene Kon-
zentrationen x (links angegeben) im DLM-
Bild berechnet worden. Im Text diskutierte
Strukturen sind mit A bis D gekennzeichnet.
Ein bei Raumtemperatur aufgenommenes
experimentelles Spektrum ist unten gezeigt
(Ref. [118] entnommen; s-polarisiertes
Licht, 21.22 eV Photonenenergie).

magnetische Nahordnung, also die Korrelation benachbarter lokaler magnetischer Momente, ist
demnach von geringer Bedeutung. Das Temperaturverhalten sowohl der Intensitäten als auch
der Spinpolarisation erlaubt Rückschlüsse auf den Ursprung der Strukturen in den Spektren: die
Bindungsenergie der Anfangszustände, die im Co-Film lokalisiert sind, wird verändert, während
Substratzustände nicht betroffen sind.

4.7. Photoemission korrelierter Elektronenpaare

Korrelationen innerhalb des Elektronensystems werden in Ab–initio-Rechnungen meist im Rah-
men der Local density approximation (LDA) oder einer ihrer Erweiterungen wie Gradientenkorrek-
turen [Generalized gradient approximation (GGA)] behandelt. Die Photoemission hingegen bietet
darüber hinausgehend die Möglichkeit, die Elektron–Elektron-Wechselwirkung genauer zu stu-

Abbildung 4.13. Spinpolarisation der Photo-
elektronen in normaler Photoemission von 2 ML
Co/Cu(001). Die theoretische Spinpolarisatio-
nen der prominenten Strukturen A, C und D
aus Abb. 4.12 sind über der Konzentration x
des DLM-Bildes aufgetragen (sämtliche Parame-
ter wie in Abb. 4.12).
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dieren. Dazu werden nicht einzelne Elektronen, sondern korrelierte Elektronenpaare koinzident
detektiert. Da der Dipoloperator nur auf einzelne Elektronen wirkt, kann die koinzidente Messung
nur die Elektron–Elektron-Wechselwirkung als Ursache haben. Die Diskrimination zwischen der
Anregung eines korrelierten Elektronenpaares und der Anregung zweier unkorrelierter Elektro-
nen erfolgt im Photoemissionsexperiment mittels Koinzidenz, d. h. durch gleichzeitigen Nachweis
nach Anregung durch einzelne Photonen. Die Zählraten sind daher im Vergleich zur konventio-
nellen Photoemission um mehrere Größenordnungen geringer.

Die folgende theoretische Beschreibung der Photoemission korrelierter Elektronenpaare macht
Unterschiede zur gewöhnlichen Photoemission deutlich. Die erforderlichen Zweiteilchen-
zustände und Zweiteilchen-Green-Funktionen werden aus Einteilchengrößen konstruiert, und die
Elektron–Elektron-Wechselwirkung wird explizit berücksichtigt.

Ausgangspunkt sind zwei Teilchen, die zu identischen Hilbert-Räumen A und B gehören. Die
Hamilton-Operatoren HA in A und HB in B seien ebenfalls gleich (Replika). Um Zustände in A
und B unterscheiden zu können, werden alle Einteilchengrößen mit den Hilbert-Räumen indi-
ziert. Insbesondere gelten dann

∑
i |ik〉 〈ik′ | = δkk′ , 〈ik jk′〉 = δijδkk′ und Hk |ik′〉 = δkk′εi |ik′〉,

mit k, k′ = A,B. Die Einteilchen-Green-Funktionen werden durch

Gkk′(z) =
∑

i

|ik〉 〈ik′ |
z − εi

, k, k′ = A,B, (4.20)

definiert. Gkk ist die bekannte Einteilchen-Green-Funktionen, Gkk(1, 1′; z) =
〈
1 (z −Hk)−1 1′

〉
.

Die gemischtindizierte Green-Funktion Gkk′ „bewegt“ ein Teilchen von k′ nach k:
Gkk′(z)

∑
j ϕj |jk′〉 =

∑
j ϕj |jk〉 /(z − εj) (ϕj beliebige Entwicklungskoeffizienten).

Mit den antisymmetrisierten Zweiteilchenzuständen

|ij〉 =
1√
2

(|iA〉 |jB〉 − |jA〉 |iB〉) , (4.21)

die 〈ij kl〉 = δikδjl − δilδjk erfüllen, wird die Zweiteilchen-Green-Funktion

G+(12, 1′2′;E) =
∑
ij

〈12 ij〉 〈ij 1′2′〉
E − εij

(4.22)

auf Einteilchen-Green-Funktionen zurückgeführt,

G+(12, 1′2′;E) =
1

2πi

∫
dE′ [G+

AA(11′;E′)G+
BB(22′;E − E′)

− G+
AB(12′;E′)G+

BA(21′;E − E′)
]
.

(4.23)

Aus dem entsprechenden Ausdruck für die Zweiteilchendichtematrix γ(12, 1′2′; ε) =
−Im G+(12, 1′2′; ε)/π ist ersichtlich, dass die Zweiteilchenzustandsdichte n2(E) =∫

dE′n(E′) n(E − E′) die Faltung der Einteilchenzustandsdichten n(E) ist.

In Analogie zur konventionellen Photoemission kann man den Zweiteilchenphotostrom durch
I ∼ −

〈
Ψ ∆Im G+∆† Ψ

〉
ausdrücken. Für den Endzustand reicht es aus, ein Produkt von Ein-

teilchenzuständen anzusetzen, |Ψ〉 = |ΨA〉 |ΦB〉. Da der Zweiteilchendipoloperator eine Summe
von Einteilchendipoloperatoren ist, ∆ = ∆A + ∆B , zerfällt der Photostrom in einen direkten Bei-
trag (Idir) und in einen Austauschbeitrag (Iex): I = Idir − Iex. Ersterer entsteht durch GAAGBB ,
letzterer durch GABGBA. Zusammengefasst lautet der direkte Beitrag

Idir ∼ −
∫

dE′
[〈

ΨA ∆AIm G+
AA(E′)∆†

A ΨA

〉 〈
ΦB Im G+

BB(E − E′) ΦB

〉
+

〈
ΨA ∆AIm G+

AA(E′) ΨA

〉 〈
ΦB Im G+

BB(E − E′)∆†
B ΦB

〉
+

〈
ΨA Im G+

AA(E′)∆†
A ΨA

〉 〈
ΦB ∆BIm G+

BB(E − E′) ΦB

〉
+

〈
ΨA Im G+

AA(E′) ΨA

〉 〈
ΦB ∆BIm G+

BB(E − E′)∆†
B ΦB

〉]
.

(4.24)
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Dieser entspricht vier Feynman-Diagrammen, oder genauer: einem Paar von zwei Diagrammen
(obere Reihe in Abb. 4.14). Der Austauschbeitrag ist durch

Iex ∼
∫

dE′
[〈

ΨA ∆AIm G+
AB(E′)∆†

B ΦB

〉 〈
ΦB Im G+

BA(E − E′) ΨA

〉
+

〈
ΨA ∆AIm G+

AB(E′) ΦB

〉 〈
ΦB Im G+

BA(E − E′)∆†
A ΨA

〉
+

〈
ΨA Im G+

AB(E′)∆†
B ΦB

〉 〈
ΦB ∆BIm G+

BA(E − E′) ΨA

〉
+

〈
ΨA Im G+

AB(E′) ΦB

〉 〈
ΦB ∆BIm G+

BA(E − E′)∆†
A ΨA

〉]
(4.25)

gegeben. Dessen Diagramme entsprechen denen des direkten Anteils, jedoch für gekreuzte An-
fangszustandspropagatoren (untere Reihe in Abb. 4.14).

Um einzusehen, dass der Zweiteilchenphotostrom verschwindet, wenn die Elektronen unkorre-
liert sind, betrachtet man zum Beispiel ein Überlappmatrixelement von Typ

〈
ΨA Im G+

AA ΨA

〉
.

Dieses ist Null, wenn der Endzustand orthogonal zu den Einteilchenanfangszuständen ist. Durch
die Elektron–Elektron-Wechselwirkung innerhalb des Elektronenpaares wird diese Orthogonalität
aufgehoben und der Übergang in den Endzustand ermöglicht.

Im nächsten Schritt wird die Elektron–Elektron-Wechselwirkung dergestalt modelliert, dass sie in
bestehende Computerprogramme für die Einteilchenphotoemission implementiert werden kann.
Dazu wird die abgeschirmte Coulomb-Wechselwirkung eines freien Elektronengases in zwei Bei-
träge zerlegt,

U(r1, r2) =
1

|r2 − r2|
exp(−λ|r2 − r2|) =

exp(−2a1r1/λ)
a1r1

+
exp(−2a2r2/λ)

a2r2
, (4.26)

mit aj = |r2 − r2|/(2rj), j = 1, 2. Die Abschirmlänge λ hängt mittels λ = 1/
√

4πN(EF) mit der
Zustandsdichte N(EF) zusammen (für Cu beträgt λ ungefähr 2.66 Å). Die obige Formulierung
legt eine Interpretation im Sinne eines modifizierten Einteilchenpotentials nahe:

U(r1, r2) =
Z1(r1, r2)

r1
+

Z2(r1, r2)
r2

, (4.27)

Zj(r1, r2) = a−1
j exp(−2ajrj/λ), j = 1, 2. Dazu müssten allerdings die „Ladungen“ Zj unab-

hängig von den Elektronenkoordinaten sein. Nun zeigt die nichtlokale Wechselwirkung folgen-
de Merkmale: sie ist abstoßend, wenn die beiden Elektronen in die gleiche Richtung emittiert

Abbildung 4.14. Feynman-Diagramme für den direk-
ten (obere Reihe) und den Austauschbeitrag (untere
Reihe) zum Zweiteilchenphotostrom. Jede Linie stellt
hier Einteilchenzustände dar.
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werden (Korrelationsloch). Und sind die Elektronen weit voneinander entfernt, ist die Abschir-
mung vernachlässigbar gering. Eine Näherung, die diesen Eigenschaften Rechnung trägt, besteht
darin, Zj durch Zj(rj) = a−1

j exp(−2ajrj/λ) und aj = |k2 − k1|/kj zu ersetzen. Diese loka-
le Form der Elektron–Elektron-Wechselwirkung modifiziert die Potentiale der einzelnen Gitter-
plätze, Vi → Vi + Z/r. Die mit diesen Potentialen berechneten Einteilchen-Green-Funktionen
enthalten daher die Elektron–Elektron-Wechselwirkung explizit, über die LDA hinausgehend. Die
obige Transformation der nichtlokalen Wechselwirkung in eine lokale wurde erfolgreich in der
Zweielektronenstreuung (e,2e) angewendet [119]. Beispiele für die Photoemission korrelierter
Elektronenpaare enthält die Publikation 10 (S. P107ff); siehe auch [121]).

Um Unterschiede zwischen der gewöhnlichen Einfachphotoemission [(γ,e); Single photoemissi-
on (SPE)] und der Doppelphotoemission [(γ,2e); Double photoemission (DPE)] zu visualisieren,
bietet es sich an, die Winkelverteilung des Photostroms zu untersuchen. Liegen die Anfangszu-
stände energetisch auf dem Fermi-Niveau, erhält man in diesem Falle eine Abbildung der Fermi-
Fläche (Fermi-surface mapping). Diese besitzt die Symmetrie der Kristalloberfläche, wenn der
Winkel zwischen Detektor und Lichteinfallsrichtung festgehalten wird und nur die Probe bewegt
wird. Die Beschränkung auf die Fermi-Energie hat den Vorteil, dass die Energieintegration in der
DPE entfällt. Die Unterschiede zwischen den SPE- und den DPE-Spektren sind somit eine direkte
Manifestation der Elektronenkorrelation in der DPE.

Um SPE und DPE miteinander vergleichen zu können, sollten beide möglichst im Rahmen der glei-
chen Methode und mit den gleichen Approximationen berechnet werden. Dieses wurde dadurch
gewährleistet, dass den Spektren dieselben DFT-Rechnungen zugrunde liegen. Ferner wurde der
gleiche Computercode mit identischen freien Parametern verwendet, einerseits im SPE-, anderer-
seits im DPE-Modus. Die Qualität der theoretischen SPE wurde anhand der Winkelverteilung des
Photostroms von der Cu(001)-Oberfläche durch Vergleich mit dem Experiment überprüft (obere
Reihe in Abb. 4.15). Die Punktgruppe 4mm der Oberfläche wird insbesondere an den Bereichen
hoher Intensität deutlich.

Die Symmetrie der Oberfläche bleibt in DPE erhalten, wenn eines der Elektronen in normaler
Emission detektiert wird. Die Detektorposition ist durch den weißen Punkt in den Spektren der
unteren Reihe in Abb. 4.15 gekennzeichnet. Für den anderen Detektor wird der Winkelbereich
wie in der SPE durchfahren. Die Photonenenergie wurde gegenüber derjenigen in der SPE ver-
doppelt, sodass beide Elektronen des korrelierten Photoelektronenpaars die gleiche kinetische
Energie besitzen. Somit werden Effekte durch unterschiedliche Dipolübergangsmatrixelemente
ausgeschlossen.

In der Tat zeigt sich eine auf den ersten Blick ähnliche Intensitätsverteilung wie in der SPE (b und
c). In der DPE erscheint die Intensität auf einen Ring konzentriert zu sein. Die Ursache dafür liegt
zum einen in der spektralen Dichte, die sich in den SPE-Spektren manifestiert: nur für Wellen-
vektoren k‖, für die elektronische Zustände existieren, ist ein Photostrom messbar. Zum anderen
ist die beobachtete Konzentration der Intensität durch die Korrelation zu erklären. Werden die
beiden Elektronen unter gleichen Winkeln emittiert (k1 ≈ k2), so wird der Wirkungsquerschnitt
für diesen Fall gering sein, weil die Elektron–Elektron-Wechselwirkung abstoßend ist. Es wird
daher das Korrelationsloch direkt in der DPE als „Intensitätswüste“ um die fixierte Austrittsrich-
tung sichtbar. Unterscheiden sich allerdings die Austrittsrichtungen stark voneinander (|k1 − k2|
groß), so ist die Korrelation zwischen den Elektronen klein, und die DPE-Intensität ist gering. Dar-
aus folgt, dass die Elektronenkorrelation nur in einem Ring um die fixierte Austrittsrichtung zu
einem signifikanten Photostrom führt. Ferner folgt der „Intensitätsring“ der fixierten Austrittsrich-
tung (Abb. 4.15d): wird die Position des fixierten Detektors aus der Oberflächennormalen gedreht
(zum Beispiel entlang der kx-Achse), so reduziert sich die Symmetrie der Winkelverteilung auf
die Punktgruppe m (Spiegelung an der xz-Ebene).

Weiter auffällig ist die im Vergleich zur SPE-Intensität sehr geringe DPE-Intensität (etwa sechs
Größenordnungen in Abb. 4.15). Der Ausdruck für den DPE-Photostrom enthält neben den Di-
polmatrixelementen auch Überlappintegrale [Gl. (4.24) und Gl. (4.25)]. Für Wellenfunktionen
unkorrelierter Elektronen verschwinden letztere, da die Zustände orthogonal sind. Durch die
Modifikation des Einteilchenpotentials aufgrund der Korrelation verschwinden die Überlappinte-
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Abbildung 4.15. Einfach- und Doppelphotoemission von Cu(001). Obere Reihe: Experimentelle (a, links)
und theoretische (b, rechts) Abbildung der Fermi-Fläche mittels Einfachphotoemission (SPE). Die experi-
mentelle Winkelverteilung wurde Ref. [122] entnommen. Untere Reihe: Theoretische Doppelphotoemission
von der Fermi-Energie. Der weiße Punkt markiert die Position des fixierten Detektors.

grale nicht mehr, bleiben jedoch klein gegenüber den Dipolmatrixelementen und führen daher
zu einem geringen Photostrom. Die physikalische Begründung verweist auf die Messmethode der
Koinzidenz, denn nur wenn gleichzeitig Elektronen detektiert wurden, wurde ein korreliertes
Elektronenpaar nachgewiesen. Technisch müssen daher geringe Photonenflüsse verwendet wer-
den, um den Untergrund aufgrund des nichtkorrelierten Photostroms gering zu halten und somit
den Einzelnachweis von Elektronenpaaren zu ermöglichen.

Ein anderer signifikanter Unterschied von SPE und DPE ist die Oberflächensensitivität. Die mittlere
freie Weglänge λMFP [Mean free path (MFP)] der Photoelektronen liegt für kinetische Energien
der VUV-Photoemission im Bereich weniger Atomschichten [123]. Näherungsweise lässt sich der
Beitrag der n-ten oberflächennahen Schicht zum SPE-Photostrom durch ISPE

n = ISPE
1 exp[−(n −

1)d/λmfp] ausdrücken (d Zwischenlagenabstand, ISPE
1 Beitrag der ersten Schicht). In der DPE

muss nun ein Photoelektronenpaar koinzident nachgewiesen werden, so dass der Beitrag der
Schicht n durch IDPE

n = IDPE
1 exp[−2(n − 1)d/λmfp] gegeben ist, wenn beide Elektronen aus

derselben Schicht stammen. Effektiv wird also die mittlere freie Weglänge halbiert und liegt somit
im Bereich von ein bis zwei Schichtabständen.

Mit einem Photoemissionscomputerprogramm lässt sich nun der Unterschied in der Oberflächen-
sensitivität illustrieren. Dazu wird die Summation über die Beiträge der einzelnen Schichten zum
Photostrom eingeschränkt. Dieses Vorgehen verändert nicht die zugrundeliegende elektronische
Struktur des Systems. In Abbildung 4.16 wurde die SPE von Cu(001) auf Beiträge der ersten zwei
[links oben, (a)] und fünf [links unten, (a’)] Schichten beschränkt. Typischerweise müssen ca. 20
bis 30 Schichten in Betracht gezogen werden, um konvergierte Resultate zu bekommen. Daher ist
es verständlich, dass sich die hier gezeigten Intensitätsverteilungen stark unterscheiden. Im Falle
der DPE hingegen finden sich kaum signifikante Unterschiede in den entsprechenden Spektren
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Abbildung 4.16. Oberflächensensitivität der Einfach- [SPE, links; (a) und (a’)] und Doppelphotoemission
[DPE, rechts; (b) und (b’)] von Cu(001). Die Beiträge der oberflächennahen Atomlagen des halbunendli-
chen Kristalls zum Photostrom wurden dabei auf zwei (obere Reihe) und fünf (untere Reihe) Schichten
beschränkt.

(rechte Spalte in Abb. 4.16), was die größere Oberflächensensitivität der DPE im Vergleich zur SPE

belegt.

Zusammenfassend lässt sich feststellen, dass die DPE eine Methode ist, die Elektronenkorrelation
direkt darzustellen. In der SPE manifestiert sich diese ebenfalls, jedoch eher indirekt als Abwei-
chung vom erwarteten Einteilchenverhalten.

Resümee

In diesem Kapitel wurde exemplarisch gezeigt, wie die Spin–Bahn-Kopplung zur Spinpolarisation
in der winkelaufgelösten Photoemission von nichtmagnetischen System führt. Das Zusammen-
wirken von Magnetismus und SBK resultiert im mit diesem Effekt eng verknüpften Magnetischen
Dichroismus. Die Photoemissionsintensität von dünnen Filmen zeigt für Quantentrogzustände
Modulationen, die zur Charakterisierung dieser herangezogen werden können. Die Temperatur-
abhängigkeit der magnetischen Eigenschaften sehr dünner magnetischer Filme manifestiert sich
ebenfalls in den Spektren und kann im Fall von Co/Cu(001) im Bild ungeordneter magnetischer
Momente beschrieben werden (Disordered local moment). Die Elektronenkorrelation lässt sich mit
Hilfe der koinzidenten Emission von Elektronenpaaren visualiseren. Deren Beschreibung basiert
auf antisymmetrisierten Einteilchenzuständen und einer lokalen Näherung für die abgeschirmte
Coulomb-Wechselwirkung.



5. Spinabhängiger ballistischer Transport

In diesem Kapitel werden Aspekte des spinabhängigen ballistischen Transport durch planare
Tunnelkontakte behandelt. Die Grundlage für die numerische Behandlung liefert die Landauer–
Büttiker-Theorie [Landauer-Büttiker (LB)], die den elektrischen Leitwert als Transmission durch
die Probe beschreibt. Nach der Skizzierung der Theorie (Abschn. 5.1) wird eine neue Metho-
de zur Integration über die zweidimensionale Brillouin-Zone (2BZ) anhand resonanten Tunnelns
diskutiert (Abschn. 5.2). Dienen Co(0001)-Kontakten zur Untersuchung der Zero bias anoma-
ly (ZBA) beim Vakuumtunneln (Abschn. 5.3), so wird der Einfluss der mikroskopischen Struktur
von Grenzflächen am Beispiel von Fe(001)/MgO/Fe(001) behandelt (Abschn. 5.4). In beiden
Fällen erfolgt der Transport bei Energien nahe der Fermi-Energie der Elektroden. Für die Un-
tersuchung der Spin motion, d. i. die Kopplung von Elektronenbewegung und Elektronenspin,
bei wesentlich höheren Energien wird die spinaufgelöste Photoelektronenspektroskopie als neuer
Ansatz diskutiert (Abschn. 5.5).

5.1. Theorie des spinabhängigen Transports in planaren Tunnelkontakten

Im Drude–Sommerfeld-Modell der diffusen elektrischen Leitung in Metallen nimmt die Leitfähig-
keit die Form σ = g e2 k2

F lMFP/(3πh) an. Hier ist die mittlere freie Weglänge lMFP [Mean free
path (MFP)] mit der Relaxationszeit τ verknüpft. Die Fermi-Wellenzahl der Elektronen ist durch
kF gegeben, und der Entartungsgrad g beträgt 2 aufgrund der Spinentartung.

Um Quanteneffekte in den Transporteigenschaften zu verstehen, unterscheidet man zwischen ela-
stischen und inelastischen Streuprozessen. In den Ersteren bleibt der Betrag des Wellenvektors k,
und somit die Information über die Phase der Wellenfunktion, erhalten. Bei Letzteren wird Ener-
gie mit Quasiteilchen (z. B. Phononen, Magnonen) ausgetauscht, sodass die Phaseninformation
verlorengeht. Bei niedrigen Temperaturen gilt für die mit diesen Prozessen verbundenen Relaxa-
tionszeiten τinel � τel, während im Drude–Sommerfeld-Modell τinel < τel gilt (Abb. 5.1a und b).
Beim ballistischen Transport bleibt die Phaseninformation sogar von der Injektion des Elektrons
ins System bis zu dessen Austritt erhalten (kohärenter Transport, Abb. 5.1c).

Verbunden mit diesen drei Typen der elektrischen Leitung sind verschiedene Längenskalen: die
räumliche Ausdehnung des Systems (beschrieben durch die Länge l), die Wellenlänge λF der

Abbildung 5.1. Elektrische Leitfä-
higkeit. (a) Konventionelle Drude–
Sommerfeld-Leitung in einem Me-
tall bei mittleren Temperaturen.
Das Elektron e wird häufiger in-
elastisch (rote Punkte) als elastisch
(grüne Punkte) gestreut (τinel <
τel). (b) Bei niedrigeren Temperatu-
ren können Quanteneffekte auftre-
ten (τinel � τel). (c) Ballistischer
Transport. E bezeichnet das ange-
legte elektrische Feld.
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Abbildung 5.2. Planarer Tunnelkontakt, be-
stehend aus den Elektroden L (cyan) und R
(magenta), die durch die Barriere S (gelb)
voneinander getrennt sind. (a) Ein in L ein-
laufender Streukanal (gestrichelt) wird an
den beiden Grenzflächen gestreut und erzeugt
einen reflektierten (auslaufend in L) und
einen transmittierten (auslaufend inR) Streu-
kanal (durchgezogen). (b) Magnetische Konfi-
gurationen für den Tunnelmagnetwiderstand.
In der P-Konfiguration sind die Magnetisie-
rungen (Pfeile) in den Elektroden parallel zu-
einander ausgerichtet, in der AP-Konfiguration
antiparallel.

Elektronen auf der Fermi-Fläche, die elastische Streulänge lel und die Phasenkohärenzlänge lφ.
In den drei skizzierten Regimen besitzen diese Längen spezifische Relationen zueinander. Im
Drude–Sommerfeld-Modell zum Beispiel gilt l � lMFP � λF (diffuser Transport). Beim balli-
stischen Transport hingegen hat man lφ � l und lMFP � l, womit eine Beschreibung des elek-
trischen Transport im Rahmen der Landauer–Büttiker-Theorie möglich wird. Insbesondere findet
(elastische) Streuung an Defekten nicht statt, z. B. in defektarmen Proben geringer räumlicher
Ausdehnung.

Ein magnetischer Tunnelkontakt besteht aus zwei ferromagnetischen Elektroden L und R, die
durch eine Tunnelbarriere S voneinander getrennt sind (Abb. 5.2). Letztere besteht aus einem Iso-
lator, etwa aus einem Oxid (MgO, Al2O3) oder aus Vakuum (Rastertunnelmikroskop). Als charak-
teristische Größen des spinabhängigen Transports werden i. A. die Strom–Spannungs-Kennlinie
oder der Tunnelmagnetwiderstand [Tunnel magneto-resistance (TMR)] gemessen. Mit TMR wird
die Änderung des durch den Tunnelkontakt fließenden Stroms bei Umkehr der Magnetisierungs-
richtung in einer der Elektroden bezeichnet. Man misst oder berechnet dazu den Strom für die
parallele (P) und die antiparallele (AP) Anordnung der Magnetisierungen.

Das Jullière–Maekawa–Gafvert-Modell. Das wohl einfachste Modell für ballistischen Trans-
port wurde von Jullière vorgeschlagen [124] und kennzeichnet sich dadurch aus, dass es die
Eigenschaften der Tunnelbarriere ebensowenig berücksichtigt wie die detaillierte elektronische
Struktur der Elektroden. Der Leitwert wird durch die spinaufgelösten Anzahlen der Elektronen
der Zuleitungen oder, nach Maekawa und Gafvert [125], durch die Zustandsdichten an der Fermi-
Energie bestimmt.

Der Leitwert G ist proportional zur Zustandsdichte der Elektrode, aus der getunnelt wird (Quelle),
und proportional zu derjenigen der Elektrode, in die getunnelt wird (Senke). Für kleine Biasspan-
nungen ist die Tunnelenergie die gemeinsame Fermi-Energie EF der Elektroden. Bleibt der Spin
beim Tunneln erhalten (keine Spin–Bahn-Kopplung), ergibt sich somit für die P-Konfiguration
G(P) ∝ L↑R↑ + L↓R↓, wobei L und R die Zustandsdichten in der linken und rechten Elektrode
bezeichnen. In der AP-Konfiguration wechselt in einer Elektrode, zum Beispiel in der rechten,
die Orientierung der magnetischen Momente. Da nun die ↑-Elektronen die Minoritätselektronen
sind, während die ↓-Elektronen zur Majorität werden, ist G(AP) ∝ L↑R↓ + L↓R↑. Für Über-
gangsmetalle ist die Majoritätszustandsdichte bei EF kleiner als die Minoritätszustandsdichte,
was G(P) > G(AP) impliziert (Abb. 5.3).

Der Tunnelmagnetwiderstand δ ist in dieser Arbeit als Asymmetrie der Leitwerte definiert,1

δ =
G(P)−G(AP)
G(P) + G(AP)

, (5.1)

1Andere populäre Definitionen sind der „optimistische“ und der „pessimistische“ TMR, in denen der Nenner in Gl. (5.1)
durch G(AP) bzw. G(P) ersetzt wird. Eine Wertangabe des TMR erfordert daher immer die Angabe der verwendeten
Definition.
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Abbildung 5.3. Jullière-Modell für den
Tunnelmagnetwiderstand. (a) In der P-
Konfiguration tunneln Elektronen unter Er-
haltung des Spins von der linken Elektrode
L zur rechten R. Der Leitwert ist propor-
tional zum Produkt der spinaufgelösten Zu-
standsdichten (cyan und grün) an der Fermi-
Energie EF . Die Spinorientierung ist durch
die senkrechten Pfeile gegeben. (b) In der AP-
Konfiguration vertauschen Majoritäts- und
Minoritätsorientierung die Rollen in der rech-
ten Elektrode.

und lässt sich prägnant als δ = PLPR zusammenfassen. Hier sind PL und PR die Spinpolarisa-
tionen der Elektroden, PN = (N↑ −N↓)/(N↑ + N↓), N = L,R, wobei N die jeweilige Elektrode
bezeichnet. Das Resultat für den TMR impliziert, dass der Leitwert allein durch die Spinpolarisa-
tionen der Elektroden gegeben und unabhängig von der Tunnelbarriere ist, ein Befund der nicht
mit Experimenten in Einklang steht. Allerdings ist der TMR energieabhängig. Somit könnte die
Zero bias anomaly als Zustandsdichteeffekt erklärt werden (Abschn. 5.3).

Tunneln freier Elektronen – das Slonczewski-Modell. Der Tunnelstrom sollte im wesentlichen
durch delokalisierte Elektronen vermittelt werden, während lokalisierte Elektronen nicht wesent-
lich zum Tunnelstrom beitragen. Daher erscheint es naheliegend, ein Modell für freie Elektronen
zu entwickeln. Beschränkt man sich weiterhin auf den Fall kleiner Biasspannung, so kann die
Tunnelbarriere als rechteckige Stufe angenommen werden. Dieses Modell wurde von Slonczew-
ski vorgeschlagen [126] und wird hier für den eindimensionalen Fall vorgestellt.

Die Tunnelenergie E sei kleiner als die Barrierenhöhe W (0 < E < W ). Die elektroni-
schen Zustände werden so gewählt, dass sie die Randbedingungen eines Streuproblems er-
füllen. In der linken Elektrode besteht die ↑-Wellenfunktion demnach aus einer einlaufen-
den ebenen Welle mit Amplitude 1/

√
kL↑ und einer reflektierten Welle mit Amplitude R↑,

ΨL↑(x) = exp(ikL↑x)/
√

kL↑ + R↑ exp(−ikL↑x). Die einfallende Welle ist auf den Strom nor-
miert. In der Barriere sind exponentiell anwachsende und abklingende ebene Wellen überlagert,
ΨS↑(x) = A↑ exp(κ↑x) + B↑ exp(−κ↑x), während in der rechten Elektrode nur eine auslaufende
Welle auftritt, ΨR↑(x) = T↑ exp(ikR↑x). Ein analoger Ansatz wird für die ↓-Wellenfunktion vorge-
nommen. Die Wellenzahlen sind hier durch k↑ =

√
2E, k↓ =

√
2(E − V0) und κ =

√
2(W − E)

gegeben, wobei V0 > 0 die Austauschaufspaltung in den Elektroden repräsentiert (Abb. 5.4).
Die acht Koeffizienten (R, A, B und T , jeweils für beide Spinorientierungen) ergeben sich aus
den Stetigkeitsforderungen an die Gesamtwellenfunktion an den beiden Grenzflächen (linke
Elektrode-Stufe und Stufe-rechte Elektrode).

Der Tunnelmagnetwiderstand δ = PLPR∆ entspricht im wesentlichen dem Jullière’schen Ergeb-

Abbildung 5.4. Slonczewski-Modell für den Tun-
nelmagnetwiderstand. Ein in der linken Elektro-
de einlaufendes Elektron (1/k1/2) wird an der
Stufenbarriere reflektiert (R) und in die rech-
te Elektrode transmittiert (T ). Die konstanten
Potentiale in den Elektroden sind spinabhängig
(schwarze Pfeile in R für die P-Konfiguration,
blaue für die AP-Konfiguration).
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nis, d. i. das Produkt der Spinpolarisationen PN = (kN↑ − kN↓)/(kN↑ + kN↓), N = L,R, der
Elektroden, welches jedoch durch den Transmissionsfaktor

∆ =
κ2 − kL↑kL↓
κ2 + kL↑kL↓

κ2 − kR↑kR↓
κ2 + kR↑kR↓

(5.2)

modifiziert ist. Dieser beinhaltet die elektronische Struktur der Elektroden und der Barriere ver-
möge der Wellenzahlen. Die funktionale Form des TMR bleibt unverändert, wenn das Modell auf
drei Dimensionen erweitert wird. Nach Integration über alle planaren Wellenvektoren besitzt
der resultierende TMR-Ausdruck diese Gestalt allerdings nicht mehr. Das Slonczewski-Modell be-
schreibt Leitung als „Transmission“, wie die LB-Theorie, die im folgenden Abschnittt diskutiert
wird. Letztere ist jedoch allgemeiner und historisch früher formuliert worden.

Ballistischer Transport als Transmission – die Landauer–Büttiker-Theorie. Der Leitwert G =
I/∆V kann als globale Größe angesehen werden, da er das Verhältnis des Gesamtstroms I durch
die Probe und den Spannungsabfall ∆V zwischen Eingang der Ladungsträger in das System und
ihrem Austritt aus dem System beschreibt. Im Gegensatz dazu kann die Leitfähigkeit σ als lokale
Materialgröße betrachtet werden, da mit ihr das Konzept eines Ladungsflusses (Stromdichte),
vermittelt durch ein lokales elektrisches Feld, verbunden ist. Kurz: der Leitwert beschreibt ein
System (bestehend aus Reservoirs, Elektroden und Tunnelkontakt), die Leitfähigkeit hingegen
ein Material. Selbstverständlich bestimmen Materialeigenschaften den Leitwert mit.

Die LB-Theorie kann als „Leitung durch Transmission“ charakterisiert werden [127]. Die Trans-
missionsmoden werden durch interne Freiheitsgrade (z. B. Wellenvektor k) und externe Größen
(angelegte Spannung, Dimension der Probe) charakterisiert und als Streukanäle bezeichnet. Das
Resultat für die Leitfähigkeit G hängt von den Annahmen ab, die man über die Kopplung der
Elektroden an die Reservoire macht (Abb. 5.5). In der Landauer–Büttiker-Formulierung wird Fol-
gendes vorausgesetzt [128]. (i) Die Reservoire Lres undRres speisen nur Elektronen mit Energien
unterhalb der chemischen Potentiale µLres und µRres in die idealen Elektroden ein. (ii) Die in
Richtung der Barriere einlaufenden Streukanäle werden inkohärent emittiert, sodass Interferenz-
effekte zwischen verschiedenen Kanälen vernachlässigt werden. (iii) Von der Barriere auslaufen-
de Elektronen werden von den Reservoirs vollständig absorbiert und thermalisiert.

Ein vom linken Reservoir Lres einlaufender Streukanal iL besitzt die Wahrscheinlichkeit T++
ji

in einen auslaufenden Kanal jR der rechten Elektrode R gestreut zu werden. Die Reflexions-
wahrscheinlichkeit lautet analog R−+

ji , wobei j einen Zustand in L indiziert. Die Superskripte
bezeichnen hier die Propagationsrichtung der Elektronen nach und vor der Streuung. Entspre-
chend ergeben sich die Streuwahrscheinlichkeiten für von rechts einlaufende Kanäle. Zur Verein-

Abbildung 5.5. Schematische Darstellung
eines Tunnelkontakts. Oben: Die Streuzone
S (gelb) ist mit idealen Elektroden L (links,
grün) undR (rechts, cyan) verbunden. Die-
se werden durch die Reservoirs Lres und
Rres (Kreise) mit Elektronen versorgt. Die
Pfeile repräsentieren einen von Lres einlau-
fenden Streukanal, der einerseits an S re-
flektiert und im Lres absorbiert wird und
andererseits in einen Streukanal inR trans-
mittiert und in Rres absorbiert wird. Un-
ten: Chemische Potentiale im Tunnelkon-
takt. Lres emittiert Elektronen mit Energien
bis zur Quasi-Fermi-Energie µLres , während
Rres bis µRres emittiert. Die chemischen Po-
tentiale von L und R sind mit µL und µR
bezeichnet. Die z-Achse definiert die positi-
ve Propagationsrichtung der Elektronen.
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fachung werden die totalen Transmissions- und Reflexionswahrscheinlichkeiten R−+
j =

∑
i R−+

ji

und T++
j =

∑
i T++

ji in den auslaufenden Streukanal j in L bzw. in R eingeführt.

Wie im Vorangegangenen beschränkt man sich auf den Fall kleiner Biasspannungen (lineare Ant-
wort). Der Strom der Streukanals jL, der vom Reservoir Lres in das System injiziert wird, ist durch
evjL(∂njL/∂E)(µL − µR) gegeben. Die Zustandsdichte dieses Zustands mit positiver Gruppenge-
schwindigkeit vjL lautet ∂njL/∂E = vjL/h, wodurch der Strom im Kanal jL unabhängig von der
Geschwindigkeit ist: IjL = e(µL − µR)/h. Das linke Reservoir führt demnach allen Kanälen den
gleichen Strom zu.

Der Kanal iR auf der rechten Seite wird von allen einlaufenden Kanälen jL gespeist. Somit ist
der von ihm getragene Strom durch

∑
j T++

ij IjL gegeben. Den gesamten Strom erhält man durch
Summation über alle auslaufenden Kanäle iR,

Itot =
e

h
(µL − µR)

∑
i

T++
i =

e

h
(µL − µR)

∑
i

(1−R−+
i ), (5.3)

wobei
∑

i T++
i =

∑
i(1 − R−+

i ) durch die Stromerhaltung erzwungen wird. Dividiert man den
Gesamtstrom durch die Biasspannung V (eV = µL − µR), so erhält man den Leitwert

G =
e2

h

∑
i

T++
i =

e2

h

∑
ij

T++
ij (5.4)

als Summe über alle Transmissionswahrscheinlichkeiten. Das Quantum der Leitfähigkeit beträgt
G0 = e2/h. Dieser Herleitung liegt die Annahme zugrunde, dass in den Elektroden eindeutig
bestimmte chemische Potentiale existieren. Dazu muss der Spannungsabfall über der Barriere
auf letztere lokalisiert sein, was im Allgemeinen durch die elektronische Abschirmung in den
metallischen Elektroden gewährleistet ist.

Das Ergebnis für G mag auf den ersten Blick verwundern, da sich für ideale Transmission, d. h.
für T++

ij = 1, ein endlicher Leitwert ergibt. Der maximale Leitwert ist jedoch durch die Anzahl
der zur Verfügung stehenden Kanäle nach oben beschränkt2 und divergiert nicht, wie erwartet
werden könnte. Das „Problem“ des endlichen Leitwerts bei idealer Transmission wird durch den
Vierpunktleitwert gelöst. Dazu wird das System durch zwei Kontakte an den idealen Zuleitungen
erweitert, was µLres 6= µL und µRres 6= µR impliziert (Abb. 5.5). Daraus ergibt sich der Leitwert
zu

G =
e2

h

∑
i T++

i

1 + 1
gL

∑NL
i=1(R

−+
i /viL)− 1

gR

∑NR
i=1(T

++
i /viR)

, (5.5)

mit gN =
∑

i viN , N = L,R. Im Falle sehr kleiner Transmissionen T++
i reduziert sich der Vier-

punktleitwert zum Zweipunktresultat. Die Gruppengeschwindigkeiten sind nur bei sehr dünnen
oder leitenden Barrieren S relevant. Eine rigorose Rechtfertigung des Landauer-Resultats im Rah-
men des Lineare–Antwort-Formalismus von Kubo resultiert ebenfalls im Vierpunktleitwert.

Bisher wurde der Leitwert in der Linearen–Antwort-Theorie berechnet. Um endliche Biasspan-
nungen behandeln zu können, muss die Theorie erweitert werden. Eine naheliegende Methode
besteht darin, den Leitwert in Linearer–Antwort-Theorie für die jeweilige Tunnelenergie zu be-
rechnen und anschließend über den gesamten Energiebereich der angelegten Spannung zu inte-
grieren [„Tunnelfenster“; Publikation 12 (S. P118) und [130]].

Anwendung auf den Tunnelmagnetwiderstand planarer Kontakte. Nach der allgemeinen
Formulierung wird nun die Spezialisierung auf den ballistischen Transport durch planare magne-
tische Tunnelkontakte vorgenommen (Abb. 5.2).

2Der Leitwert der Elektroden selbst (Sharvin-Conductance [129]) ist endlich, da für diesen speziellen „Tunnelkontakt“
T++

ji = δjRiL ist. Die Transmission ist in diesem Fall identisch mit der Anzahl der Streukanäle.
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Die Streukanäle sind identisch mit den ein- und auslaufenden Eigenzuständen weit entfernt vom
Tunnelkontakt, d. h. mit den Bloch-Zuständen nL und mR der Elektroden, die neben dem Band-
index und dem Wellenvektor k‖ nach ihrer Propagationsrichtung ±z klassifiziert werden. Die
Tunnelwahrscheinlichkeiten

PnLmR(Et,k‖) = |S++
nLmR

(Et,k‖)|2 (5.6)

der Bloch-Zustände durch den Tunnelkontakt werden aus der Streumatrix S der Barriere berech-
net (S. 9ff). Die Transmission

T (Et,k‖) =
∑

nLmR

PnLmR(Et,k‖). (5.7)

erhält man dann durch Summation der Wahrscheinlichkeiten für alle in L ein- und in R auslau-
fenden Bloch-Zustände. Der Leitwert

G(Et) = G0

∫
2BZ

T (Et,k‖) dk2. (5.8)

ist durch die über die zweidimensionale Brillouin-Zone (2BZ) integrierte Transmission ge-
geben. Für nicht verschwindende Biasspannung Vb können Elektronen in besetzten Zustän-
den der einen Elektrode (Quelle) in unbesetzte der anderen Elektrode (Senke) tunneln.
Der Energiebereich, in dem Tunneln stattfinden kann („Tunnelfenster“), ist demnach durch
[min(EFL, EFR),max(EFL, EFR)] gegeben. Für den Strom folgt

I =
∫ max(EFL,EFR)

min(EFL,EFR)

G(Et) dEt, (5.9)

und der gemittelte Leitwert Gav kann durch

Gav =
1

|EFL − EFR|

∫ max(EFL,EFR)

min(EFL,EFR)

G(Et) dEt (5.10)

definiert werden. Der Tunnelmagnetwiderstand

δ =
Gav(P)−Gav(AP)
Gav(P) + Gav(AP)

, (5.11)

ist die Asymmetrie der gemittelten Leitwerte, die für die parallele (P) und die antiparallele (AP)
Konfiguration der Elektrodenmagnetisierungen berechnet wurden (Abb. 5.2b). Die hier skizzierte
Theorie lässt sich innerhalb der Layer-KKR implementieren [131]. Die im Folgenden vorgestellten
Resultate wurden mit einem vom MacLaren et al. vorgeschlagenen Verfahren berechnet, das auf
den in Abschn. 2.2 beschriebenen Algorithmen basiert.

Zuletzt ist ein Kommentar zu einem alternativen Ansatz im Rahmen der VST angebracht. Die
Äquivalenz von LB-Theorie und Linearer–Antwort-Theorie wurde von Mavropoulos und Mitarbei-
tern gezeigt [132] (siehe auch [133, 134]). Ausgehend von der Kubo–Greenwood-Formel für den
symmetrischen Anteil des Leitfähigkeitstensors σ,

σµν =
π

NΩ

∑
mn

Jµ
mnJν

nmδ(EF − Em) δ(EF − En), µ, ν = x, y, z, (5.12)

(N und Ω bezeichnen die Anzahl der Atome bzw. deren Volumen), die die Matrixelemente Jµ
mn

des Stromdichteoperators der Eigenzustände des Systems enthält (H|m〉 = Em|m〉), lässt sich der
Leitwert des Tunnelkontakts als G =

∫
∂L

∫
∂R

σzz(r, r′)dr2dr′
2 schreiben. Die Flächenintegrale

sind innerhalb der Elektroden auszuwerten, wobei zu beachten ist, dass ∂L und ∂R die idealen
Elektroden von der Wechselwirkungszone, also von der Tunnelbarriere, trennen. Die Elemente

σµν(r, r′) =
1

πNΩ
tr

[
jµImG+(EF; r, r′)jνImG+(EF; r′, r)

]
(5.13)
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des Leitfähigkeitstensors werden schließlich durch die Green-Funktion ausgedrückt, wobei die
Spur über die internen Freiheitsgrade zu nehmen ist.

Die Implementierung dieses Verfahrens ist nicht ohne Probleme. So erfordert, um nur ein Beispiel
zu geben, die Berechnung der Matrixelemente des Stromdichteoperators j eine größere Anzahl
von Drehimpulsen als für die korrekte Beschreibung der elektronischen Struktur notwendig ist.
Ferner ist die Berechnung der Flächenintegrale nicht leicht zu implementieren. Deren Umwand-
lung in Volumenintegrale über MT-Kugeln ist jedenfalls nur approximativ. Da die Bloch-Zustände
nicht explizit berechnet werden, muss die Integration in Bereichen des Konfigurationsraums erfol-
gen, in denen keine Modifikation der elektronischen Volumenstruktur durch Grenzflächenzustän-
de oder -resonanzen vorliegt, d. h. weit im Inneren der Elektroden. Ein Vorteil des Mavropoulos-
Verfahrens im Vergleich zum MacLaren-Verfahren [131] kann darin gesehen werden, dass nur in
der Drehimpulsentwicklung gearbeitet werden darf, was durch die Verwendung relativ kleiner
Matrizen numerisch effizient ist.

5.2. Hot spots und Integration mittels adaptiver Netze

Elektronische Zustände, die an den Grenzflächen eines Tunnelkontakts lokalisiert sind, tragen
nicht zur Transmission T (Et,k‖) bei, da sie energetisch in Bandlücken der Elektrodenbandstruk-
tur liegen und orthogonal zu den Bloch-Zuständen sind. Grenzflächenresonanzen hingegen kop-
peln an die Bloch-Zustände und zeigen eine signifikante Erhöhung der schichtaufgelösten spek-
tralen Dichte nahe der Grenzfläche. Sie können somit die Tunnelwahrscheinlichkeit stark erhö-
hen: in der Transmission treten extrem scharfe Maxima auf, sogenannte Hot spots (Abb. 5.6). Für
resonantes Tunneln ist ein Zustand ausreichend, der an einer der Grenzflächen des Tunnelkon-
takts lokalisiert ist; ein Paar von Resonanzen, jeweils an beiden Grenzflächen präsent, würde die
Tunnelwahrscheinlichkeit zusätzlich erhöhen. Der letzte Fall sollte für reale Tunnelkontakte, die
verschiedene Elektrodenmaterialien verwenden, untypisch sein, da die Resonanzen in verschie-
denen Punkten der 2BZ auftreten. Ferner zerstört strukturelle Unordnung an den Grenzflächen
die Hot spots, da in diesem Fall k‖ keine „gute Quantenzahl“ ist [135, 136].

Wie in Abbildung 5.6 für Vakuumtunneln mit Ni(001)-Elektroden deutlich wird, zeigt die Trans-
mission eine ausgeprägte Struktur mit scharfen Maxima. Letztere tragen signifikant zum Leitwert
bei, obwohl sie in nur kleinen Bereichen der 2BZ auftreten. Um diese Beiträge in der Integrati-
on über die 2BZ erfassen zu können [Gl. (5.8)], ist einerseits ein sehr dichtes Stützstellennetz
erforderlich. Andererseits ändert sich die Transmission in großen Bereichen der 2BZ nur gering,
sodass dort eine grobes Netz ausreichen würde. Offensichtlich sind Integrationsmethoden, die
ein festes, äquidistantes Stützstellennetz verwenden (z. B. sogenannte Special points [50]), dem
Problem nicht angemessen. Einen Ausweg bieten adaptive Netze, die die Stützstellendichte genau

Abbildung 5.6. Transmission T (EF, k‖)
[Gl. (5.7)] eines Ni(001)/Vakuum/Ni(001)-
Tunnelkontakts in AP-Konfiguration. Hot spots
sind als scharfe Maxima zu erkennen. Die
Wellenvektoren k‖ = (kx, ky) sind in Einhei-
ten von 1/Bohr angegeben. Es ist nur einen
Bruchteil der 2BZ dargestellt.
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Abbildung 5.7. Adaptive Netze für die Inte-
gration über die 2BZ. Ausgehend vom Dreieck
<123> wird entweder ein neuer Punkt im
Inneren des Simplex (4; links) oder es wer-
den neue Punkte auf den Kanten (4, 5, 6;
rechts) plaziert.

dort erhöhen, wo es aufgrund des Integranden notwendig ist. Ein zugrundeliegender Algorithmus
müsste Bereiche mit starken Änderungen des Integranden detektieren und dort neue Stützstel-
len setzen. Ist die Änderung der zu integrierenden Funktion hingegen gering, so bliebe das Netz
grobmaschig. Die Effizienz eines solchen Ansatzes in Bezug auf spinabhängiges Tunneln wurde in
der Publikation 11 (S. P112ff) untersucht und wird hier skizziert.

Dem rekursiven Algorithmus der adaptiven Verfeinerung von Netzen (Adaptive mesh refinement)
liegt der Vergleich eines Integrals, das für eine Masche eines groben Netzes berechnet wurde,
mit einem auf einem verfeinerten Netz berechneten, zugrunde. In zwei Dimensionen liegen die
Netzpunkte auf den Ecken eines Dreiecks (Simplex). In Abbildung 5.7 bilden die Punkte 1, 2
und 3 das Dreieck <123>, die Integration darüber liefert das Integral I<123>. Verfeinerte Netze
ergeben sich, in dem man entweder einen neuen Punkt ins Innere des Simplex’ legt (Punkt 4 in
Abb. 5.7, links) oder neue Punkte auf den Simplexkanten plaziert (Punkte 4, 5 und 6 in Abb. 5.7,
rechts). Damit ergeben sich im ersten Fall auf dem verfeinerten Netz drei Integale (I<124>, I<234>

und I<314>), im zweiten vier Integrale (I<146>, I<425>, I<365> und I<456>). Deren Summe liefert
eine verbesserte Approximation des wahren Integrals als I<123>. Ist nun die Differenz zwischen
der groben und der feinen Approximationen kleiner als eine vorgegebene Schranke ε, so wird die
genauere Approximation (I<124> + I<234> + I<314> bzw. I<146> + I<425> + I<365> + I<456>)
akzeptiert. Anderenfalls wird eine erneute Verfeinerung auf den Teildreiecken von <123> vor-
genommen. Insgesamt wird dergestalt eine lokale Verfeinerung des Stützstellennetzes realisiert.

Wie dieser Algorithmus zu einer lokalen Verfeinerung des Stützstellennetzes in Abhängigkeit der
Fehlerschranke ε führt, ist in Abb. 5.8 für die Transmission im Falle des Vakuumtunnels zwischen
Ni(001)-Elektroden gezeigt (vgl. Abb. 5.6). Im Falle einer großen Schranke wird das ursprünglich
ausgelegte Netz nicht verfeinert (Abb. 5.8; oben). Die Verringerung von ε (von oben nach unten
in Abb. 5.8) führt zum Hinzufügen neuer Stützstellen, jedoch nur dort, wo sich der Integrand
stark verändert (große Krümmung). Anderenfalls bleibt das Netz grobmaschig. Die Vorteile der
adaptiven Netzverfeinerung treten bei der Integration der Transmissionen planarer Tunnelkon-
takte deutlich zutage, da hier in vielen Fällen nur kleine Bereiche der Brillouin-Zone signifikant
zum Leitwert beitragen [131].

5.3. Zero bias anomaly

Planare Tunnelkontakte mit oxidischen Tunnelbarrieren zeigen ein ausgeprägtes Maximum im
TMR bei verschwindender Biasspannung, die sogenannte ZBA (ZBA) (Abb. 5.9). Für den Ursprung
der ZBA werden verschiedene Gründe diskutiert. Durch die Variation der Biasspannung verschie-
ben sich die spinaufgelösten Zustandsdichten der Elektroden gegeneinander, was im Jullière-
Modell in einer energieabhängigen Variation des TMR vermöge der Spinpolarisationen resultiert.
Dieser Zustandsdichteeffekt wäre damit unabhängig von der verwendeten Barriere, was aller-
dings experimentellen Befunden widerspricht. Andere Möglichkeiten zur Erklärung der ZBA be-
mühen die spinabhängige inelastische Streuung an Defekten, an Magnonen und an Phononen
[137, 138].

Ein Hinweis auf eine alternative Ursache ergibt sich, wenn die ZBA mit der zeitlichen Entwicklung
der Probenpräparation verfolgt wird. Genügten zunächst geringe Biasspannungen Eb, um den
TMR auf die Hälfte des Maximalwerts bei Eb = 0 zu reduzieren, so mussten mit der Verbesse-
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Abbildung 5.8. Adaptierte Netze für
die Integration der Transmission über
die 2BZ am Beispiel des Vakuum-
tunnels zwischen Ni(001)-Elektroden.
Die Komponenten kx und ky des Wel-
lenvektors sind in Einheiten von inver-
sen Bohr-Radien angegeben. Die Zah-
len rechts spezifizieren die Anzahl der
Stützstellen (Punkte). Die vorgegebe-
ne Fehlertoleranz ε sinkt in den vier
Beispielen von oben nach unten.

rung der Probenpräparation zunehmend höhere Biasspannungen an die Tunnelkontakte angelegt
werden. Da die Qualität der Probenherstellung im wesentlichen die Grenzflächen zwischen den
Elektroden und der Oxidbarriere betrifft, liegt es nahe, den Urspung der ZBA in Defekten in diesen
Grenzflächen oder im Oxid selbst zu vermuten. Um diese Annahme zu untermauern, müsste an
einer defektfreien Tunnelbarriere keine ZBA gemessen werden.

Realisiert wurde die Überprüfung der soeben beschriebenen Annahme mit Hilfe des spinauf-
lösenden Rastertunnelmikroskops (RTM) [140]. Bei diesem Messaufbau wird die Oxidbarriere
durch Vakuum ersetzt, ist also per se defektfrei, während die mit den Elektroden verbundenen
Zustandsdichte- und Streueffekte präsent bleiben. Die Resultate von Ding und Mitarbeitern für

Abbildung 5.9. Experimenteller Tunnel-
magnetwiderstand von Fe/MgO/Fe-Tunnel-
kontakten in Abhängigkeit der Biasspannung
V bei Raumtemperatur. Die Spannungen, bei
denen der TMR die Hälfte des Maximums (bei
V = 0) annimmt, betragen −390 mV und
+1250 mV. Entnommen Ref. [139].
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Abbildung 5.10. Experimenteller Tun-
nelmagnetwiderstand des Vakuumtun-
nelns von Co(0001). (a) Tunnelstrom
vs. Biasspannung für 7 Å Abstand zwi-
schen Probenoberfläche und Spitze des
RTM. (b) Wie (a), jedoch für 5 Å Ab-
stand. (c) und (d) Tunnelmagnetwider-
stände vs. Biasspannung für die Proben-
Spitzenabstände wie in (a) bzw. (b). Ex-
periment: H.-F. Ding et al. [140].

Co(0001)/Vakuum/Co(0001) zeigen in der Tat keine ZBA, sondern einen von der Biasspannung
nahezu unabhängigen TMR (Abb. 5.10).

Um diese Ergebnisse mit Transportrechnungen unterstützen oder widerlegen zu können, wur-
de ein pragmatischer Ansatz gewählt. Durch die Biasspannung befindet sich der Tunnelkontakt
im Nichtgleichgewicht und erfordert somit eine Beschreibung im Rahmen der Keldysh-Theorie.
Diese mit DFT-Rechnungen zu verbinden, ist sehr aufwendig. Allerdings sollte sich das Potential
durch die angelegte Spannung nur im Bereich der Barriere gegenüber dem Gleichgewichtsfall
(Eb = 0) ändern, da die Abschirmung in den Elektroden für ein konstantes externes Potenti-
al sorgt. Als Aufgabe bleibt daher die Bestimmung des elektrostatischen Potentials im Bereich
der Vakuumbarriere, wie sie für ein Elektronengas als Elektrodenmaterial von Lang durchgeführt
wurde [141]. Dessen Arbeit und die Erfahrungen mit Oberflächenbarrieren, die typisch in Rech-
nungen zu Elektronenspektroskopien verwendet werden (S. 8), führten zu einem heuristischen
Potentialverlauf innerhalb der Vakuumbarriere. Dieser hat folgende Forderungen zu erfüllen. (i)
Für unendlich weit voneinander entfernte Elektroden soll sich die Potentialbarriere der freiste-
henden Oberfläche mit ihrer Bildladungsasymptotik ergeben. (ii) Das elektrostatische Potential
soll einen linearen Abfall bei nicht verschwindender Biasspannung zeigen, wie in der klassischen
Elektrostatik und wie von Lang gefunden wurde. (iii) Die Parameter, die in die Beschreibung
der elektrostatischen Barriere eingehen, sollen für den Gleichgewichtsfall aus Rechnungen erster
Prinzipien bestimmt werden können. Hier bieten sich DFT-Rechnungen für das halbunendliche
System (freistehende Oberfläche) an. Das Potential der Tunnelbarriere ist dann vollständig durch
den Abstand der Elektroden voneinander und durch die Biasspannung bestimmt. Zusammenfas-
send kann man sagen, dass das Nichtgleichgewichtsproblem durch ein stationäres ersetzt wurde,
wobei letzteres heuristisch gelöst wurde. Eine selbstkonsistente Lösung des stationären Problems
im Rahmen der DFT ist möglich, wenn man annimmt, dass die Biasspannung ein konstantes ex-
ternes Potential in den Elektroden erzeugt [142].

Im Folgenden werden Resultate für Co/Vakuum/Co-Tunnelkontakte mit fester Breite der Vaku-
umbarriere (7.5 Å), jedoch variabler Biasspannung Eb präsentiert (Abb. 5.11; Publikation 12 auf
S. P118ff; vgl. auch [130]). Die Leitwerte sind symmetrisch zu Eb = 0, weil die linke mit der
rechten Elektrode identisch ist. Im Experiment dagegen (Abb. 5.10) besteht die eine Elektrode
aus der Co(0001)-Oberfläche, die andere aus der CoFeSiB-Spitze des RTM. Deswegen sind asym-
metrische Strom–Spannungs-Kennlinien und TMR-Spektren möglich. Die Leitwerte für die beiden
magnetischen Konfigurationen P und AP hängen nur gering von Eb ab. Dieses Verhalten lässt
sich anhand der k‖-aufgelösten Transmissionen verstehen. Diese sind im Wesentlichen auf ei-
nem Ring in der 2BZ von Null verschieden, wobei der Ringdurchmesser von der Tunnelenergie
abhängt. Der Leitwert für eine bestimmte Tunnelenergie Et ist nun proportional zur Fläche des
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Abbildung 5.11. Theoretischer Tunnelmagnet-
widerstand für einen planaren Co/Vakuum/Co-
Tunnelkontakt in Abhängigkeit von der Biasspan-
nung. Der Elektrodenabstand beträgt 7.5 Å. (a)
Gemittelte Leitwerte Gav für die P- und die AP-
Konfiguration. G0 bezeichnet das Quantum der
Leitfähigkeit, e2/h. (b) Tunnelmagnetwiderstände ρ,
die aus den Leitwerten in (a) bestimmt wurden.

Rings. Die Variation des Ringdurchmessers und die Breite des Energiefensters, in dem Tunneln
erlaubt ist [Gl. (5.10)], kompensieren einander und resultieren letztlich in dem gezeigten Ver-
halten der gemittelten Leitwerte Gav. Der Tunnelmagnetwiderstand ρ ist daher ebenfalls nahezu
unabhängig von der Biasspannung, seine Variation ist klein im Vergleich mit der ZBA für Oxidbar-
rieren (Abb. 5.9). In diesen reduziert sich ρ typischerweise um 80% gegenüber dem Maximalwert
für Eb = ±0.5 eV.

Der experimentelle Tunnelmagnetwiderstand zeigt für kleine Elektrodenabstände ein signifikan-
tes Minimum bei Eb = +0.2 eV (Abb. 5.10, rechts), welches in der Theorie nicht beobachtet
wird. Die Transmission im Co/Vakuum/Co-System findet vorwiegend mittels Minoritätszustän-
den statt, wie die spinaufgelöste Bandstruktur für k‖ = 0 nahelegt. Eine Reduktion des TMR wür-
de daher, gemäß des Jullière-Modells, einen Majoritätszustand erfordern. Dieser könnte durch
den Oberflächenzustand bei +0.2 eV und k‖ = 0 geliefert werden (Abb. 5.12c). An der Barriere
lokalisierte Zustände tragen jedoch in der Landauer–Büttiker-Theorie nicht zur Transmission bei,
da sie orthogonal zu den Eigenzuständen der Elektroden sind. Die Kopplung der Bloch-Zustände
der Elektroden an den Oberflächenzustand erfordert daher Prozesse, die k‖ nicht erhalten. Letz-
tere könnten durch die Spitze des RTM hervorgerufen werden, da diese die Translationsinvarianz
parallel zur Probenoberfläche bricht, im Gegensatz zum planaren Tunnelkontakt.

5.4. Einfluss der Grenzflächengeometrie

Wie stark die geometrische Struktur der Grenzflächen zwischen Elektroden und Tun-
nelbarriere die Transporteigenschaften beeinflusst, lässt sich eindrucksvoll am Beispiel
Fe(001)/MgO/Fe(001) studieren. Dieses System wurde ausgiebig theoretisch behandelt, meist
jedoch in der idealen Geometrie [143]. Letztere ist dadurch gekennzeichnet, dass die MgO-
Schichten an der Fe–MgO-Grenzfläche ihre Volumenstruktur beibehalten, eine Annahme, die
durch die gute Gitteranpassung von Fe und MgO nahegelegt wird. Tatsächlich kann sich jedoch ei-
ne partiell besetzte FeO-Schicht ausbilden (Abb. 5.13), wie Meyerheim mittels Röntgendiffraktion
gezeigt hat [144]. Desweiteren verstärkt sich die Lokalisierung der Zustände in der FeO-Schicht,
was einerseits zu einer Änderung der magnetischen Struktur hinsichtlich der idealen Struktur
führt, und daher die spinabhängige Streuung direkt betrifft, andererseits die Grenzen der Be-
schreibung des Systems im Rahmen der LSDA aufzeigt (S. 5). Beide Aspekte werden im Folgenden
diskutiert.

Um den Einfluss der geometrischen Struktur zu untersuchen, werden drei Systeme miteinander
verglichen: die ideale Struktur (links in Abb. 5.13), die FeO-Struktur (rechts) und die sog. FeE-
Struktur. Letztere unterscheidet sich von der FeO-Struktur dadurch, dass die O-Atome in der
FeO-Schicht durch leere MT-Kugeln (E) ersetzt wurden.
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Abbildung 5.12. Elektronische Struktur von Co(0001). (a) und (b) Spinaufgelöste Bandstruktur für die
Richtung Γ–∆–A der Volumen-Brillouin-Zone (links: Majorität, rechts: Minorität). Die Größe der gefüllten
Kreise ist proportional zur Spinpolarisation der zugehörigen elektronischen Zustände. (c) Spin- und lagen-
aufgelöste Spektraldichte der Co(0001)-Oberfläche (durchgezogen: Majorität; gestrichelt: Minorität). Die
Oberflächenschichten sind mit S, S-1, S-2 und S-3 gekennzeichnet, beginnend mit der äußersten Lage. Eine
Volumenschicht trägt die Bezeichnung B. Der Pfeil in der Schicht S deutet auf einen Majoritätsoberflächen-
zustand.

Die lagenaufgelösten magnetischen Momente (Magnetisierungsprofile) der idealen und der FeO-
Struktur unterscheiden sich deutlich voneinander (Abb. 5.14). Im ersten Fall sind die Grenzflä-
chenmomente, wie ebenfalls die an der reinen Fe-Oberfläche, gegenüber dem Volumenmoment
von 2.26 µB deutlich erhöht und streben monoton gegen den Volumenwert. Die FeO-Geometrie
resultiert ebenfalls in einer Erhöhung, insbesondere an der FeO-Schicht selbst aufgrund der Lo-
kalisierung elektronischer Zustände, jedoch weist das magnetische Profil Oszillationen auf. So ist
das Moment der angrenzenden Fe-Schicht gegenüber dem Volumenwert reduziert. Die FeE-Profil
ist dem der FeO-Struktur sehr ähnlich. In allen drei Strukturen sind die im MgO induzierten
Momente klein.

Die magnetischen Profilen lassen vermuten, dass die Transporteigenschaften ebenfalls stark dif-
ferieren. Zur Überprüfung werden die Transmissionen T (EF,k‖) für Tunnelkontakte mit 6 MgO-
Schichten herangezogen (Abb. 5.15). In P-Konfiguration zeigen die Transmission der idealen und
der FeE-Struktur ein breites Maximum im Zentrum der 2BZ. Dieses ist in der FeO-Struktur voll-

Abbildung 5.13. Geometrische
Struktur von Fe–MgO-Grenz-
flächen. In der idealen Struktur
(links) sitzen O-Atome (blaue
Kugeln) der ersten MgO-
Schicht direkt oberhalb der
Fe-Atome (rot) der letzten
Fe-Schicht, während Mg-Atome
(grün) oberhalb der Fe-Atome
der zweitletzten Schicht liegen.
Die Struktur der Grenzfläche
mit FeO-Schicht (rechts) ist
ähnlich der idealen, jedoch
sind O-Atome innerhalb der
letzten Fe-Schicht plaziert. Zur
Verdeutlichung der bcc-Struktur
des Eisens sind einige Gitter-
plätze miteinander verbunden.
(grau).
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Abbildung 5.14. Magnetisierungsprofile von Fe/MgO/Fe-Tunnelkontakten mit 4 MgO-Schichten als Barriere
in P-Konfiguration: für die ideale Struktur (a), die FeE-Struktur (b) und die FeO-Struktur (c). Die lagen-
und atomaufgelösten magnetischen Momente ∆Mmt sind als Abweichungen vom jeweiligen Volumenwert
dargestellt. Anstelle des Schichtindex ist die atomare Konstitution der Lagen angegeben („Fe“, „FeE“, etc.).

ständig unterdrückt; stattdessen tritt ein Ring scharfer Maxima auf. Letzterer lässt den Schluss
zu, dass die Streuung an den Grenzflächen in der FeO-Struktur wesentlich stärker als in den erst-
genannten Geometrien ist. Der Einfluss der Magnetisierungsprofile auf die Transmission erscheint
demnach von geringer Bedeutung zu sein, denn die FeE- und FeO-Profile sind ähnlich, ihre Trans-
missionen hingegen nicht. Die Transmissionen in der AP-Konfiguration unterstützen die für die
P-Konfiguration gewonnenen Resultate (rechte Spalte in Abb. 5.15).

Die in den Transmissionen gefundenen Merkmale äußern sich in den Leitwerten G(EF), deren
Abhängigkeit von der Anzahl der MgO-Schichten in Abb. 5.16 gezeigt ist. Zunächst nehmen alle
Leitwerte mit wachsender MgO-Dicke exponentiell ab (Abb. 5.16 unten), was durch die funda-
mentale Bandlücke von MgO erklärt wird [135, 145]: die Streukanäle koppeln an die exponen-
tiell abklingenden Zustände in der komplexen MgO-Bandstruktur, in Analogie zum Slonczewski-
Modell (S. 49). Zwischen den Leitwerten der verschiedenen Grenzflächengeometrien bestehen
allerdings deutliche Unterschiede. So sind diejenigen der FeO-Struktur beträchtlich geringer als
die der anderen Geometrien, was auf die stärkere Streuung an der FeO-Schicht zurückgeführt

Abbildung 5.15. Transmission T (EF, k‖)
von Fe/MgO/Fe-Tunnelkontakten mit 6 MgO-
Schichten in P- (linke Spalte) und AP-
Konfiguration (rechte Spalte). Gezeigt ist
T (EF, k‖) in der 2BZ für die ideale Struk-
tur (obere Reihe, „Ideal“), die FeE-Struktur
(Mitte, „FeE“) und die FeO-Struktur (unten,
„FeO“). Die Graustufenskala ist nicht einheit-
lich, sodass Absolutwerte nicht miteinander
verglichen werden können (schwarz gerin-
ge, weiß hohe Transmission; kx und ky in
1/Bohr).
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Abbildung 5.16. Leitwerte (unten) und TMR
(oben) von Fe/MgO/Fe-Tunnelkontakten vs.
Anzahl von MgO-Schichten für die ideale
(schwarze Kreise), die FeE- (rote Quadra-
te) und die FeO-Geometrie (blaue Dreiecke).
Die Leitwerte sind für die P- (durchgezo-
gen) und die AP-Konfiguration (gestrichelt) ge-
zeigt. Es wurden 40 000 k‖-Punkte in der 2BZ-
Integration verwendet.

werden kann (vgl. die Ringstruktur der Transmissionen in Abb. 5.15e und f). Auch dass G(P) der
idealen und der FeE-Geometrie einen fast identischen Verlauf zeigen, folgt aus den Transmissio-
nen (Abb. 5.15a und c).

Typisch für die ideale Geometrie ist, dass der TMR mit zunehmender MgO-Dicke ansteigt
(Abb. 5.16 oben; [131]). Im Gegensatz zum monotonen Verhalten ist der TMR der FeE-Struktur
deutlich geringer und nahezu konstant, während derjenige der FeO-Geometrie beträchtliche Os-
zillationen und sogar einen Vorzeichenwechsel zeigt [146].

Zusammenfassend lässt sich feststellen, dass die Grenzflächeneigenschaften den spinabhängi-
gen ballistischen Transport in Tunnelkontakten erheblich beinflussen können. Diese Beobachtung
wird durch Experimente an Fe/MgO/Fe-Tunnelkontakten, die arm an Störstellen an den Grenz-
flächen sind, unterstützt [139].

Die bisher vorgestellten Resultate wurden im Rahmen der LSDA gewonnen. Die Formierung einer
Oxidschicht an der Fe/MgO-Grenzfläche legt nahe, dass Elektronen in der FeO-Schicht lokalisiert
werden. Deren Beschreibung mittels LSDA erscheint daher fragwürdig, wie Ab–initio-Rechnungen
für Oxide (z. B. NiO, MgO, ZnO) schließen lassen. Es ist somit wünschenswert, über die LSDA

hinauszugehen. Hier bietet sich, neben der GW -Näherung, die SIC an, die im Folgenden kurz
dargestellt wird.

Die Self-interaction correction (SIC) ist eine Korrektur, die ein wesentliches Defizit der LDA beheben
soll. Dieses wirkt sich insbesondere bei lokalisierten Zuständen aus, weniger bei räumlich ausge-
dehnten Bloch-Zuständen. Für die wahre Grundzustandsdichte n(r) heben sich das Austausch-
Korrelationsfunktional Exc und die Elektron–Elektron-Wechselwirkung U auf, 0 = U [n] + Exc[m].
Für das im Rahmen der LDA genäherte Austausch-Korrelationspotential und dessen Grundzu-
standsdichte gilt diese Aufhebung nicht mehr: die LSDA enthält die Wechselwirkung des Elektrons
mit sich selbst. Ein Zustand α besitzt daher die Selbstwechselwirkung δα = U [nα] + ELSDA

xc [mα].
Das SIC-Funktional ESIC = T [m] + U [nα] + Vext[n] + ELSDA

xc [m] −
∑

α δα entspricht dem LSDA-
Funktional, von dem die Selbstwechselwirkungen δα subtrahiert wurden. Dieses führt zum zu-
standsabhängigen Potential

V SIC
α (r) = −2

∫
nα(r′)
|r − r′|

dr′
3 − V LSDA

xc (mα(r)). (5.14)

Für delokalisierte Zustände verschwindet dieses Potential und man erhält das LSDA-Resultat. Lo-
kalisierte Zustände hingegen werden noch stärker lokalisiert. Die Zustandsabhängigkeit des Po-
tentials lässt einem die Freiheit, die SIC nur für bestimmte Zustände zu berücksichtigen. Dem
Gedanken der DFT folgend, wird die Gesamtenergie durch die Grundzustandskonfiguration, d. i.
die Auswahl an Zuständen α, auf die die SIC angewendet wird, minimiert.
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Abbildung 5.17. Magnetisierungsprofile von Fe/MgO/Fe-Tunnelkontakten mit FeO-Grenzschichten und 4
MgO-Schichten in P-Konfiguration: (a) für die LSDA, (b) für die SIC. Analog zu Abb. 5.14.

Um den Einfluss der SIC zu demonstrieren, sind in Abb. 5.17 die Magnetisierungsprofile von
Tunnelkontakten mit FeO-Schicht verglichen, die im Rahmen der LSDA und der SIC berechnet
wurden. Während die magnetischen Momente an den O-, Mg- und E-Gitterplätzen kaum von der
verwendeten Näherung abhängen, sind die Fe-Momente der SIC im Vergleich zum LSDA-Fall in der
FeO-Schicht drastisch erhöht. Betrachtet man die zunehmende Lokalisierung der Fe-d-Zustände
als Übergang vom Festkörper (magnetisches Moment 2.26 µBohr) zum Atom (4 µBohr), so wird das
SIC-Resultat plausibel.

5.5. Spin motion

Werden spinpolarisierte Elektronen durch eine ferromagnetische Schicht F transmittiert, so zeigt
die transmittierte Spinpolarisation P tr Spin motion, wenn die Spinpolarisation P in der einfal-
lenden Elektronen schräg zur Magnetisierung M des Ferromagneten liegt. Unter Spin motion
versteht man dabei die Präzession von P tr um M und deren Relaxation gegen M (Abb. 5.18).

Die Präzession entsteht durch elastische Prozesse innerhalb der magnetischen Schicht F . Für freie
Elektronen ist in F die Wellenzahl k⊥ durch die Austauschaufspaltung spinabhängig, sodass sich
für die Wellenfunktion der Ansatz

Ψ ∝ exp(ik‖ · ρ)
[
α↑ exp(ik↑⊥z)χ↑ + α↓ exp(ik↓⊥z)χ↓

]
, ρ = (x, y), (5.15)

ergibt (mit Pauli-Spinoren χ↑ und χ↓). Die Spinquantisierungsachse fällt mit der Magnetisie-
rungsrichtung zusammen. Die Präzession von P tr entsteht durch die Phasendifferenz der Parti-
alwellen der Majoritäts- und Minoritätselektronen am Ort (ρ, z). Die Wellenlänge der Präzession
ist 2π/(k↑⊥ − k↓⊥) und beträgt in Fe für typische VLEED-Energien ca. 200 ML. Durch die Reflexion
der Partialwellen an den beiden Grenzflächen von F wird die Präzession moduliert, wobei die
Wellenlänge 2π/(k↑⊥ + k↓⊥) dieses Quantisierungseffekts im Bereich weniger ML liegt.

Die Relaxation entsteht durch spinabhängige inelastische Prozesse, die sich in der unterschiedli-
chen mittleren freien Weglänge (λ↑ und λ↓) für Majoritäts- und Minoritätselektronen äußert. Da
λ↑ größer als λ↓ ist, steigt der relative Anteil der Majoritätselektronen mit wachsendem z, und
P tr wird entlang der Magnetisierung M ausgerichtet. Für VLEED-Energien liegen die mittleren
freien Weglängen in der Größenordnung weniger Atomlagen [123].

Zur Erklärung der Spin motion ist zu bemerken, dass die Spinpolarisation P immer durch Pauli-
Spinoren beschrieben werden kann, die für die Magnetisierungsrichtung quantisiert sind [103].
Liegt P schräg zur Quantisierungsachse, erzeugt die Hemmung eines Spinkanals eine Rotation
von P , während im Falle einer entlang M ausgerichteten Spinpolarisation Relaxation auftritt
(Spinfilter).

Experimente zur Spin motion messen die Spinpolarisation P tr der durch F transmittierten Elek-
tronen in Abhängigkeit der Dicke der ferromagnetischen Schicht. Eine Standardmethode verwen-
det freitragende dünne Filme, die typischer Weise mit Gold bedeckt sind [147, 148]. Als Quelle
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Abbildung 5.18. Spin motion von Photoelektronen des Systems Fe/Pd(001). Links: Spinpolarisation der
Photoelektronen bei Anregung mit zirkular polarisertem (Quadrate) und p-polarisiertem (Dreiecke) Licht in
Abhängigkeit von der Fe-Filmdicke (0 bis 6 ML). Die kinetische Energie der Photoelektronen beträgt 17.5 eV.
Mitte: schematische Darstellung des Messaufbaus. Rechts: Präzession und Relaxation. Die Spinpolarisati-
on der Elektronen (schwarze Pfeile) präzessiert um und relaxiert gegen die Magnetisierungsrichtung des
Ferromagneten (blauer Pfeil in Bewegungsrichtung der Elektronen).

für die spinpolariserten Elektronen dient dabei GaAs, das mit zirkular polarisiertem Licht be-
leuchtet wird („optische Orientierung“ in der Photoemission). Für gedehntes GaAs ergeben sich
Polarisationsgrade für P in von ca. 70%. Die transmittierte Spinpolarisation kann mittels eines
Mott- oder eines SPLEED-Detektors bestimmt werden. Der Vorteil dieses Verfahrens liegt darin,
dass die Spin motion für Energien nahe des Fermi-Niveaus untersucht werden kann, also gerade
für Magnetoelektronik-Anwendungen relevante Energien. Aufgrund der großen mittleren freien
Weglängen lassen sich auch dicke Filme untersuchen. Von Nachteil könnte die relativ schwierige
Präparation der Proben sein, die Streuung an den Deckschichten sollte hingegen von geringer
Bedeutung sein. Der Nachteil freitragender Schichten ließe sich durch Integration der Elektro-
nenquelle in die Probe wett machen. Diese Idee wurde schon von Berger aufgenommen [149],
der für planare Tunnelkontakte ferromagnetische Schichten zur Erzeugung und zur Detektion der
spinpolarisierten Elektronen vorschlug [150, 151].

Ein neuer Ansatz verlegt die Quelle der spinpolarisierten Elektronen ebenfalls in die Probe, die
nun aus einem dünnen magnetischen Film auf einem Substrat besteht. Als Quelle dient hierbei die
Anregung mittel Photoemission aus Rumpfniveaus des Substrats, wodurch nebenbei sichergestellt
wird, dass die einfallenden Elektronen nicht aus dem Film selbst stammen. Die einfallende Spin-
polarisation P in entsteht durch die Spin–Bahn-Kopplung in den Rumpfniveaus (Abschn. 4.3).
Durch weiche Röntgenstrahlung lassen sich die probeninternen Photoelektronen auf Energien
oberhalb des Vakuumniveaus anregen und nach der Transmission durch den magnetischen Film
spinaufgelöst detektieren. Die Spin motion wird, wie gewöhnlich, als Dickenabhängigkeit von
P tr analysiert. Vorteile dieses Verfahrens liegen darin, dass die Präparation freitragender Filme
unnötig wird und dass die einfallende Spinpolarisation leicht durch Veränderung von Einfalls-
richtung und Polarisation der Röntgenstrahlung eingestellt werden kann. Durch geeignete Wahl
der Rumpfniveaus lassen sich Polarisationsgrade erhalten, die vergleichbar mit denen von GaAs-
Quellen sind. Die geringen freien Weglängen implizieren, dass nur Proben untersucht werden
können, die wenige Atomlagen dick sind. Ferner ist die Mindestenergie der Transmission durch
das Vakuumniveau bestimmt.

Zur Demonstration dieses Ansatzes, der der experimentellen Bestätigung harrt, wurde das System
Fe/Pd(001) ausgewählt, weil aufgrund der starken Spin–Bahn-Kopplung im Pd-Substrat und der
großen Austauschaufspaltung im Fe-Film eine beträchtliche Spin motion erwartet werden darf
(Abb. 5.18). Als Anfangszustand dienen die Pd-3d3/2-Rumpfniveaus, deren Photoemission gut
im Einteilchenbild beschrieben werden kann. Im Folgenden bezeichnen die z-Achse die Oberflä-
chennormale und die x-Achse die Richtung der Magnetisierung. Für zirkular polarisiertes Licht,
welches normal auf die Probe einfällt, erzeugt „optische Orientierung“ Elektronen im Pd-Substrat,
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Abbildung 5.19. Spin motion von Photoelektronen des Systems Fe/Pd(001) für Anregung mit p-
polarisiertem Licht in Abhängigkeit von der kinetischen Energie der Photoelektronen. (a)–(c) Spinpolari-
sation für Fe-Filmdicken von 1, 3 und 5 ML. (d) Unbesetzte komplexe Bandstruktur von fcc-Fe. Die im Text
diskutierte Bandlücke ist grau unterlegt, Pfeile weisen auf markante Extrema in der Spinpolarisation hin.

deren Spinpolarisation entlang der Oberflächennormale ausgerichtet ist. Für schräg auf die Probe
einfallendes p-polarisertes Licht erhält man ähnlich große Effekte (Abb. 5.18, links), jedoch ist
die Spinpolarisation im Substrat entlang der y-Achse ausgerichtet.

Analytische Rechnungen für fast freie Elektronen in einem magnetischen Quantentrog, in die
die Parameter für die Pd- und die Fe-Bandstruktur eingehen, geben eine Wellenlänge für die
Präzession von ca. 200 ML. Somit ist eine volle Rotation um die Magnetisierung mit diesem Photo-
emissionsansatz nicht zugänglich, da die mittlere freie Weglänge der Photoelektronen nur wenige
Monolagen beträgt. Die Wellenlänge der Modulation aufgrund der Grenzflächenreflexionen be-
trägt 4 bis 5 ML, die deshalb in der Spin motion deutlich zu beobachten ist (Abb. 5.18 links).

Signifikante Effekte in der Spin motion sollten sich für Bandlücken in der Fe-Bandstruktur ma-
nifestieren. Variiert man die Photonenenergie bei festgehaltener Anfangsenergie (CIS-Modus), so
durchfährt die kinetische Energie der Photoelektronen eine spinaufgespaltene Bandlücke und
somit energetische Bereiche, in denen die Transmission einer Spinorientierung gegenüber der
anderen bevorzugt ist. Dieser Effekt ist in Abb. 5.19 demonstriert: mit wachsender Dicke des Fe-
Films zeigt P tr zunehmende Variation im grau unterlegten Energiebereich. Gerade dort weist die
unbesetzte Fe-Bandstruktur eine Bandlücke auf, die jedoch in der komplexen Bandstruktur für
einen nicht verschwindenden Imaginärteil des optischen Potentials nur schwer auszumachen ist.

Modellrechnungen für fast freie Elektronen bestätigen die hier gezeigten Ab–initio-Photo-
emissionsresultate. Um die Spin motion klar hervorzuheben, wurde der Imaginärteil des opti-
schen Potentials Null gesetzt. Die starke Variation von P tr entsteht durch die spinabhängige
Transmission im Bereich der Bandlücke. Liegt die Energie, bei der die Photoelektronen durch
den Fe-Film transmittiert werden, unterhalb der Bandlücke (Bereich I in Abb. 5.20), so werden
beide Spinkanäle transmittiert. Im Bereich II werden ↑-Elektronen aufgrund des anwachsenden
Imaginärteils des Wellenvektors im Film zunehmend geringer transmittiert [Evanescent states,
Im(k⊥↑) 6= 0], während die ↓-Elektronen weiterhin ungedämpft durch den Film propagieren
[Im(k⊥↓) 6= 0]. Im Bereich III werden dann auch diese Elektronen gedämpft. Für größere Ener-
gien kehrt sich diese spinabhängige Hemmung um: in Bereich IV dürfen die ↑-Elektronen wieder
frei propagieren, in Bereich V dann beide Spinorientierungen.

Dieser auf der spin- und winkelaufgelösten Photoelektronenspektroskopie basierende Ansatz zur
Untersuchung der Spin motion erlaubt es, die unbesetzte elektronische Struktur dünner magneti-
scher Filme im Detail zu untersuchen. Eventuell lassen sich sogar Aussagen über die magnetische
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Abbildung 5.20. Einfluss von Bandlücken in
der austausch-aufgespaltenen Bandstruktur
auf die Spin motion von durch einen magne-
tischen Film transmittierten Elektronen. (a)
Nach Komponenten aufgelöste Spinpolarisa-
tion P tr in Abhängigkeit von der kinetischen
Energie Ekin der transmittierten Elektronen.
(b), (c) Komplexe Bandstruktur kz(Ekin) des
Films, aufgelöst nach Spinkomponenten ent-
lang der Magnetisierung (up, dn; M ‖ x)
und des Substrats (einfallend, in). Die auf
den Film einfallenden und entlang z propa-
gierenden Elektronen sind entlang y spin-
polarisiert (P in

y = 50%). Die rechts spezi-
fizierten Energiebereiche I–V sind im Text
diskutiert.

Struktur treffen, die sogar nichtkollinear sein darf. Hier sollten Experiment und Theorie Hand
in Hand arbeiten, da die Interpretation der gemessenen Spektren ohne begleitende theoretische
Unterstützung schwierig sein kann.

Resümee

In diesem Kapitel wurde gezeigt, wie eine Ab–initio-Theorie einzelne Aspekte des spinabhängi-
gen ballistischen Transports durch planare Tunnelkontakte beleuchten kann. Neben technischen
Problemen wie der Integration über die zweidimensionale Brillouin-Zone und ihren Lösungen
dienen als Beispiele an den Grenzflächen lokalisierte elektronische Zustände, die den Leitwert
beträchtlich erhöhen können. Rechnungen für das Vakuumtunneln in Co(0001) legen nahe, dass
der Ursprung der Zero bias anomaly, die in Proben mit Oxidbarrieren beobachtet wird, in Defek-
ten an Grenzflächen oder im Oxid zu sehen ist. Dass die Grenzflächen signifikanten Einfluss auf
die Transporteigenschaften haben, wurde am Beispiel von Fe/MgO/Fe-Tunnelkontakten belegt.
Die Ausbildung einer FeO-Schicht an den Fe–MgO-Grenzflächen verändert neben der elektroni-
schen und magnetischen Struktur die Streuung and der Grenzfläche und damit letztendlich den
Leitwert. Abschließend wurde ein auf der spin- und winkelaufgelösten Photoelektronenspektro-
skopie basierender Zugang zur Spin motion in der Transmission durch dünne magnetische Filme
vorgeschlagen und anhand von Ab–initio- und Modellrechnungen diskutiert.



6. Zusammenfassung und Ausblick

Die vorliegende Arbeit gibt einen Überblick der Theorie von Elektronenspektroskopien von Fest-
körpern aus ersten Prinzipien. Als Basis dient die relativistische Vielfachstreutheorie für spinpola-
risierte Systeme (Kap. 2), sodass Effekte, die auf der Spin–Bahn-Kopplung und auf dem Magne-
tismus der Proben beruhen, gleichermaßen beschrieben werden können. Deren Manifestationen
werden anhand ausgewählter Beispiele erläutert: einerseits für den Grundzustand, andererseits
in der Photoelektronenspektroskopie und im spinabhängigen ballistischen Transport.

Im elektronischen Grundzustand manifestiert sich die Spin–Bahn-Kopplung (SBK) in der ener-
getischen Aufspaltung der Zustände, in deren Spinpolarisation und in der magnetokristallinen
Anisotropie (Kap. 3). Die Photoemission liefert einen vergleichsweise direkten Zugang zu den
elektronischen Eigenschaften der Festkörper (Kap. 4). Hier führt die SBK zur Spinpolarisation
der Photoelektronen in der Emission von nichtmagnetischen Oberflächen und zum damit eng
verwandten Magnetischen Dichroismus. Die Quantisierung elektronischer Zustände in dünnen
Filmen resultiert in einer charakteristischen Modulation der Spektren. Die Temperaturabhängig-
keit der magnetischen Eigenschaften lässt sich erfolgreich als Unordnungsphänomen im Rahmen
der Coherent potential approximation (CPA) beschreiben. Und die Elektronenkorrelation kann mit
Hilfe der Zweielektronenphotoemission direkt untersucht werden. Der spinabhängige Transport
liefert detaillierte Informationen über die geometrische, elektronische und magnetische Struktur
von Tunnelkontakten, insbesondere von denen der Grenzflächen im System (Kap. 5).

Die ausgewählten Beispiele machen deutlich, wie die Ab–initio-Theorie nicht nur Grundzustands-
eigenschaften von Systemen erfolgreich beschreiben kann, sondern mittels Berechnung von Mess-
größen zu weiteren Erkenntnissen führt. Der letzte Aspekt erfordert ein enges Zusammenwirken
mit dem Experiment.

Abschließend werden einige weiterführende Projekte genannt, die auf den Resultaten der vor-
liegen Arbeit beruhen. Das Zusammenspiel der räumlichen Lokalisierung von Oberflächenzustän-
den und der SBK lässt sich z. B. auf vizinalen Au(111)-Oberflächen untersuchen (Abschn. 3.2). Die
Ab–initio-Beschreibung der Photoemission sollte Vielteilcheneffekte besser berücksichtigen, was
im Rahmen der GW -Näherung für die Selbstenergie geschehen könnte. Obwohl Experimente
der Photoemission korrelierter Elektronenpaare gut mit der lokalen Näherung für die Elektron–
Elektron-Wechselwirkung beschrieben werden (Abschn. 4.7), erscheint es ratsam, die nichtlokale
Wechselwirkung explizit zu behandeln. Beim spinabhängigen Transport sollte die geometrische
Unordnung in den Proben berücksichtigt werden, vorzugsweise im Rahmen der CPA. Eine andere
Fragestellung betrifft die Ab–initio-Beschreibung des Transport im Nichtgleichgewicht, d. h. bei ei-
ner endlichen angelegten Spannung. Aktuelle Probleme des Transports durch Nanokontakte und
im Rastertunnelmikroskop betreffen die Elektronenkorrelation und den Einfluss der Geometrie.
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Abkürzungen

2BZ zweidimensionale Brillouin-Zone
2DEG zweidimensionales Elektronengas
ATA Averaged t-matrix approximation
bcc Body-centered cubic
BZ Brillouin-Zone
CDAD Circular dichroism in angular distribution
CFS Constant final-state
CIS Constant initial-state
CPA Coherent potential approximation
DFT Dichtefunktionaltheorie
DLM Disordered local moment
DPE Double photoemission
EFG elektrischer Feldgradient
fcc Face-centered cubic
fct Face-centered tetragonal
GF Green-Funktion
GGA Generalized gradient approximation
hcp Hexagonally closed packed
JJJ Jones–Jennings–Jepsen
KKR Korringa–Kohn–Rostoker
LB Landauer-Büttiker
LDA Local density approximation
LEED Low-energy electron diffraction
LKKR Layer-KKR
LSDA Local spin-density approximation
MAE magnetokristalline Anisotropieenergie
MCA Magneto-crystalline anisotropy
MCD Magnetic ciruclar dichroism
MD Magnetischer Dichroismus
MFP Mean free path
ML Monolage
MLD Magnetic linear dichroism
MT Muffin tin
LMM lokales magnetisches Moment
VST Vielfachstreutheorie
QWS Quantum–well state
RTM Rastertunnelmikroskop
SPLEED Spin-polarized low-energy electron diffraction
SBK Spin–Bahn-Kopplung
SIC Self-interaction correction
SPE Single photoemission
SPO Streupfadoperator
SRT Spin-reorientation transition
TB Tight-binding
TMR Tunnel magneto-resistance
VCA Virtual crystal approximation
VLEED Very low-energy electron diffraction
VUV Vacuum ultraviolet
ZBA Zero bias anomaly
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P. Publikationen

P.1. Übersicht der beigefügten Publikationen

Die beigefügten Publikationen dokumentieren die Arbeiten, die in der vorliegenden Schrift dis-
kutiert wurden. Sie werden gemäß deren thematischer Gliederung präsentiert.

Da die vorliegende Arbeit recht unterschiedliche Themen behandelt, erscheint es m. E. nütz-
lich, die Beifügungen zu klassifizieren: nach Systemen, Geometrien, Spektroskopien und dem
Ursprung der in ihnen behandelten Effekte (Tab. P.1).

Tabelle P.1. Klassifizierung der beigefügten Publikationen. Die Abkürzungen bedeuten nichtmagnetisch
(nm), magnetisch (m), Oberfläche (of), Adsorbat (a), ultradünner Film (uf), Tunnelkontakt (tk), Photoe-
mission (spe), Zweielektronenphotoemission (dpe), Transport (t), Spin–Bahn-Kopplung (sbk), Spinpolarisa-
tion (sp), Magnetischer Dichroismus (md), Quantum–size-Effekt (qse), Spin motion (sm), Magnetwiderstand
(mr) und Magnetische Anisotropie (ma).

Publ. Systeme Geometrie Spektroskopie Effekte
Nr. nm m of a uf tk spe dpe t sbk sp md qse sm mr ma
1 x x x x
2 x x x x x
3 x x x x
4 x x x x x x x
5 x x x x x
6 x x x x x
7 x x x x x
8 x x x x x x
9 x x x x

10 x x x
11 x x x x
12 x x x x
13 x x x x x

P.2. Spin–Bahn-Kopplung und elektronische Struktur

1 (S. P2ff) W. Widdra, P. Trischberger, J. Henk.
Band formation and quadrupole interaction of one-dimensional adsorbate chains: Xenon ad-
sorbed on hydrogen-modified Pt(110).
Physical Review B 60 (1999) R5161.

2 (S. P6ff) J. Henk, M. Hoesch, J. Osterwalder, A. Ernst, P. Bruno.
Spin polarization in the L-gap surface states on Au(111): Spin-resolved photoemission experi-
ments and first-principles calculations.
Journal of Physics: Condensed Matter 16 (2004) 7581.

3 (S. P23ff) J. Henk, A. M. N. Niklasson, B. Johansson.
Magnetism and anisotropy of ultra-thin Ni films on Cu(001).
Physical Review B 59 (1999) 9332.
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Publikation 1

Band formation and quadrupole interaction of one-dimensional adsorbate structures:
Xenon chains on hydrogen-modified Pt„110…

W. Widdra* and P. Trischberger†

Physik-Department E20, Technische Universita¨t München, D-85747 Garching, Germany

J. Henk
Kondenserade Materiens Teori, Fysiska Institutionen, University Uppsala, S-751 21 Uppsala, Sweden

~Received 16 June 1999!

Using angle-resolved photoemission, we investigated the electronic valence-band structure of one-
dimensional~1D! Xe chains adsorbed on a hydrogen-modified Pt(110)-(132) surface. By varying the Xe
coverage, the Xe-Xe next-neighbor distance within the chains can be modified, which results in similar band
structures but with different widths of up to 800 meV. For these 1D systems, the Xe-5p3/2 states show a
reversed energetic ordering with respect to two-dimensional Xe adlayers. Numerical band-structure calcula-
tions and analytical considerations show that the Pt substrate affects the Xe valence bands negligibly. The
energetic ordering of the Xe states can be explained in terms of the electric quadrupole interaction along the
chains.@S0163-1829~99!51832-8#

The influence of dimensionality on various physical prop-
erties of solids has attracted attention experimentally as well
as theoretically. It is well established that at surfaces, as one
example for a two-dimensional~2D! system, the behavior of
a physical quantity, e.g., the electronic structure, may differ
from that in the three-dimensional~3D! bulk. Further geo-
metrical structuring can lead to one-dimensional~1D! struc-
tures~e.g., ‘‘quantum wires’’!. Often these structures exhibit
different orientations or size distributions or even exist only
locally, thus requiring a local spectroscopy, e.g., scanning
tunneling microscopy, and simultaneously complicating an
analysis with nonlocal~integral! but momentum-resolving
techniques, e.g., with photoelectron spectroscopy. This might
explain why there are only a few reports on electronic prop-
erties of low-dimensional structures on surfaces; e.g., on
metal-oxygen rows on O-(231) reconstructed~110! sur-
faces of Cu, Ag, and Ni;1–3 on surface states of a system
ordered in one dimension only,4 and on 1D delocalized
Bloch waves within adsorbate layers on Si(100)-(231).5

Rare-gas atoms adsorbed on surfaces form zero-
dimensional~well-separated adatoms!, 1D ~chains!, 2D ~ad-
layers!, and three-dimensional~thin films! systems. Because
the interaction of the rare gas with the substrate is small, the
electronic structures of the various systems reflect the dimen-
sion of the system. This allows a comparison of equivalent
systems~built by identical constituents but with different di-
mensionality!, which is not the case for the systems men-
tioned above. In this paper, we report an experimental and
theoretical study of electronic band-structure formation of
1D adsorbate chains with a tunable lattice constant. Xe ad-
sorbed on a hydrogen-modified Pt(110)-(132) surface
forms well-defined 1D structures~chains! with a coverage-
dependent next-neighbor distance. This makes a variation of
the valence-band width possible, which was mapped in the
whole Brillouin zone using photoelectron spectroscopy. The
reduced dimensionality leads to an important difference with
respect to the 2D and 3D cases: the energetic ordering of the
spin orbit-split valence states is partially reversed. We will

show that this can be understood as a consequence of the
changed electric-field gradient and a rotation of the spin-
orbit quantization axis. The discussion of the electronic prop-
erties of 1D and zero-dimensional structures given below can
contribute to the understanding of such weakly interacting
systems.

As shown recently, rare-gas adsorption on the bare
Pt(110)-(132) surface takes place in the troughs between,
as well as on top of, the densely packed Pt rows, thus leading
to two different adsorbate species. For Xe, both species are
present for coverages down to 0.05 monolayers~ML ! ~with
ratio 2:1)6. The lateral interaction stabilizes the weaker
bonded species and a quasi-1D electronic behavior at low
coverages is found.7 But both analysis and interpretation of
the photoemission results are complicated due to the occur-
rence of the two Xe species, despite their slightly different
binding energies. In this work, we used hydrogen coadsorp-
tion to selectively destabilize one Xe species. In theb2 phase
~hydrogen coverage of 1/3 ML), hydrogen is most likely
located below the close-packed Pt rows.8 Xe adsorbed on
this hydrogen-modified surface shows also two species~de-
sorption energies of 310 meV and 190 meV!, but by thermal
desorption, one species can be removed selectively~for de-
tails of preparation and experimental setup see Ref. 6!. The
remaining species form well-defined chains in the troughs of
the (132) surface. In the following, we report on the elec-
tronic structure of these Xe chains.

In Fig. 1, typical angle-resolved photoemission spectra for
detection with surface-parallel wave vector, parallel
(kW ii@110#) and perpendicular (kW ii@001#) to the Xe chains,
are shown for a Xe coverage ofQXe50.45 ML. In the@001#
direction @Fig. 1~b!#, three dispersionless maxima that are
related to the Xe valence bands show up. In the@110# di-
rection @Fig. 1~a!#, however, all three bands exhibit strong
dispersion. Spectra taken at various photon energies show
that the Xe-related maxima disperse with the parallel com-
ponent of the wave vector. Both findings prove the 1D char-
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acter of the electronic structure, which is expected due to the
separation of the troughs—and therefore of the Xe
chains—by 7.84 Å.

In Fig. 2, the photoemission results are condensed into a
band structure. The Xe valence bands show binding energies

of 4.1 eV, 4.8 eV, and 5.8 eV atḠ, i.e., the 5p3/2 states are
split in energy. A similar splitting has been observed for 2D
Xe layers9 that was initially attributed to crystal fields10 and
final-state screening dependent on the individual 5p
states,11,12 until finally it was attributed to lateral
interactions.9,13–16In order to further analyze the splitting for
the 1D Xe chains, we performed photoemission experiments
using light with an electric-field vector along@110# and pho-
toelectron detection withkW ii@001#. Spectra showed emission
strong at 4.1 eV, weaker at 5.8 eV, but negligible at 4.8 eV
binding energy~note that only thep orbital aligned along the
chains can be excited in this geometry!. The periodicity
along@110# of the three bands with widths of 800 meV, 240
meV, and 220 meV corresponds to a Xe distance of 4.5 Å,
which agrees nicely with that more accurately determined by
low-energy electron diffraction@LEED: (4.3760.03) Å#.6

In order to illuminate the origin of the above band struc-
ture, we performed fully relativistic Korringa-Kohn-
Rostoker~KKR! calculations for freestanding Xe chains us-
ing the Xe-Xe distance determined by LEED. The results are
displayed in Fig. 2 and show good agreement with the ex-
perimentally determined band structure. Obviously, the
valence-band structure is dominantly determined by the
Xe-Xe interactions along the chains. The substrate acts only
as a template.

We further applied the empirical tight-binding method in
order to study the influence of symmetry breaking. As basis
functions we used Cartesianp orbitals pi , i 5x,y,z, which
are related to the spin-orbit wave functionsu j ,mj& by

u3/2,63/2&5~6px1 ipy!x6/A2, ~1a!

u3/2,61/2&5@~6px1 ipy!x712pzx
6#/A6, ~1b!

u1/2,61/2&5@~6px1 ipy!x77pzx
6#/A3, ~1c!

wherex6 denotes the spin state~Pauli spinor!. Note that the
z axis has to be chosen along the chain axis~see below!.
Consequently, thes-type overlap betweenpz orbitals along
the chains is by far larger than thep-type overlap between
px,y orbitals. In this way, the experimental Xe bands can be
described as well as with the KKR method. The tight-
binding parameters were fitted to the experimental data and
are close to those found for 2D Xe layers.13 Using slightly
different Coulomb integrals for laterally and perpendicularly
oriented 5p orbitals, the effect of the substrate can be mod-
eled. As a major consequence, crossings in the band structure
are avoided.

The wave functions@Eq. ~1!# allow us to explain the ex-

perimental findings forḠ. The band at 4.8 eV can be as-
signed to theu3/2,63/2& state because it has nopz part and
thus no emission for ‘‘s-polarized’’ light. The energetic
ordering—u3/2,61/2&, u3/2,63/2&, and u1/2,61/2&—is
straightforward. Additionally, the dispersions of the indi-
vidual bands can also be explained by their orbital composi-
tion. Thepz part of theu j ,61/2& states leads via the domi-
nant s-type overlap to dispersion with an antibonding

situation atḠ. At X̄, the Bloch phase changes sign at each Xe
site which results in a bonding situation. Theu3/2,61/2&
band shows stronger dispersion than theu1/2,61/2& band due

FIG. 1. Angle-resolved UV photoelectron spectra for 1D Xe
chains adsorbed on a hydrogen-modified Pt(110)-(132) surface.
The spectra are shown with increasing photoelectron momentumki
~increasing polar emission angle! from top to bottom along the
@110# and the@001# direction in panels~a! and ~b!, respectively.
Synchrotron light with a photon energy of 30 eV was used with a
45° angle of incidence.

FIG. 2. Experimental band structure for Xe adsorbed on a
hydrogen-modified Pt(110)-(132) surface along~a! and perpen-
dicular ~b! to the Xe chains. Symbols correspond to data sets with
different photon energies~26 eV and 30 eV! and different directions
of light incidence~normal incidence and 45° off-normal!. The the-
oretical band structure is represented by solid lines.
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to the largerpz part. Theu3/2,63/2& states have nopz ad-
mixture and show therefore only the weakp-type overlap
that leads to the observed bonding and antibonding situations

at Ḡ and X̄, respectively.
The observed energetic sequence of the 5p3/2 states is

reversed with respect to that of hexagonally close-packed Xe
layers. We regard this as a consequence of the reduced di-
mensionality, which can be related to the electric-field gra-
dient ~EFG! Vxy5d2V/dxdy due to the charge distribution
of neighboring atoms.15,16Note that in any spherical environ-
ment the choice of thez axis is arbitrary and all 5p3/2 states
are degenerate. However, with a quadrupolar splitting of the
5p3/2 state into theu3/2,63/2& and theu3/2,61/2& states the
z axis is dictated by the quadrupole interaction. The 5p3/2
states are eigenstates of the Hamiltonian only if thez axis is
chosen along the greatest principle axis of the EFG tensor
~called Vzz) and if the asymmetryh5(Vxx2Vyy)/Vzz
vanishes.17,18In this case, which applies here and also for 2D

layers at Ḡ, the 5p3/2 levels split into u3/2,63/2& and
u3/2,61/2& levels with a quadrupole splitting of 6hnq.18 The
quadrupole energy ishnq5eQVzz/2 with Q being the quad-
rupole moment of the 5p3/2 charge distribution. The EFGVzz

can be calculated from the charge distributionr(rW) at a Xe
site18 via

Vzz5
1

4pe0
E 3 cos2 q21

r 3
r~rW !d3r . ~2!

For 2D Xe layers, the EFG is aligned along the surface nor-
mal while the charge distribution due to the next-neighbor
Xe atoms is located mainly in the adlayer plane. Thus, the
main contribution to the EFG comes fromq590°, which
leads to a negativeVzz. For the freestanding Xe chain, how-
ever, the principal axis of the EFG tensor is oriented along
the chain. Consequently, thez axis has to be chosen along
the adsorbate chains. Since the charge is located near thez
axis (q50°), theVzz is positive. Due to the different signs
of Vzz, the ordering of theu3/2,63/2& andu3/2,61/2& states
is reversedfor 2D and 1D laterally interacting systems.

In the experimental situation, with the Xe chains adsorbed
on Pt~110!, the Xe charge density may be altered upon inter-
action with the metal surface, and the rotational symmetry of
a freestanding chain would be broken, at least in principle.
Therefore, the EFG asymmetryh is nonzero and an
h-proportional term is added to the Hamiltonian, which
causes mixing between states withDmj562. It is most sig-
nificant at suchkW i where band crossings occur@for example,
ki50.35/Å in Fig. 2~a!#. At these, it produces a gap of
2A3hnqh between bands derived from theu3/2,63/2& and
u3/2,71/2& states. In other words, all crossings in Fig. 2
would be lifted.

The experimental data cannot rule out the existence of
such a small gap. But they give an upper limit of 100 meV,
which corresponds to an upper limit for the EFG asymmetry,
uhu,0.2. The absence of a considerable gap indicates that
the rotational symmetry is not significantly disturbed by the
substrate and corroborates that the dominant quadrupolar
component of the electric field of adsorbed Xe is due to the
interaction with neighboring Xe atoms. These findings ques-

tion the significant chemical contribution of the 5p orbitals
to the bonding on metal surfaces that has—by definition—to
alter the valence-charge distribution.

Annealing of the saturated Xe chains to 110 K reduces the
Xe coverage toQXe50.23 ML. The Xe-Xe distance is in-
creased to (4.5260.05) Å, as determined by LEED. The
band structure is similar to that shown in Fig. 2, but shows
reduced bandwidths of 150 meV, 150 meV, and 600 meV for
the u1/2,61/2&, u3/2,63/2&, and u3/2,61/2& bands, respec-

tively. At Ḡ, themj splitting of the 5p3/2 states is decreased
from 650 meV to 470 meV.

As a third system, we briefly mention Xe adsorption at
step edges of a vicinal Pt~997! surface.6,19 Step decoration
leads to a Xe-Xe distance of 5.54 Å~by LEED!. Here, we
found a u3/2,61/2& bandwidth less than 80 meV, which
clearly indicates zero-dimensional behavior. The quadrupole
splitting—and therefore the EFG—vanishes for this system,
which again questions chemical contributions of the 5p or-
bitals to Xe adsorption and points towards a 6s-to-metal
chemical interaction at most.

In Fig. 3, theu3/2,61/2& bandwidths are compiled for all
three systems. Tight-binding theory evidences that the band-
width scales approximately with the wave-function
overlap.20 The right axis shows the 5p overlaps perpendicu-
lar and along the chains. The latter is the relevant one for the
u3/2,61/2& band because of the dominance of thepz contri-
bution. Fitting an exponential function to the experimental
bandwidths yields a decay constant of 0.47 Å~dashed line in
Fig. 3! that corresponds reasonably well to that from the
simple tight-binding theory.

In conclusion, we presented photoemission data and band-
structure calculations for 1D adsorbate chains with tunable
lattice constant: Xe adsorption on a hydrogen-modified
Pt(110)-(132) exhibits a valence-band dispersion of up to
800 meV along the adsorbate rows but is negligible perpen-
dicular. The observed band structure and band splitting can
be well explained by electric quadrupole interaction along
the Xe chains. Due to its reduced dimensionality compared
to corresponding 2D adsorbate systems, we find a partially

FIG. 3. Dependence of the experimentally obtainedu3/2,61/2&
bandwidth on the Xe-Xe next-neighbor separation. The dashed line
is an exponential with decay constant of 0.47 Å. The solid lines
~right scale! show the calculated distance dependence of thes- and
p-type overlaps along and perpendicular to the chains based on the
tight-binding wave functions.
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reversed energetic ordering of the valence states that is re-
lated to a rotation of the spin-orbit quantization axis. Increas-
ing Xe-Xe distances reduces the valence-band widths and
finally leads to electronically localized states as for Xe/
Pt~997!.
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Abstract
The spin–orbit-split L-gap surface states on Au(111) are investigated by
means of spin- and angle-resolved photoelectron spectroscopy and relativistic
first-principles calculations, the latter including both electronic structure and
photoemission. The dispersion, momentum distribution and spin polarization
of the surface states are consistent with those of a two-dimensional electron
gas with Rashba–Bychkov spin–orbit coupling (SOC). The surface symmetry
manifests itself in the spin-integrated photoemission intensities, thereby
providing details of the orbital composition of the surface states. For the spin
polarization, modulations which show up in theory are below the experimental
detection limit of 5%. The dependence of both dispersion and spin polarization
on the SOC strength are addressed theoretically. The combination of experiment
and theory establishes a consistent picture of the L-gap surface states.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Spin–orbit-split electronic states are commonly realized by a two-dimensional electron gas
(2DEG) in a semiconductor heterojunction. The structural asymmetry at the interface between
the two semiconductors gives rise to the Rashba–Bychkov interaction [1, 2] which leads to both
splitting and spin polarization of these free-electron-like states. Detailed investigations of the
electronic structure were performed mainly by means of de Haas–van Alphen oscillations
and by optical methods which are—compared to spin- and angle-resolved photoelectron
spectroscopy—rather indirect spectroscopies.

0953-8984/04/437581+17$30.00 © 2004 IOP Publishing Ltd Printed in the UK 7581
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Recently, it turned out that the Shockley surface states on the (111) surfaces of noble
metals are paradigmatic realizations of spin–orbit-split electronic states, too [3, 4]. Located
at a metal surface, these can be easily accessed by angle-resolved photoelectron spectroscopy,
providing information on the dispersion and on the strength of the spin–orbit interaction [5, 6].
In particular for Au(111), spin–orbit coupling is strong enough for detecting the splitting even
in spin-integrated photoelectron spectroscopy. The spin polarization of the L-gap surface
states was first predicted by theory [6, 7] and later investigated experimentally [8, 9]. These
studies focused mainly on the basic properties, such as the experimental demonstration of spin-
polarized emission and the observation of the spin structure in reciprocal space. The purpose of
the present paper is to explore details of the surface states by means of a joint experimental and
theoretical investigation. We combine spin- and angle-resolved photoemission experiments,
relativistic first-principles calculations and—based on the latter—photoemission calculations
that form a direct link between the experimental spectra and the ab initio results.

The L-gap surface states can be simply described as free electrons, providing a connection
to a two-dimensional electron gas. Looking more closely, however, deviations from the
behaviour of an isotropic 2DEG show up [10],which are related to the symmetry of the Au(111)
surface. The threefold rotational symmetry manifests itself in an azimuthal modulation of the
spin polarization and of the photoemission intensity. A second effect is brought about by the
corrugation of the surface potential which results in a small but non-zero spin-polarization
component normal to the surface. The question arises of whether these effects which showed
up in recent theoretical calculations [11] appear also in the present experiment, in particular
in spin-resolved Fermi surface mapping [12].

Spin-integrated photoemission spectra in off-normal emission show a distinct intensity
relation upon reversal of the detection azimuth. This ‘linear dichroism’ can be explained
analytically on the basis of the orbital composition of the surface states which results from the
surface symmetry and from spin–orbit coupling, supported by first-principles calculations.

To reach a conclusion from the experimental spin polarization of the photoelectron on
that of the L-gap surface states could—in principle—be difficult because the photoemission
process itself produces spin-polarized electrons even from non-spin-polarized initial states,
an effect of the spin–orbit interaction [13]. Therefore, one needs to link the photoemission
experiments (i.e., the excited states) with ab initio calculations for the initial states. This
connection is provided by photoemission calculations within the relativistic one-step model.
The theoretical spectra depend sensitively on some of the free parameters which could be fixed
by comparison of a few theoretical spectra with their experimental counterparts. The overall
agreement of experimental and theoretical spectra establishes thus a consistent picture of the
anatomy of the L-gap surface states.

The paper is organized as follows. Spin–orbit coupling at a metal surface is sketched
in section 2, with mathematical details being provided in the appendix. Experimental and
theoretical aspects are discussed in sections 3 and 4. Section 5 comprises the discussion
of selected results. First, it focuses on spin-integrated data, namely on the dispersion and
momentum distribution (section 5.1) and on ‘linear dichroism’ (section 5.2). The spin
polarization is addressed for normal emission (section 5.3) and for angular scans in constant-
initial-energy mode (section 5.4). Finally, the effect of spin–orbit coupling on the surface
states is discussed theoretically (section 5.5).

2. Spin–orbit coupling at a metal surface

Spin–orbit coupling (SOC) at a metal surface with free-electron-like surface states shows a
close analogy to that in a two-dimensional electron gas, as was established recently for the
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(111) surfaces of noble metals [7, 14]. The main ideas and results will be briefly repeated in
the following.

Spin–orbit coupling is strong where the crystal potential changes rapidly. This is in
particular the case for heavy atoms—such as Au—close to the atomic nucleus. A second
contribution is attributed to the presence of the surface. The latter breaks the symmetry of
the bulk system, for example the inversion symmetry or the mirror symmetry with respect to
the surface-parallel layers. Hence, the surface potential barrier can be regarded as a structural
asymmetry which results in additional SOC, in analogy to the Rashba–Bychkov effect in
2DEGs [2] and the Dresselhaus effect in bulk systems without inversion symmetry [15]. To
be more specific: a 2DEG is confined to the interface between two different semiconductors
(say, GaAs and GaAlAs). A free-electron-like surface state at the (111) surface of a noble
metal is asymmetrically confined to the surface region: towards the interior of the solid by the
bulk band gap, towards the vacuum by the surface barrier. The strength of the ‘atomic’ SOC
exceeds that of the surface contribution, as was argued by Mugarza et al [16].

The free-electron nature of the surface states lends support to a description in terms of plane
waves (see the appendix), with the advantage that the atomic contribution to the SOC need
not be considered explicitly. In a 2DEG with Rashba–Bychkov SOC, Kramers’ degeneracy is
lifted and the eigenstates are split in energy,

E±(k‖) = 1
2k2

‖ ± γ |k‖|, (1)

with k‖ = (kx , ky). The momentum distribution consists of two concentric circles separated
by ≈2γ . The quantity γ reflects the strength of the structural asymmetry which for Au(111)
is 3–5 times larger than in typical semiconductor 2DEGs [14]. Its sign determines which state
is the ‘inner’ one (‘+’ for γ > 0, ‘−’ for γ < 0) and which is the ‘outer’ one (‘−’ for γ > 0,
‘+’ for γ < 0).

Associated with the above splitting is a complete spin polarization P± of the electronic
states which is within the xy-plane and perpendicular to the in-plane wavevector k‖ =
|k‖|(cosϕe, sin ϕe),

Px
±(k‖) = α± sin ϕe, P y

±(k‖) = −α± cosϕe, Pz
±(k‖) = 0, (2)

with α± = ∓1 (compare (A.7)). For the discussion, it is advantageous to decompose P± into
radial and tangential components,

P rad
± = Px

± cosϕe + P y
± sin ϕe, P tan

± = Px
± sin ϕe − P y

± cosϕe. (3)

The spin polarization of the + (−) surface state rotates anticlockwise (clockwise) about the
z-axis, that is, P rad± = 0 and P tan± = ∓1. By measuring P tan± for the two surface states, the
inner surface state can be associated either with the + or with the − state and analogously for
the outer surface state. By this means, one can reach a conclusion as regards the sign of γ
which is a priori not known.

For Au(111), the x- and y-axes of the coordinate system were chosen along the
crystallographic [110] and [112] directions, respectively, with the z-axis pointing along the
surface normal (towards the vacuum). Hence, the yz-plane is a mirror plane of the crystal
(figure 1). In reciprocal space, the kx-axis is along the K–�–K direction of the two-dimensional
Brillouin zone (2BZ), whereas the ky-axis is along M–�–M.

The Au(111) surface shows a threefold rotational symmetry which allows in principle for
a non-zero Pz

± as well as for a deviation from the circular momentum distribution. It turned
out that the latter is negligible, suggesting expanding P± in terms of ϕe. The leading terms of
Px± and P y

± remain as in (2), but Pz± turns into

Pz
±(k‖) = β± cos 3ϕe. (4)
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a1
a2

x

y

[121]

[110]

Figure 1. The atomic arrangement of the Au(111) surface, represented by the three outermost
layers (large dots: first layer; medium-sized: second layer; small: third layer). The basis vectors
a1 and a2 span the hexagonal layer lattice. The [121] (�–M in reciprocal space) and [110] (�–K)
crystallographic directions are indicated.

The presence of a non-zero Pz± requires non-vanishing in-plane components of the potential
gradient (compare (A.1)). Thus, Pz

± is brought about by the surface corrugation, i.e., the in-
plane asymmetry of the surface potential and, hence, is expected to be small (|β±| � 1). A
non-zero Pz

± is accompanied by a non-complete in-plane spin polarization (|α±| < 1).
The mirror yz-plane of the system forces the spin polarization P± of the L-gap surface

states along x for ϕe = 90◦ ((2) and (4)). Note that the system remains non-magnetic since
time-reversal symmetry dictates P±(k‖) = −P±(−k‖).

3. Experimental aspects

Spin-integrated and spin-resolved photoelectron spectroscopy measurements were performed
using the photoemission instrument COPHEE [12] at the surface and interface spectroscopy
beamline (SIS) at the Swiss synchrotron light source. COPHEE, the COmplete PHotoEmission
Experiment is equipped with a three-dimensional polarimeter. The sample is mounted on a
two-axis goniometer, in order to allow performance of angle-scanned experiments. For all
results presented in this paper, the light source was set to a photon energy of hν = 21.1 eV
with linear p polarization. The angle between the photon incidence and the emission directions
was kept fixed at α = 45◦ (figure 2).

The sample was cleaned by many repeated cycles of Ar-ion bombardment and annealing.
During the experiments it was cooled to approximately 150 K. The sample quality remained
unchanged over at least half a day, as judged from the photoemission linewidth of the surface
states at normal emission. An account of the experimental spectra is given in [8] and the
measured spin structure is discussed in [9].

To be more specific, the schematic set-up of the experiment is shown in figure 2. The
sample can be rotated about the polar rotation axis in the surface plane and the azimuthal axis
normal to the surface. Two Mott detectors (MDs) are mounted in such a way that both of them
can measure the longitudinal polarization component Pz

MD along the photoemission direction.
The other sensitive axes Px

MD and P y
MD of each MD are inclined at ±45◦ with respect to the

polar rotation axis. To measure the surface-state electrons, the sample was rotated by small
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Figure 2. The set-up of the photoemission experiment. The sample (grey) can be rotated about
two axes. The surface normal n lies within the scattering plane, the latter spanned by the light
incidence direction and the detection direction (indicated in addition by k‖). The local coordinate
system of the Mott detector (MD (red)) comprises the z-axis along the detection direction and the
x- and y-axes which are at 45◦ with respect to the polar rotation axis.

polar angles of up to θ = 7◦ and, thus, Pz
MD corresponds well to the out-of-plane polarization

component (along the surface normal), while P tan and P rad are measured as 45◦ projections
onto the Px

MD- and P y
MD-axes. All spin-resolved data were acquired using just one of the Mott

detectors and the direction of the spin-polarization vector was cross-checked for a sufficiently
large number of scans with the other detector. The 45◦ projection was taken into account for
the analysis of the in-plane polarization component (P tan = √

2 P y
MD).

Conventional spin-integrated photoemission spectra and Fermi surface maps were taken
using the channeltron detector mounted in a standard geometry in the hemispherical electron
analyser. The resolution of the spectrometer was better than 20 meV in energy and 0.5◦ FWHM
in angle for these data sets. Spin-resolved data were acquired both as energy distribution and
as angular distribution scans, the latter translating into curves for k‖ momentum distribution.
In both cases, the energy and angular resolutions of the spectrometer were relaxed to 120 meV
and 1.8◦ FWHM, respectively.

The measurement of spin-resolved spectra from a non-magnetic sample imposes two
specific requirements on the data analysis.

(i) The lack of a macroscopically defined magnetization direction—as is present in a magnetic
sample—implies that a natural and unique spin-quantization axis for all measurement
geometries is missing. Instead, the spin-quantization axis depends on the azimuth of
electron motion, as given by k‖ (section 2). In the rotating-sample geometry of the COPHEE
experiment, the tangential (P tan) and the normal (Pz ) spin-polarization components are
naturally projected onto the sensitive axes of the MDs.

(ii) In a conventional experiment on a magnetic sample, a systematic offset of the spin-
resolved intensities—due to the residual intrinsic detection asymmetry of the MDs—can be
cancelled out by reversing the magnetization direction. This procedure, however, cannot
be carried out in the case of a non-magnetic sample because there is no net magnetization to
reverse. It is thus necessary to deduce the instrumental detection asymmetry from the data
themselves, relying on very fundamental assumptions (e.g., time-reversal symmetry). For
Au(111), an angular scan across the normal-emission direction which covers both positive
and negative polar angles ϑe is equivalent to reversing the spin of the initial states (if the
theoretical model in section 2 is correct). To get rid of the asymmetry, the sensitivity of
one of the detector channels in each detector pair in the polarimeter is adjusted until a
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well-balanced result was obtained for a complete data set, including angular scans across
the surface normal [8]. This procedure is a posteriori corroborated by comparison with
the theoretical photoemission intensities.

The error margin of the spin-polarization measurements is dominated by the statistical error
of counting the electrons in the detectors. An additional systematic uncertainty is imposed
by the procedure for removing the instrumental detector asymmetry. The total detection
limit for the spin polarization at intensity maxima is approximately 	P = ±5% (degree of
polarization).

The in-plane wavevector k‖ is determined by the kinetic energy Ekin of the photoelectrons
and the detection angles ϑe and ϕe, the latter taken with respect to the z-axis (surface normal)
and the x-axis (figure 1),

k‖ =
√

2Ekin

(
cosϕe

sin ϕe

)
sin ϑe. (5)

4. Theoretical aspects

4.1. Ab initio calculations

The electronic structure of Au(111) was computed within the local spin-density approximation
(LSDA) to density-functional theory (DFT), using the Perdew–Wang exchange–correlation
potential [17]. The electronic structure of the 1 × 1 surface was calculated self-consistently
by the Korringa–Kohn–Rostoker (KKR) method, with the muffin-tin potentials of the six
outermost surface layers and of the three adjacent vacuum layers (with so-called empty muffin-
tin spheres) allowed to differ from the bulk potential. A comparison of the potential of the
sixth surface layer with that of the bulk showed no significant difference, implying that the
surface region is sufficiently large for a correct description of the surface states.

The potential in the vacuum region required particular attention. Using the fcc parent
lattice of the bulk also in the vacuum layers resulted in too low a binding energy of the L-gap
surface states, indicating too steep a surface barrier. While there is no reason which forces one
to use the parent lattice in vacuum (because of the missing ionic core potentials), the interlayer
distance for the vacuum layers in the self-consistent calculations was deliberately increased.
An increase by 4% with respect to the bulk interlayer distance resulted in good agreement with
the experimentally obtained surface-state binding energies (0.51 eV compared to 0.49 eV [6]
at �). This relaxation is further corroborated by the work function, which is too high for the
fcc case (5.97 eV) but agrees nicely for the relaxed case (5.23 eV) with experimental data
(5.31 eV [18]).

The Au(111) surface shows a 22 × √
3 reconstruction (the so-called herringbone

reconstruction [19, 20]), which mainly leads to surface umklapp processes and, hence, affects
slightly the photoemission intensities [21]. Since Fourier transform scanning tunnelling
spectroscopy showed no effect of the reconstruction and reveals the L-gap surface states of the
1 × 1 unit cell, the latter was exclusively considered in theory.

The effect of SOC on the electronic structure was addressed by interpolating between
the relativistic (Dirac equation) and the scalar-relativistic case [22, 23]. This allowed us to
manipulate SOC while keeping the other relativistic effects, a method which is superior to the
usual scaling of the speed of light c. Even a ‘super-relativistic’ case could be investigated, by
artificially enhancing the SOC (section 5.5).

The electron density at the surface is significantly changed with respect to that in the bulk.
In particular, its gradient can be become considerable. Therefore, the LSDA might be not
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sufficient and gradient corrections—such as the generalized gradient approximation (GGA)—
might be in order. However, it turned out that the GGA is not without problems [24]. Although
the GGA gives in general good total energies, it leads to an unphysical charge accumulation
close to a classical turning point of the potential. The surface barrier imposes such a classical
turning point and, thus, a LSDA exchange–correlation potential [17] was used in the present
investigation.

4.2. Photoemission calculations

Besides the electronic structure, spin- and angle-resolved photoemission intensities were
calculated within the relativistic one-step model, formulated in a layer KKR manner [25, 26].
The possibility of directly comparing experimental and theoretical results is of particular
importance for systems with strong SOC. Since SOC can lead to spin-polarized photocurrents
even from non-spin-polarized initial states [13], one should be aware that the spin polarization
of photoelectrons excited from a spin-polarized L-gap surface state could differ from that of
the respective initial state. In this context, it appears worth noting that the photoemission
calculations rely on the same ab initio potentials as the electronic structure calculations for the
ground-state properties (section 4.1) and take into account SOC via the Dirac equation.

The ab initio calculations provide the ground-state properties of the system, whereas
photoemission deals with an excited system. The associated many-body effects could be
accounted for by the self-energy
. The latter can in principle be obtained from first principles,
e.g., within the GW approximation [27], but these computations are very demanding—
especially for surfaces—and are beyond the scope of the present paper. Instead, one typically
approximates 
 by an energy-dependent but homogeneous optical potential Vopt(E) which
is added to the energy E . The real part of Vopt shifts the energies of the electronic states;
its imaginary part accounts for the finite lifetimes of the quasi-particles, i.e., for both the
photohole (E < EF) and the photoelectron (E > EF). In contrast to the case in a previous
publication [14], the actual values of Vopt could now be determined by comparing theoretical
with experimental spectra. Here, the focus lay in particular on the intensity relations of the
‘inner’ and the ‘outer’ surface state for opposite detection azimuths ϕe. This allowed a unique
determination of Vopt for the photoelectrons. It turned out that just in the experimental kinetic
energy range (around 16 eV for 21.1 eV photon energy), several comparably flat bands exist
in the unoccupied band structure, beside a free-electron-like band. These are shifted in energy
by Re(Vopt) and affect the final state of photoemission (i.e., the time-reversed LEED state),
therefore explaining the strong dependence of the theoretical intensities on the optical potential.
For 21.1 eV photon energy, Vopt = (0 − 0.06i) eV and Vopt = (−1.5 − 2.4i) eV were taken
for the initial states (photoholes) and for the final states (photoelectrons), respectively.

Other free parameters in the photoemission calculations were fixed by convergence tests
(see [26] for details on layer KKR and photoemission approaches). For example, 30 atomic
layers contributed to the photocurrent, the maximum angular momentum in the expansion of
the scattering solutions was lmax = 4 and the number of plane waves in the interlayer scattering
was about 60.

The electric field A of the incident light was treated within the framework of Fresnel’s
theory. Thus, taking A constant inside the solid, in particular at the surface, gradient corrections
to the photoemission matrix elements are neglected [25]. To support this procedure we note
that Fresnel’s theory proved to be successful in describing experimental photoemission from
Fe(110) [28]. Second, going beyond Fresnel’s theory did not significantly improve theoretical
spectra for metal surfaces [29].
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4.3. Definitions of spin polarization

In the discussion of various aspects of spin polarization, attention has to be directed briefly to
its definition [30, 31]. The spin polarization PN of the initial states is defined in terms of the
spin-resolved spectral density N(E,k‖), namely

PN (E,k‖) = N↑(E,k‖)− N↓(E,k‖)
N↑(E,k‖) + N↓(E,k‖)

, (6)

where the spin orientations ↑ and ↓ refer to a chosen spin-quantization axis (compare section 2).
This is an intrinsic spin polarization which is independent of any measurement and can be
calculated from first principles. The spin polarization PI of the photoelectrons, however, relies
on the particular set-up which is used in the experiment (e.g.,detection direction, light incidence
direction and polarization, photon energy). It is defined by the spin-resolved photocurrent
I (Ekin,k‖) obtained for this specific set-up,

PI (Ekin,k‖) = I↑(Ekin,k‖)− I↓(Ekin,k‖)
I↑(Ekin,k‖) + I↓(Ekin,k‖)

. (7)

It is prima vista not obvious how closely PN and PI are connected. Their relation is provided
by photoemission theory, in particular by numerical photoemission calculations. Sometimes
we do not explicitly distinguish between PN and PI because it should be clear from the context
what definition is meant.

5. Discussion and results

In the following, our experimental and theoretical results are presented. After the discussion of
the dispersion of the L-gap surface states (section 5.1), their intensity variation with polar angle
of detection is addressed (section 5.2). Subsequently, the focus lies on the spin polarization,
in particular for normal emission (section 5.3) and for off-normal emission (section 5.4). The
effects of SOC strength and of the surface potential corrugation are addressed theoretically in
section 5.5.

5.1. Dispersion and momentum distribution

A first check of whether the free-electron model and the first-principles calculations describe
the experiment appropriately is provided by the comparison of the dispersion relations E±(k)
and of the momentum distributions. Inspection of figure 3 shows that the L-gap surface states
do indeed behave almost like free electrons with Rashba–Bychkov spin–orbit interaction. In
both the experimental dispersion and the momentum distribution (figures 3(c) and (d)) obtained
from the spin-integrated measurements, the splitting in energy and in k‖ is clearly seen.

Parabolic fits to the peak positions in the experimental energy distribution curves and in
the theoretical spectral densities gave binding energies of 0.47 eV (experiment) and 0.51 eV
(theory) at k‖ = 0. An effective mass of m� = 0.25 me in experiment indicates that the
dispersion is too strong in theory, the latter showing m� = 0.20 me. This is also evident from
the Fermi wavenumbers kF which read 0.160 and 0.186 Å−1 in experiment (figures 3(c) and
(d)) and 0.149 and 0.172 Å−1 in theory (figures 3(a) and (b)).

The SOC strength γ shows up as a splitting 	k‖ (compare (1)). The experimental
	k‖ of 0.026 Å−1 agrees well with 0.023 Å−1 from theory. The former corresponds to
γ = 396 meV Å, which is about 3–5 times larger than for 2DEGs in semiconductor
heterojunctions [14].



P14 P. Publikationen

Spin–orbit coupling in the L-gap surface states of Au(111) 7589

0.5

0.4

0.3

0.2

0.1

0.0

bi
nd

in
g 

en
er

gy
 (

eV
)

-0.2 -0.1 0.0 0.1 0.2
parallel momentum (Å-1)

∆ k||

0.2

0.1

0.0

pa
ra

lle
l m

om
en

tu
m

 (
Å

-1
)

0.20.10.0-0.1-0.2
parallel momentum kx (Å-1)

pa
ra

lle
l m

om
en

tu
m

 k
y 

(Å
-1

)
0.

2
0.

1
0.

0
-0

.1
  

-0
.2

-0.2

0.4

0.3

0.2

0.1

0.0

-0.1

0.5

bi
nd

in
g 

en
er

gy
 (

eV
)

(d)

(c)

(a)

(b)Theory Experiment
hν =21.1 eV
p-pol.

Figure 3. Spin–orbit splitting of the L-gap surfaces states on Au(111). (a) The dispersion along kx

of the inner (black (blue) circles) and the outer (grey (red) circles) surface state, as obtained from the
first-principles calculations. The region of bulk bands is shaded in grey (green). (b) The theoretical
momentum distribution of the surface states at the Fermi energy EF. (c) The experimental Fermi
surface map, as obtained from the spin-integrated photoemission intensities. (d) The experimental
dispersion map in an arbitrary azimuth. The peak positions as determined from peak fitting to the
energy distribution curves are indicated by circles (red and blue) and parabolic fits to these positions
are shown by solid lines (green). In both experimental panels, the measured intensity is shown on
a linear scale, with black corresponding to the largest intensity.

5.2. Variation of the photoemission intensity with the polar angle of emission

Considering solely the dispersion does not provide detailed information on the surface-
state wavefunctions. The latter can be probed by analysing the angular dependence of the
photoemission intensities, an approach which already proved to be successful in determining
the orbital composition of the dangling-bond surface state on GaAs(110) [32].

The angular dependence of the spin-integrated intensities is exemplified for three polar
angles of emission: ϑ = 0◦ (normal emission, k‖ = 0) and ±3.6◦ (off-normal emission at
|k‖| = ±0.135 Å−1). For ϑ = 0◦, the measured surface states are degenerate (Eouter(0) =
Einner(0)) and produce the sharp maximum at 0.47 eV binding energy (solid in figure 4(b)).
For off-normal emission, this peak is split into two maxima with significantly less intensity:
the outer surface state shows a binding energy of about 0.22 eV, the inner, one of about
0.12 eV (Eouter(k‖) < Einner(k‖)). The most striking fact, however, is the intensity variation
at the peak positions upon reversal of ϑ . The intensity Iouter of the outer surface state
increases when turning ϑ = −3.6◦ (dashed (purple) in figure 4(b)) to +3.6◦ (solid (green)),
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Figure 4. Spin-integrated intensities for different polar angles of detection (as indicated) in the
ϕ = 75◦ azimuth (compare figure 1). (a) Theoretical energy distribution curves. (b) Measured
spectra from the data set shown in figure 3.

whereas the intensity Iinner of the inner one shows the opposite behaviour. Note further
that the intensity differences are of about the same amount, 	I . With the definitions
k = (+k‖, k⊥) and k̃ = (−k‖, k⊥), the experimental intensity relations can be simply cast as
Iouter(k) = Iinner(k̃) = I + 	I and Iouter(k̃) = Iinner(k) = I − 	I (we note in passing that
these relations hold also for other k‖). The theoretical photoemission intensities (figure 4(a))
agree reasonably well with the experimental ones, with differences being attributed to the
surface-state dispersion and the SOC strength γ . The question arises of how these similarities
and differences in behaviour can be explained.

At k‖ = 0, the surface states belong to the �6 representation of the double group C3v

(in Schoenflies notation [33]), with the spatial part of the wavefunction belonging to the �1

single-group representation. Thus, the surface states consist mainly of s, pz and dz2 orbitals,
with relative spectral weights of 8.2%, 76.0% and 8.9%, respectively (as obtained from the
first-principles calculations). Note that these orbitals are even under mirror operations of
the surface. At k‖ 
= 0 in an azimuth which lies not within a mirror plane of the surface
(here: ϕe = 75◦; compare figure 1), the wavefunctions achieve additional contributions from
p orbitals oriented within the surface plane. For the polar angles in figure 4 these have relative
spectral weights of up to about 23%.

Expressing the surface-state wavefunctions as |e〉 ± |o〉 (with energy Ei) and taking a
single plane wave |k〉 (with energy Ef ) as the final state, the photoemission intensity I (k) is
given by Fermi’s golden rule,

I±(k) ∝ |〈k|A · ∇|e〉 ± 〈k|A · ∇|o〉|2 δ(hν − Ef − Ei). (8)

Here, A is the electric field vector of the incident light. Simple manipulation yields
I±(k) = I (k)±	I (k), with

I (k) ∝ |A · k|2 (|〈k|e〉|2 + |〈k|o〉|2) δ(hν − Ef − Ei), (9a)

	I (k) ∝ 2|A · k|2 Re(〈k|e〉〈o|k〉)δ(hν − Ef − Ei). (9b)

The even part |e〉 of the surface-state wavefunction comprises mainly s and pz orbitals and,
hence, obeys 〈k|e〉 = 〈k̃|e〉. The odd part |o〉, however, contains mainly p orbitals oriented
along k‖ and shows 〈k|o〉 = −〈k̃|o〉. This establishes I (k̃) = I (k) and 	I (k̃) = −	I (k),
which yield immediately I±(k̃) = I∓(k) (note that A·k is constant in the present experimental
set-up (figure 2)).

Associating the inner and the outer surface-state wavefunctions with |e〉±|o〉, respectively,
the intensity variation observed in figure 4 can be related to the interference term 	I (k).
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Figure 5. Spin-resolved normal photoemission from the L-gap surface states. (a) Theoretical
intensities are obtained for p-polarized light incident within the yz-plane (�–M azimuth) and
21.1 eV photon energy. The total intensity (solid, black) is decomposed into spin up (dashed, blue)
and spin down (dashed-dotted, red), with the spin-quantization axis along x . (b) The experimental
spectrum at normal emission. The spin polarization is calculated from the P rad component of the
Mott detector.

Without this term, the two surface states would have the same intensity I (k) at a given k‖, as
is the case to a good approximation (figure 4).

Summarizing, a comparison of the intensities of the inner and the outer surface state for
k‖ and −k‖ mainly provides information on the orbital composition of their wavefunctions.
The structure of the intensity, I = I ± 	I , is similar to those used to describe magnetic
linear dichroism [34]. Therefore, one could term the above effect ‘linear dichroism in angular
distribution’. We note in passing that this dichroism cannot be explained within the free-
electron model (see the appendix) and, therefore, can be attributed to the surface symmetry.

5.3. Spin-resolved normal photoemission

As stated in section 4.3, the spin polarization of an initial state and of the related photoelectron
may differ, depending on the chosen set-up (i.e., in-plane wavevector k‖ and energy E). One
example where PN and PI deviate from each other is that of normal emission (k‖ = 0). Here,
the two surface states are degenerate (figure 3) and the net spin polarization PN vanishes. By
excitation with off-normally incident p-polarized light, the photoelectrons excited from the
surface states can, however, be spin polarized, with PI normal to the scattering plane (spanned
by the surface normal and the incidence direction of the light) [35, 36]. For light incident
within the mirror yz-plane, Px

I can be the only non-zero PI component, which in systems with
strong SOC can be as large as several tens per cent (e.g., for Pt). A considerable Px

I could
therefore be expected for the Au surface states as well.

It turned out, however, that in the present experiments Px
I was rather small, i.e., close

to the detection limit of about 5% (figure 5(b)). The photoemission calculations could only
reproduce these findings when taking into account the real part of the optical potential Vopt

that was fixed by reproducing the experimental intensity relations (sections 4.2 and 5.2). The
theoretical normal-emission spectrum still shows a significant spin polarization (figure 5(a)),
but Px

I is as small as 4.5% (in absolute value) at the peak position. Thus, experiment and
theory are consistent with respect to both intensity and photoelectron spin polarization.
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Figure 6. The spin polarization of the photocurrent in the angular distribution at 0.17 eV binding
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maps for P tan as derived from Px

MD (d) and Pz (e) are shown for comparison. The P rad map was
not measured. Note the different colour scales for the various data sets.

5.4. Spin-resolved off-normal photoemission

In order to investigate the spin polarization of the surface states, angle-scanned photoemission
calculations and experiments were performed at a fixed binding energy (0.17 eV). The angular
distributions of the three components P tan

I , P rad
I and Pz

I of the photoelectron spin polarization
PI are shown in figure 6.

The description of the L-gap surface states in terms of a 2DEG with Rashba–Bychkov SOC
suggests reaching a conclusion from the tangential spin polarization P tan

I —measured for both
the inner and the outer surface state—as regards the sign of the SOC strength γ (section 2). In
both experiment and theory, P tan

I shows a circularly symmetric distribution, with the maximum
spin polarization (in absolute value) showing up at the positions of the surface states (indicated
by black arcs). Its central part is negative and its outer part is positive (colour coded as blue
and red in figures 6(a) and (d)), hence implying that γ > 0. Since γ is proportional to the z
derivative of the crystal potential (γ ∝ ∂zV (z); see the appendix) and the maximum spectral
weight of the surface states is in the outermost Au layer, the spin–orbit-induced splitting can
be attributed to the surface barrier, the potential of which increases from the bulk towards the
vacuum.

As was discussed for normal emission (section 5.3), the effect of spin–orbit coupling in
the photoemission process itself is rather small in the chosen set-ups. Therefore, PN and PI

did not differ significantly at k‖ = 0. For off-normal emission, the theoretical P tan
I is about

±75% at the surface states, which compares rather well with P tan
N for the inner and the outer

surface state (−97% and 93% for α). This agreement shows up also in Pz , for which the
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tiny Pz
I is consistent with β values of 1.4% and −1.3% for the inner and the outer surface

state (compare (4)). The experimental counterparts for P tan and Pz are shown in figures 6(d)
and (e). For the tangential component one finds a nice agreement with theory considering the
ring structure of the spin polarization. The maximum values of P tan are about 2/3 of those in
theory due to the strong overlap of the peaks that appear broadened by the relaxed resolution
and due to the contribution of an unpolarized background in the spectra (these effects are not
included in the theoretical calculations). The observed degrees of polarization are consistent
with the instrumental resolution. Summarizing, for off-normal emission one can also reach a
conclusion—at least semi-quantitatively—from the spin polarization of the photoelectrons on
that of the surface states.

Both the analytical theory (section 2) and the first-principles calculations allow for a
modulation of the spin polarization PN with azimuth ϕe due to the threefold symmetry of
the Au(111) surface, which should lead to a modulation in PI . Symmetry dictates that
for emission within a mirror plane of the surface the radial component P rad vanishes (only
P tan 
= 0 is permitted). This is clearly visible in the �–K azimuth (kx = 0) and its two
equivalents, the latter being rotated about ±60◦. The mirror symmetry implies further that
P rad(90◦ − ϕe) = −P rad(90◦ + ϕe), which turns positive into negative polarization and vice
versa, under reflection at the ky-axis (centre of figure 6(b)). Note that the magnitude of
P rad

I becomes almost zero at the radii of the surface states, indicating a very small threefold
modulation with the azimuth (point group C3). For the normal component Pz

I (figure 6(c))
the same symmetry considerations as for P rad hold. Compared to the P rad

I case, two rings of
almost zero spin polarization at the radii of the surface states can be clearly observed. There
is apparently no significant threefold modulation in P tan

I for both experiment and theory.
Former photoemission calculations showed a threefold modulation of the spin

polarization [14] which was considerably larger than that presented here. The improved
agreement between theory and experiment results from fine-tuning the free parameters in
photoemission theory, in particular the real part of the optical potential. The latter could be
calculated from first principles within the GW approximation [37]. Therefore, the Au(111)
surface lends support to so demanding an investigation.

Focusing on the experimental Pz (figure 6(e)), one finds no significant structure in the
angular distribution within the noise. Taking into account the detection limit of about 5%,
this finding is consistent with the theoretical results (figure 6(c)) because in the latter the spin
polarization is less than this limit (in absolute value).

In summary, for the chosen set-up (p-polarized light with 21.1 eV photon energy)
the photoelectron spin polarization PI is tangentially aligned and no significant threefold
modulation shows up (within the detection limit). Hence, it is fully consistent with the
spin polarization PN of the initial surface states, except as regards its degree. The latter
is about ±96%, as obtained from first-principles calculations, considerably larger than that in
the photoemission (about ±45% in experiment and ±75% in theory).

5.5. Effects of spin–orbit coupling and surface corrugation

The effect of spin–orbit coupling on the spin polarization of the surface states is addressed
theoretically. The different behaviours of inner and outer surface states can be elucidated by
scaling the SOC strength x in the Dirac Hamiltonian of the ab initio calculations (compare
section 4.1). In the scalar-relativistic case (x = 0 in figure 7(a)), the splitting of the L-gap
surface states vanishes, leading to P tan

N = 0 (figure 7(b)). The splitting increases with x ,
leaving the position (along the ky-axis) of the inner state almost unaffected, while the outer
is shifted to larger ky. For x = 0.5, both states almost maintain their pure spin up and spin
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Figure 7. The effect of spin–orbit coupling on the L-gap surface states. (a) Spin-resolved spectral
densities of the surface states (solid and dashed (blue and red)) at the outermost Au layer and of
a bulk layer (dotted (green)) for SOC scaled from x = 0 (scalar-relativistic) via x = 1 (fully
relativistic) to x = 2.0 (‘super-relativistic’), as indicated on the left. The wavevector is along �–M
(along the ky -axis); the energy is EF. The offset between adjacent spectra is 200 states Hartree−1.
‘Surface up’ and ‘surface down’ refer to P tan

N > 0 and P tan
N < 0, respectively. (b) The tangential

spin polarization P tan
N of the L-gap surface states obtained from the data presented in (a).

down character, while for x = 1 (fully relativistic case) contributions to the spectral density of
the other spin orientation become mixed in. This is particularly evident for the outer surface
state where a significant spin down maximum (dashed (blue) in figure 7(a)) shows up. For
the inner surface state, the admixture is considerably less. In the ‘super-relativistic’ case
(x = 2.0) these opposite-spin contributions become even more pronounced, further reducing
the spin polarization (in absolute value) as compared to the case x = 1 (figure 7(b)).

A reason for this difference between the inner and the outer surface state can be seen in
spin-dependent scattering at bulk states (green in figure 7(a)). Because the outer surface state
is closer in reciprocal space to the bulk states than the inner one, it might be more affected
by spin–orbit-induced spin-flip scattering, as is corroborated from P tan

N (figure 7(b)). Note
in this context that the two surface states are not strongly localized at the surface but show
considerable spectral weight in the first ten surface layers [6, 14]. Further, the ky distance
between the outer surface state and the bulk states decreases with increasing x . Accompanied
with the reduction of the spin polarization of the outer surface state, compared to that of the
inner, is an increased modulation of P with ϕe, as is evident from figures 6(a)–(c). This finding
is consistent with the smaller degree of modulation in the experimental momentum distribution:
the experimental k distance between the outer surface state and the bulk states of 0.044 Å−1

(compare figure 2 in [6]) is larger than in theory (0.026 Å−1 for x = 1). To summarize, the
different locations of the surface states in reciprocal space manifest themselves in deviations
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from the 2DEG behaviour. The inner surface state behaves more like a free-electron state;
the outer is slightly more influenced by bulk states. In order to test the proposed explanation,
one could investigate the spin polarization of the surface states on different vicinal Au(111)
surfaces, thereby changing the k distance to the bulk states.

In order to test the effect of corrugation on the spin polarization of the L-gap surface states,
the surface barrier built with the muffin-tin potentials was replaced by a smooth uncorrugated
barrier shape [32]. The parameters of the latter were obtained by fitting the dispersions of
the L-gap surface states to those for the corrugated muffin-tin barrier. Since dispersions
and binding energies agreed very well for the two surface barriers, one could switch the
surface corrugation on and off without affecting relevant parts of the electronic structure. The
corrugation manifests itself particularly in a non-zero Pz

N (section 2). At the Fermi energy for
k‖ along �–K, one obtains from the spectral density for the corrugated surface +1.45% for
the inner and −1.32% for the outer surface state. For the uncorrugated surface, Pz

N is slightly
reduced (in absolute value) to +0.99% and −0.88%, respectively. This humble change in
Pz

N is explained by the considerable extension of the surface-state wavefunction within the
ten outermost surface layers. Hence, only a small part of it is affected by the surface barrier
potential, which, however, is sufficiently large to produce an observable spin–orbit splitting.

6. Concluding remarks

The present joint investigation on the L-gap surface states on Au(111) provides details of
their anatomy. The spin- and angle-resolved photoemission experiments agree qualitatively
and semi-quantitatively with first-principles calculations, being directly linked by numerical
photoemission calculations.

One could think of several extensions of the present work. First, one could deal with a
modification of the electronic structure at vicinal Au(111) surfaces. The surface states would
propagate freely along the terraces but could be confined to directions perpendicular to the
steps. Thus, the two-dimensional surface states become one-dimensional [38, 39]. The step-
induced umklapp processes would lower the binding energy and would also lead to smaller
lifetimes due to increased scattering at bulk states. As was evidenced in section 5.5, this could
have a pronounced effect on both degree and direction of the surface-state spin polarization.
Second, one could investigate the modification of the surface states upon adding magnetic
atoms onto Au(111). Here, the electronic structure of the 2DEG is subject to spin-dependent
scattering at the magnetic impurities. And lastly, one could compute the self-energy within
the GW approximation, in order to compare it with the optical potential deduced here from
the comparison of experimental with theoretical photoemission spectra (section 4.2).
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Appendix. Two-dimensional electron gas with Rashba–Bychkov spin–orbit interaction

The non-relativistic Hamilton operator for electrons with spin–orbit interaction is given
by [40, 41]

H = 1

2
p2 + V (r) +

1

2c2
σ · [∇V (r)× p], (A.1)
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with σ the vector of Pauli matrices and p = −i∇ the momentum operator (in Hartree atomic
units, e = m = h̄ = 1, c ≈ 137). In order to form a two-dimensional electron gas (2DEG), the
potential V has to confine the electrons to a plane (say z = 0) and allow for free motion within
that plane (i.e., V = V (z)). Assuming without loss of generality V (0) = 0, the Hamiltonian
for the 2DEG then reads

H = −1

2
(∂2

x + ∂2
y ) + i

∂z V (z)|z=0

2c2

(
σx∂y − σy∂x

)
. (A.2)

The ansatz ψk for the eigenfunctions consists of a plane-wave spinor,

ψk(r) = (µkχ
+ + νkχ

−)ei(kx x+ky y), (A.3)

with k = (kx, ky) and r = (x, y). The Pauli spinors χ± are quantized with respect to the
z-axis (σzχ

± = ±χ±). With σxχ
± = χ∓ and σyχ

± = ±iχ∓, the Schrödinger equation
Hψk = E(k)ψk yields the condition

(ky + ikx)ν
2
k = (ky − ikx)µ

2
k (A.4)

for the coefficientsµk and νk. Normalization of ψk results in two sets of coefficients (indexed
by ±),

µk± = 1√
2
, νk± = ∓ 1√

2

√
ky − ikx

ky + ikx
for k 
= 0. (A.5)

The eigenvalues of ψk± are given by

E±(k) = 1
2 k2 ± γ |k|, (A.6)

with γ = ∂z V (z)|z=0/(2c2). Hence, the strength of the spin–orbit-induced splitting,
E+(k) − E−(k) = 2γ , is proportional to the structural asymmetry given by ∂z V . The spin
polarization P±(k) = ψ

†
k±σψk± is complete and perpendicular to k,

Px
±(k) = ∓ ky

|k| , P y
±(k) = ± kx

|k| , Pz
±(k) = 0. (A.7)

Hence, P+ (P−) rotates anticlockwise (clockwise) around the z-axis.
Note that the sign ofγ determines the order of the spin–orbit-split states in reciprocal space,

that is, which one is the inner and which one is the outer in the momentum distribution. But since
it does not affect the spin polarization, the latter—for instance obtained from experiment—is
a measure for the sign of γ .
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[14] Henk J, Ernst A and Bruno P 2003 Phys. Rev. B 68 165416
[15] Dresselhaus G 1955 Phys. Rev. 100 580
[16] Mugarza A, Mascaraque A, Repain V, Rousset S, Altmann K N, Himpsel F J, Koroteev Y M, Chulkov E V,

Garcı́a de Abajo F J and Ortega J E 2002 Phys. Rev. B 66 245419
[17] Perdew J P and Wang Y 1992 Phys. Rev. B 45 13244
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Magnetism and anisotropy of ultrathin Ni films on Cu„001…
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Both magnetic structure and magnetic-anisotropy energies are calculated for cubic and tetragonal Ni films on
Cu~001! for thicknesses from 1 to 10 monolayers. The magnetic reorientation transition from in-plane to
perpendicular anisotropy can be attributed to the volume contribution in tetragonal films which is discussed in
terms of layer-resolved band energies. The transition takes place at six to seven monolayers, in agreement with
experiments. The layer-dependent magnetic properties are brought into relation to those at a Ni~001! surface
and a Ni~001!/Cu~001! interface, thus allowing the identification of contributions which are due to quantum-
size effects. For films of a few monolayer thickness, the effect of quantized electronic states on the anisotropy
appears to be significant.@S0163-1829~99!05613-1#

I. INTRODUCTION

Ultrathin Ni films grown on Cu~001! show a peculiar be-
havior regarding the magnetic anisotropy: at film thicknesses
between 5 monolayers~ML ! and 7 ML—depending on film
preparation and temperature—a sharp spin reorientation tran-
sition ~SRT! from in-plane to perpendicular magnetization is
observed experimentally. At much higher thickness, in the
range from about 35 ML to 70 ML, the magnetic moments
reorientate gradually and become again parallel to the
surface.1–4 This remarkable finding is contrary to those for
Fe or Co films grown on Cu~001!: the first show a SRT from
perpendicular to in-plane anisotropy at about 5 ML; the latter
show in-plane anisotropy for all thicknesses and thus no SRT
@this has attracted a lot of attention and among a vast litera-
ture we refer to Refs. 5–9 for Fe/Cu~001! and Refs. 10–13
for Co/Cu~001!#.

Ni films grow epitaxially on Cu~001!, but due to the lat-
tice mismatch between Ni~001! and Cu~001!, the films be-
come tetragonally distorted on Cu~001!. The first SRT can be
understood by the magnetoelastic anisotropy due to this te-
tragonal distortion of the Ni films—as has been shown ex-
perimentally by Farleet al.14 and theoretically by Hjortstam
et al.15 for hypothetical fct-bulk Ni, thus focusing on the
volume contribution to the magnetic-anisotropy energy
~MAE!. However, from calculations for bulk materials with
differentc/a ratios it is hardly possible to conclude at which
particular film thickness a SRT will occur. For example, bulk
calculations cannot address the quantization of electronic
states within the Ni film which may affect the MAE consid-
erably, in particular for very thin films. Further, the anisot-
ropy at both the surface and the Ni/Cu interface may affect
the MAE—and thus the transition thickness—substantially.
Therefore, calculations for ultrathin Ni films which take into
account the correct boundary conditions as well as the film
relaxation are absolutely necessary in order to explain the
first SRT.

The second~gradual! SRT can be understood by the for-
mation of films with misfit dislocations which occur due to
strain relaxation, as has been observed experimentally.3,4 The
latter lowers the MAE and thus causes the magnetization to
switch back from perpendicular to in-plane anisotropy. Fur-
ther, island growth has been reported16 which makes it

difficult—if not impossible—to conclude from theory on the
second SRT.

Ni films with thickness of a few or more ML can be
regarded as composed by a Ni~001!/Cu~001! interface and a
Ni~001! surface. These two contributions to the magnetic
moments and the MAE should be easy to identify. However,
the quantization of electronic states within the film should
also influence these quantities, in particular for very thin
films where the above decomposition into surface and inter-
face should become at least questionable. Sophisticated cal-
culations of the magnetization profiles~layer-dependent
magnetic moments! or the MAE are very time consuming.
Therefore, it appears desirable—for both theoreticians and
experimentalists—to be able to derive reliable quantitative
results from a knowledge of only the magnetization profiles
or anisotropy energies of the interface and the surface, con-
structing from these the profile for the entire film. In this
procedure, one neglects, however, the quantum-well contri-
bution.

In this paper, we report on calculations of both the mag-
netic structure and the MAE of cubic as well as tetragonally
distorted Ni films on Cu~001! for thicknesses from 1 ML up
to 10 ML. In Sec. II we provide the reader with definitions,
address our theoretical approach, and discuss the ingredients
used in the numerical calculations. In Sec. III we consider
the superposition of magnetization and band-energy profiles
in order to understand better our results. The latter will be
discussed in Sec. IV, in particular the magnetization profiles
~Sec. IV A! and the magnetic anisotropy~Sec. IV B!. Con-
clusions are given in Sec. V.

II. THEORETICAL AND COMPUTATIONAL ASPECTS

Our procedure to calculate the MAE is based on two
steps. First, the scalar-relativistic linear muffin-tin orbital
~LMTO! method is applied for the generation of self-
consistent spin-dependent potentials of the semi-infinite sys-
tem consisting of substrate layers, ferromagnetic film layers,
and vacuum, thus ignoring at this step spin-orbit coupling
~SOC!. Second, fully relativistic layer Korringa-Kohn-
Rostoker ~LKKR ! calculations yield the layer-resolved
Bloch spectral functions, from which the MAE is calculated.
Here, magnetic exchange and the SOC are treated on equal
footing. This scheme is not self-consistent and therefore re-
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lies on a good approximation of the potentials. On the other
hand, the SOC is not treated as a perturbation.

The Green function~GF! technique of the LMTO
method17,18 was developed by Skriver and Rosengaard19 and
is used in the calculation of the self-consistent potentials in
the tight-binding,20 frozen-core, and atomic-sphere approxi-
mations in conjunction with the local spin-density approxi-
mation as parametrized by Vosko, Wilk, and Nusair.21 It
does not rely on a slab or supercell geometry. Thus, a correct
description of the loss of translational symmetry perpendicu-
lar to the surface—as is present in semi-infinite systems—is
ensured. Furthermore, the principle-layer technique22 leads
to minimal computational effort which scales linearly with
the number of layers taken into account. The results of this
first step are spin- and layer-dependent muffin-tin potentials
~the Wigner-Seitz radius is 2.669 a.u.! which are used as
input for the LKKR calculations.

The method used in the calculation of the LKKR Green
function should also be sketched.23 The layer-diagonal part
Gll is obtained by first calculating the GF of an empty layer,
i.e., a layer with zero potential, embedded in the host system
and taking into account the correct boundary conditions~re-
flection at the surface side and at the bulk side of the empty
layer!. Then the Dyson equation for this empty layer is
solved, giving thekW i- and energy-resolved scattering-path
operator.24 Because only matrices related to single layers are
involved in this computational scheme, the computing time
scales linearly with the number of layers, without using any
screened representation~‘‘tight binding’’ !. The layer-
nondiagonal partsGll 8 ~not used in this paper, though! can
by obtained fromGll and the multiple-scattering transfer ma-
trices from layerl to layer l 8. Details of this method will be
published elsewhere.

The LKKR calculations were performed for two collinear
magnetic configurations:MW (i) with all local magnetic mo-
ments aligned parallel to the layers andMW (') with all local
magnetic moments aligned perpendicular to the layers~par-
allel to the surface normal!. We applied the so-called force
theorem; i.e., both calculations used the same potentials. The
layer-dependent electronic structure for a magnetic configu-
ration MW is conveniently discussed in terms of the Bloch
spectral functionD ( l ),

D ~ l !~kW i ,E;MW !5
1

p
lim

h→01

Im Tr Gll ~kW i ,E2 ih;MW !, ~1!

which for layerl, energyE, and surface-parallel wave vector
kW i is calculated from the layer-diagonal part of the GF,
Gll (kW i ,E2 ih;MW ),h.0. The layer-density of states~LDOS!
is obtained fromD ( l ) by integration over the surface Bril-
louin zone~SBZ!,

N~ l !~E;MW !5E
SBZ

D ~ l !~kW i ,E;MW ! dkW i . ~2!

For the above integration we generated special-point sets by
the Monkhorst-Pack method for two-dimensional
lattices.25,26 Although in the case of perpendicular magneti-
zation the point group isC4 ~in Schönflies notation!, we used
the kW i mesh for the point groupCs—which is the relevant

one in the case of in-plane magnetization—in order to avoid
any inconsistencies. Convergence was checked for sets from
120 points with up to 1830 points. For films thicker than
about 5 ML we found convergence for point sets with
600–800kW i . Thin films, in particular 1 ML and 2 ML,
showed rather slow convergence. The results of the calcula-
tions presented here were obtained with a 1275 point set.
Note that the number ofk-points is rather small compared to
that used in calculations of the bulk MAE.27,28But due to the
calculation of the layer-resolved GF of a semi-infinite sys-
tem, the integration overk' is in principle included~al-
though it is not performed explicitly due to the computa-
tional scheme for the GF!, and we thus use—roughly
speaking—a sampling over symmetry-adaptedkW directions.

The band energyEbnd
( l ) of layer l is given by

Ebnd
~ l ! ~MW !5E

2`

EF
~E2EF!N~ l !~E;MW ! dE, ~3!

with EF denoting the Fermi energy. The total band energy of
a system withn ferromagnetic layers on a nonmagnetic sub-
strate, in brief Nin /Cu(001), is then simply a sum over all
magnetic layers,

Ebnd~MW !5(
l 51

n

Ebnd
~ l ! ~MW !. ~4!

Note that in principle the magnetic film~Ni! induces mag-
netic moments in the substrate layers~Cu! at the interface.
This can be accounted for by extending the above sum, Eq.
~4!, over all energetically perturbed layers. For the energy
integration in Eq.~3! we exploit the analytical properties of
the GF and replace the integral along the real energy axis by
a contour integration. BecauseEbnd of the core levels are
expected not to depend significantly on the magnetization
direction, we take into account only the valence-band regime
~frozen-core approximation!. As contour we chose a semi-
circle with radiusR and centerEF2R ~see Fig. 1!. The ap-
plied Gaussian quadrature with 16 sampling points on an
angular logarithmic mesh appeared to be very accurate and
robust, and has the advantage that sampling on the real axis
is avoided. The sampling pointszj are given by

zj5EF1R@exp~ iq j !21#, j 51, . . . ,16, ~5!

with anglesq j on a logarithmic mesh in@2p,0#,

FIG. 1. Contour and mesh used in the complex energy integra-
tion. Solid circles represent points on a logarithmic angular mesh;
cf. Eq. ~6!. The open circle is the center of the semicircle contour
with radius 0.5 Ry; the Fermi energy is at 0 eV.
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q j52p
exp~b!2exp~bxj !

exp~b!2exp~2b!
, j 51, . . . ,16, ~6!

andxjP] 21,1@ , j 51, . . . ,16, are thezeros of the respective
Legendre polynomial used in the Gaussian quadrature.29 The
density of the sampling points near the Fermi energy is con-
trolled by b.0. The radiusR is chosen in such a way that
the whole valence-band regime is covered. In the calcula-
tions presented below we choseb523.222 32 andR
50.5 Ry.

The magnetic-anisotropy energyEMA is finally given by
the differences of the band energies and the dipole-dipole
interaction energiesEdd(MW ) for in-plane (MW (i)) and perpen-
dicular magnetization (MW (')),

EMA5Ebnd~MW ~ i !!1Edd~MW ~ i !!2Ebnd~MW ~' !!2Edd~MW ~' !!.
~7!

We used the Ewald summation technique as outlined in Ref.
30 for the calculation ofEdd(MW ).

In order to check the numerical accuracy, the band ener-
gies were calculated forMW i@001# and MW i@010# for semi-
infinite Ni~001! ~in the Cu lattice!. We found an energy dif-
ference less than 0.4meV for bulklike layers (l 510). Note
that in the bulk the above difference should be zero. As will
be seen below, the above value is about two to three orders
of magnitude smaller than the MAE in thin films.

The Ni layers are assumed to continue epitaxially the Cu
fcc lattice in the@001# direction. We distinguish three cases
of relaxations in the Ni films.~i! In the ‘‘fcc case,’’ the
interlayer distance is that of bulk Cu,~ii ! In the ‘‘fct case,’’
the interlayer distance is reduced by 6.9% in order to retain
the volume of the bulk-Ni unit cell.~iii ! Using low-energy
electron diffraction~LEED!, Müller et al., obtained experi-
mentally the interlayer distances for 3-ML, 5-ML, and
11-ML films31 which we refer to as the ‘‘fct LEED’’ case. In
all three cases, we use the in-plane lattice constant of bulk
Cu, i.e., a next-nearest neighbor distance of 2.55 Å. A theo-
retical LEED analysis on Cu~001!, however, found best
agreement with experimental data with a slightly reduced
in-plane lattice constant~0.8%!, indicating strain even at un-
covered Cu~001! surfaces.32 For convenience, we denote the
surface layer byS, the second layer byS21, etc.

III. SUPERPOSITION OF MAGNETIZATION
AND BAND-ENERGY PROFILES

In the following, we show that magnetization and band-
energy profiles of Ni/Cu films can essentially be regarded as
superimposed by profiles which originate from two indepen-
dent perturbations at the two boundaries of the film, i.e., the
Ni/Cu interface and the Ni surface.33

We describe unperturbed bulk Ni by a spin-dependent
nonrelativistic Green functionGB

s , s56 being the spin in-
dex. We construct a Ni film on a Cu substrate by replacing
an infinite Ni crystal@bulk (B)] by Cu ~R! on the right-hand
side and by vacuum~L! on the left-hand side of the Ni layers
which constitute the film~cf. Fig. 2!. The film layers are then
influenced by spin-dependent perturbationsVL

s and VR
s , at

the two boundaries. The film GFGs thus has to fulfill the

Dyson equationGs5GB
s1GB

s(VL
s1VR

s)Gs. Its series ex-
pansion can be written as

Gs5(
j 50

`

GB
s@~VL

s1VR
s!GB

s# j ~8a!

5GB
s1dGL

s1dGR
s1dGQW

s , s56. ~8b!

The second and third termsdGL
s anddGR

s describe perturba-
tions due to scattering solely on the left or right boundary,
respectively, and thus comprise only expressions withVL

s or
VR

s , respectively. The last termdGQW
s collects all expres-

sions with bothVL
s and VR

s and thus results from multiple
scattering between both interfaces, i.e., due to scattering in
the quantum well~QW! formed by the two interfaces. The
latter may give rise to spin-polarized QW states in the Ni
film.34,35

If dGQW
s is neglected, the properties of the film can be

regarded as a superposition of perturbations originating from
the two independent interfaces. In particular, the magnetiza-
tion profile of the filmM ( l )—l being the layer index—can
be regarded as a superposition of the magnetization profiles
originating from the Ni/Cu interface,MR( l ), and from the Ni
surface,ML( l ),

M ~ l !'ML~ l !1MR~ l !2MB , ~9!

where MB is the magnetic moment of bulk Ni. Since the
contribution from the QW term usually gives rise only to
small constant shifts of the magnetization profile,33 the su-
perposition provides a good estimate of the magnetization
profiles in films. By definition, quantum-size effects show up
as the difference between the superimposed and the true
magnetization profile of the film.

The above approximative decomposition is not limited to
magnetization profiles. Indeed, the response to additional
perturbations can be estimated by a superposition of inde-
pendent interface perturbations as well. This way we are, for
example, able to analyze different contributions to the MAE
in films, as will be discussed in the following.

Regarding spin-orbit coupling as a perturbation of the
Hamiltonian, the Green function will depend on the magne-
tization direction, for example perpendicular (MW (')) or par-
allel (MW (i)) to the interfaces. Further, the spins is no longer

FIG. 2. Schematic construction of a Ni film on Cu~top!. Starting
from Ni bulk ~bottom, light grey!, two semi-infinite solids are re-
placed by vacuum~white! and by Cu~dark grey!, yielding the sur-
face~L! and the interface~R! system, respectively. For lettersB, L,
and R see Sec. III. The mathematical signs (', 1, 2) refer to
Eqs.~9! and ~14!.
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a good quantum number. In matrix representation, the result-
ing Green functions can be written as 232 block matrices
where each block has the size of the unperturbed GF matrix.
We denote the corresponding SOC perturbation operator as
Q(MW ), emphasizing its dependence on the direction of the
magnetic moments. The GF of the perturbed Ni film,G(MW ),
is implicitly given by

G~MW !5G1GQ~MW !G~MW !5G1dG~MW !. ~10!

The Green functionG is diagonal in spin space~no spin-orbit
coupling! and constructed fromG1 andG2 of the film with
GQW

6 being neglected; cf. Eq.~8b!. HeredG(MW ) is given by
the Dyson series

dG~MW !5GQ~MW !G1GQ~MW !GQ~MW !G1••• ~11!

5GBQ~MW !GB1GBQ~MW !GBQ~MW !GB1•••

1dGLQ~MW !dGL1dGLQ~MW !

3dGLQ~MW !dGL1•••1dGRQ~MW !dGR

1dGRQ~MW !dGRQ~MW !

3dGR1•••1dGQW~MW !. ~12!

Eventually, we obtain the grouping of terms

dG~MW !5dGB~MW !1dGL~MW !1dGR~MW !1dGQW~MW !,
~13!

where dGL(MW ) and dGR(MW ) include contributions solely
from scattering at the left-hand and right-hand side perturba-
tions, respectively. The termdGB(MW ) represents the spin-
orbit perturbation of bulk Ni, anddGQW(MW ) includes mul-
tiple scattering at both interfaces. If we neglect the latter, the
band energy can be expressed as

Ebnd~MW !'Ebnd,L~MW !1Ebnd,R~MW !2Ebnd,B~MW !, ~14!

with

Ebnd,B~MW !52
1

pE2`

EF
Im Tr EdGB~MW !dE ~15!

and

Ebnd,D~MW !52
1

pE2`

EF
Im Tr E@dGB~MW !1dGD~MW !#dE,

~16!

whereD5L,R. According to Eq.~14!, this is simply a su-
perposition of three band-energy profiles which result from
two independent interfaces on the left- and right-hand
sides—Ebnd,L( l ) andEbnd,R( l )—in conjunction with the sub-
traction of the bulk contributionEbnd,B . It provides a picture
derived from individual contributions from different kinds of
interfaces and surfaces. Again, finite-size effects can
be obtained from the difference between the superimposed
and the true band energy for the thin film. Considering
the band-energy differences DEbnd,D5Ebnd,D(MW (i))
2Ebnd,D(MW (')),D5B,L,R, only a small number of con-

stituents has to be regarded in order to understand the mag-
netic anisotropy of layered structures. In analogy with earlier
analysis,36,37 we may thus regard the MAE of thin films as
the sum of a surface, an interface part and a bulk contribution
if multiple-scattering effects are neglected. However, all
three contributions will be of importance and may give rise
to a broad spectrum of possible effects on the MAE of thin
films.

IV. RESULTS AND DISCUSSION

In this section we discuss the layer-resolved spin mo-
ments and the magnetic anisotropy. For the latter we address
in particular the effect of lattice relaxations on the band-
energy contribution to the MAE and higher-order contribu-
tions.

A. Layer-resolved magnetic structure

As is well known, an increase in volume—as well as a
reduction of the coordination number—usually favors an in-
crease of the magnetic moment. Thus, the bulk spin magnetic
moment of Ni (0.67mB) in the fcc case~with Cu lattice con-
stant! is slightly enhanced with respect to that of bulk Ni
(0.62mB , with Ni lattice constant!.38

In Fig. 3 the spin magnetization profiles of fcc Ni films on
Cu~001! are depicted for coverages from 1 ML up to 10 ML.
At 1 ML coverage the magnetic moment is only 44%
(0.296mB) of the Ni bulk value. For 2 ML the magnetic
moments are increased to 0.741mB and 0.499mB for layersS
and S21, respectively. This increase is continued for the
3-ML film. The surface layer of the latter has the largest
moment of all systems considered here (0.762mB). At 4 ML
coverage the building up of a plateau region starts: the inte-
rior Ni layers start to show nearly the moments of bulk Ni,
while that of the surface layer is enhanced and those at the
interface are reduced by about 30% for the first interface Ni
layer ~adjacent to the first Cu substrate layer,S2n11) and
3% for the second interface Ni layer (S2n12). This ‘‘evo-
lution’’ of the magnetization profile is completed at about 7
ML coverage.

The surface magnetic structure of films withn>7 shows
a nearly complete agreement with that of semi-infinite
Ni~001! (n5` in Fig. 3!. The magnetic moment of the out-
ermost Ni layer (S, 0.746mB for n5`) compared to those
of the interior Ni layers of the film and that of bulk Ni with
Cu lattice constant (0.667mB) is enhanced by about 12%.
This enhancement of moments is typical for surface layers35

and is due to the reduction in coordination number.
The reduced Ni magnetic moment at the interface can be

understood from the behavior of binary bulk alloys
NixCu12x when the concentrationx is adjusted to correspond
to the Ni-Ni coordination number at the fcc~001! interface.39

The magnetic properties of binary 3d transition-metal alloys
are often essentially determined by the nearest-neighbor cor-
relation, i.e., the local environment of a particular atom. The
Ni atoms at the Ni/Cu interface can be regarded as constitu-
ents of a ‘‘perfectly ordered alloy’’ where only 8 of 12 near-
est neighbors surrounding an interface Ni site are of the same
kind. This corresponds to a local Ni concentration ofx
52/3. According to the Slater-Pauling curve,40,41 there is a
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substantial reduction of the nickel magnetic moment to ap-
proximately 0.3mB in the NixCu12x alloy.

The Cu layers next to the interface show induced mag-
netic moments of about 0.015mB with an antiferromagnetic
coupling to Ni. For example, this common antiparallel spin
behavior has been observed for Fe films on Au~001! by Szu-
nyoghet al.30

The small oscillations of the size of the magnetic mo-
ments in the interior of thicker Ni films (n.6) can be re-
garded as ‘magnetic’ Friedel oscillations due to the spin-
dependent perturbations from the surface and the Ni/Cu
interface @they were also found for Co films on Cu~001!
~Ref. 37!#. In Fig. 3, both the surface (n5`) and the inter-
face (n5 i f ) system show oscillations which decay rapidly.

We now turn to the picture of the magnetization as a
superposition of magnetic profiles@Sec. III, in particular Eq.
~9!#. In Fig. 3, the superimposed profiles are compared
with their exactly calculated counterparts. Except for the
1-ML film—where the superposition is apparently
questionable—we find excellent agreement which means that
QW contributions to the spin magnetic moment are generally
very small. The largest deviations are found for 2 ML and 4
ML but are smaller than 0.03mB . As mentioned above, the
3-ML film shows the largest surface magnetic moment. This
can easily be explained within the superposition picture: The
moment of the surface layerS is obtained from the surface
layer S of the surface system and the third Ni layer of the
interface system~layerS28 in Fig. 3!. Both show the largest
moments of their systems and, therefore, give rise to the
enhanced surface moment of the 3-ML film. In conclusion,
one can construct layer-dependent spin magnetic profiles of
films from the surface and the interface profiles with high
accuracy, the only exception being the 1-ML case.

Finally, the magnetization profiles shown in Fig. 3 exhibit
no spectacular features but rather the expected behavior: en-
hancement at the surface, reduction at the interface, oscilla-
tions in between. Relevant for the discussion of the anisot-
ropy, in particular the band energy, may be the building up
of a plateau, i.e., the appearance of bulklike layers, which
starts at 6–7 ML.

B. Magnetic anisotropy

The magnetic-anisotropy energy is composed of two
parts, the dipole-dipole interaction energyDEdd5Edd(MW (i))
2Edd(MW (')) and the band-energy contributionDEbnd

5Ebnd(MW (i))2Ebnd(MW (')), Eq. ~7!. The former is negative
for all thicknesses, thus favoring in-plane anisotropy, and
depends almost linearly on film thickness. Therefore, the first
spin reorientation transition can exclusively be attributed to
the band-energy part which is discussed in the following by
means of the layer-resolved band-energy differenceDEbnd

( l )

5Ebnd
( l ) (MW (i))2Ebnd

( l ) (MW (')), with l denoting the layer.
We first address films with fcc structure~fcc case, solid

lines in Fig. 4!. An interface between Ni~001! and Cu~001!
favors an in-plane orientation of the magnetic moments
(DEbnd5265 meV,0), as is evident from the ‘‘n5 if’’
curve in Fig. 4. Here, the last Ni layer isS29, and the first
Cu layer isS210. Further, there are oscillations within the
Ni half-space with a wavelength of approximately five lay-
ers. The surface of semi-infinite Ni~001! ~‘‘ n5` ’’ curve in
Fig. 4! also favors in-plane anisotropy (DEbnd5
243 meV). Remarkably, the second and third outermost
layersS21 andS22 appear to have a rather large positive
band-energy difference which, however, is overridden by the
subsequent layers. Regarding only the first three outermost
layers, DEbnd522 meV. The most significant layers, i.e.,
those layers which show the largest absolute value of band-
energy difference, are the first outermost four layers in the
case of semi-infinite Ni~001! and the nearest and second-
nearest Ni layers to the Ni/Cu interface.

The layer-resolved band-energy difference of the 10-ML
film can be regarded as composed by the interface and the
surface profiles. This is evident by comparing its profile ob-

FIG. 3. Layer-resolved spin magnetic moments of fcc Ni films
on Cu~001! ~squares, solid lines! with thicknessesn51, . . . ,10 as
obtained by LMTO calculations. The moments of a Ni~001!/
Cu~001! interface@n5 if, diamonds; interface at layersS210 ~Ni!
andS211 ~Cu!# and semi-infinite Ni~001! (n5`, open circles!—
both with Cu lattice constant—are shown in addition. Magnetic
moments obtained by superposition of the surface and the interface
profile—cf. Eq.~9!—are indicated by solid circles and dotted lines.
For clarity, the data sets are shifted by 0.1(n21)mB (1.0mB for
n5 if, 1.1mB for n5`); their respective zeros are represented by
dash-dotted lines. Layers are labeledS,S21,S22, . . . , starting
with the surface layerS. Solid and dotted lines serve as guide to the
eye.
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tained from the LKKR calculations with that obtained from a
superposition of the latter profiles using Eq.~14!. We find
this agreement also for film thicknesses of 6 ML, 7 ML, and
9 ML. The composed profile of the 8-ML film shows slightly
too high values; the shape of the profile, however, is nicely
reproduced. In conclusion, the superposition of profiles
works well at higher film thicknesses, meaning that the QW
part of the band-energy difference is small. Further, this cor-
responds nicely with the onset of bulklike magnetization pro-
files ~Sec. IV A! which we observed in the interior of thick
films (n>6).

For small film thicknesses, 1–5 ML, the above-mentioned
significant ranges of layers of semi-infinite Ni and the Ni/Cu
interface overlap in the superposition picture. From 3 ML to
5 ML, the superposition yields the correct shapes of the pro-
files and also correct signs of the values, but mostly gives too
small absolute values compared to those of the full calcula-
tion. For 1 ML and 2 ML, the value for the layerS is over-
estimated in absolute value. Further, the sign is wrong in the
case of 2 ML. We regard these deviations as manifestations
of the QW part of the band-energy difference.

In the whole range of film thicknesses, except for 1 ML,
we find no significant contribution toDEbnd from the Cu
layers. For the 1-ML film, however, the Cu layerS21 shows
a considerable positive band-energy difference, although the
layer shows only a very small magnetic moment~compared
to that of the Ni layerS). This finding emphasizes that there
is no simple relation between magnetic moment and band-
energy difference. Note that the latter is the first energy mo-
ment of the former@cf. Eq. ~3!#.

We now focus on films with fct structure~fct case!, the
tetragonal distortion of which leads to an uniaxial system.

FIG. 4. Layer-resolved band-energy contribution to the
magnetic-anisotropy energy of fcc Ni films~fcc case! on Cu~001!
with thicknessesn51, . . . ,10 ~squares!, ` ~open circles!, and a
Ni/Cu interface at layerS29 ~diamonds, ‘‘if’’!. Solid circles con-
nected by dotted lines refer to band-energy differences obtain by
superposition of the surface (n5`) and the interface (n5 if) con-
tribution @cf. Eq. ~14!#. For clarity, the data sets are shifted by
0.4(n21) meV (4.0 meV forn5`, 4.4 meV for ‘‘if’’ !; their
respective zeros are represented by dash-dotted lines. Layers are
labeledS, S21, S22, . . . , starting with the surface layerS. Solid
and dotted lines serve as guide to the eye.

FIG. 5. Same as Fig. 4, but for tetragonally distorted Ni films
~fct case!.

PRB 59 9337MAGNETISM AND ANISOTROPY OF ULTRATHIN Ni . . .



P.2 Spin–Bahn-Kopplung und elektronische Struktur P29

For bulklike layers we find a volume contribution (Kv) of
0.081 meV/atom which corresponds nicely with theoretical
and experimental results.15 At first glance, the band-energy
difference profile of the Ni/Cu interface~cf. ‘‘ n5 if’’ in Fig.
5! appears to be just shifted to positive values but also the
wavelength of the oscillations has decreased to approxi-
mately four layers. Also the profile of semi-infinite Ni~001!
can be regarded as shifted by the volume contribution; its
shape remains nearly unchanged. Evidently, both the surface
and the interface system clearly favor perpendicular anisot-
ropy (DEbnd.0) due to the tetragonal distortion. If the su-
perposition of profiles works as well as in the fcc case, we
expect that films with larger film thickness will also show
perpendicular anisotropy.

The overall enhancement ofDEbnd
( l ) is clearly visible for

films with n>6 ~cf. Fig. 5!. For example, both the surface
layersSand the interface layerS2n11 show values around
zero, in the fcc case negative values, though. The profiles are
again well reproduced by the superposition, an exception be-
ing layersS26 and S27 for n59. For thinner films, the
shape of the profiles is not as well reproduced by the super-
position as for the thicker films,~cf. in particularn52 and
n53), which means that QW contributions are important.
Thus, a shift inDEbnd

( l ) due to the tetragonal distortion is hard
to detect because it might be covered by the QW contribu-
tion. So the origin of the significant shift for 2 ML and 3 ML,
compared to the fcc case, cannot be unambiguously deter-
mined.

For the 3-ML and 5-ML films we now discuss the effect
of the tetragonal distortion on the band-energy difference in
more detail. In Fig. 6 the layer-resolved band energies for the
fcc, fct, and fct LEED cases are shown. As the fct LEED
case can be regarded as an intermediate case between the fcc
and fct cases, one would expect that its band-energy profile
lies between those of the latter. For the 3-ML film this is
apparently true~left panel in Fig. 6!. The interlayer distances
in the fct LEED case31 are reduced by about 2.6% with re-
spect to that of bulk Cu. So one would be led to the conclu-

sion that—despite possible QW contributions—the result of
Fig. 6 is consistent with a volume contribution to the MAE.

For the 5-ML film, however, we observe a completely
different dependence on the relaxation~right panel in Fig. 6!.
Here, the average contraction is 3.8%, but with an outward
relaxation of the surface layer by 1.7%. This outward relax-
ation could explain that the band-energy difference for this
layer is the lowest of all three cases. Further, the fcc profile is
larger than the fct case for all layers, but the fct LEED profile
shows the smallest~layer S) as well as the largest values
~layersS23). Considering the averaged band-energy differ-
ences (DEbnd, arrows in Fig. 6!, both fct cases show nega-
tive values, i.e., favor in-plane anisotropy. In conclusion, we
find no simple relation between relaxation and band-energy
contribution to the magnetic anisotropy for thin films.

We now turn to the magnetic-anisotropy energy. The total
band-energy difference per Ni atom, Eq.~4!, together with
the dipole-dipole interaction energy per Ni atom is shown in
Fig. 7. For the latter~open circles in Fig. 7!, the tetragonal
distortion leads to a slightly stronger interaction of the local
magnetic moments and thus to an insignificant lower
DEdd/atom. As mentioned earlier,DEdd shows negative val-
ues throughout the whole thickness range and depends al-
most linearly on film thickness. Therefore,DEdd/atom is
nearly independent on the film thickness for films thicker
than three layers. Thus, as was mentioned before, the band-
energy contribution to the MAE must be considered as re-
sponsible for the first spin reorientation transition.

In the fcc case,DEbnd/atom ~squares connected by solid
lines in Fig. 7! is positive for films withn<5 and negative
otherwise. Summing up both contributions yields perpen-
dicular anisotropy for film thicknessesn51, 2, 3, and 5.

FIG. 6. Layer-resolved band-energy contribution to the
magnetic-anisotropy energy of Ni films on Cu~001! with thick-
nessesn53 ~left! andn55 ~right! for cubic ~solid lines, fcc!, ho-
mogeneously tetragonal distorted~dotted lines, fct!, and in-
homogeneously tetragonal distorted~dashed lines, fct LEED!
systems. Arrows mark averages over the Ni layers. The layers are
labelledS,S21,S22, . . . , starting with the surface layerS. Lines
serve as guide to the eye.

FIG. 7. Magnetic-anisotropy energies per atom of Ni films on
Cu~001!. Their band-energy contributionsDEbnd are represented by
squares, their dipole-dipole interaction energyDEdd by open
circles. Diamonds denote band-energy contributions obtained by
superposition of the surface and the interface profiles; cf. Eq.~14!.
Solid lines refer to cubic Ni films~fcc case!, dotted lines to homo-
geneously tetragonal distorted Ni films~fct case!. Solid circles show
band-energy data obtained for in-homogeneously tetragonal dis-
torted Ni films of 3 ML and 5 ML thickness~fct LEED case!. Lines
serve as guide to the eye.
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Thus, it completely fails to reproduce the experimental find-
ing of in-plane anisotropy for thin films (n<5) and perpen-
dicular anisotropy for thicker films (n>6). However, in the
fct case~squares connected by dotted lines in Fig. 7! we
observe a volume contribution to the band energy for thicker
films. This gives rise to an almost linear increase ofDEbnd

with film thickness forn>6. It overridesDEdd and therefore
yields perpendicular anisotropy. For thin films, in particular
the 2-ML and 3-ML films, we observe also a strong positive
band-energy contribution which results in perpendicular an-
isotropy. We recall that the fct case by far overestimates the
tetragonal distortion. So the fct LEED case is more appropri-
ate ~solid circles in Fig. 7! but leads also to perpendicular
anisotropy for the 3-ML film.~To our knowledge, LEED
investigations for all relevant film thicknesses have not been
published up to date.! We would like to note that other
calculations42,43 also show perpendicular anisotropy for 2
ML and 3 ML films with band-energy differences of compa-
rable size. This corroborates that—at least—the thinner films
are idealizations of the experimental ones. In experiment,
in-plane anisotropy is observed for thin films, but one should
keep in mind that experimental samples are not as ‘‘ideal’’ as
those in a zero-temperature theory due to, e.g., interface
roughness, vacancies, and impurities, all of which lower the
MAE.15 Recent experiments44 show that the quality of Ni
films on Cu~001! indeed increases with film thickness. We
have therefore performed simple test calculations within the
virtual crystal approximation and the averagedt-matrix ap-
proximation in order to investigate the effect of interface
roughness. For thicker films, the effect on the MAE is very
small, but for thin films we observe a strong decrease of the
MAE or even in-plane anisotropy. These calculations fully
confirm the expectations, but we are aware that they can only
reveal trends. More sophisticated calculations are therefore
needed and are currently in progress.

The band-energy differenceDEbnd/atom obtained by su-
perposition@diamonds in Fig. 7, Eq.~14!# show identical
general shapes in both the fcc and fct cases: at very thin films
~one and two layers! there is a strong increase whereas for
thicker films (n>3) the energies are nearly independent on
the film thickness. Due to the volume contribution to the
MAE, the latter curve is shifted to higher energies. This re-
sults in perpendicular anisotropy for film thicknessesn>2 in
the fct case, but in-plane anisotropy for all thicknesses in the
fcc case. Thus, the latter fails completely to reproduce the
experimental observed spin reorientation transition. The
former, however, is able to reproduce the experimentally ob-
served trends correctly but fails to reproduce the SRT film
thickness. Quantum-size effects show up in the deviation of
band-energy contributions obtained by the full calculation
and the superposition of the surface and the interface profile
~squares and diamonds in Fig. 7, respectively!. In both the
fcc and fct cases, quantum-well contributions to the band-
energy contribution are strong and influence the anisotropy
considerably.

In conclusion, we observe a strong perpendicular anisot-
ropy from 6 ML and beyond which corresponds well with
the experimental findings of the first SRT. The interior part
of the film—roughly speaking the volume contribution to the
MAE—can be regarded as responsible for the first SRT.
However, quantum-well contributions to the MAE are strong

and effect the film thickness at which the first SRT will
occur. In particular, very thin fct films~e.g., 2 ML and 3 ML!
show perpendicular anisotropy—in contrast to experiment—
which indicates differences between the experimental films
and the idealized films in theory. Our calculations show that
the correct geometry~as, for example, obtained by LEED! as
well as film imperfections have to be included in future work
in order to explain this disagreement. To conclude on the
second SRT~transition from perpendicular to in-plane mag-
netic moments which occurs around 35–70 ML! is difficult
due to strain relaxation in thick films and island growth in
experiment.3,4,16

At last, we address higher-order contributions to the
MAE. For the film thickness of 7 ML in the fct case, the
band-energy differenceDEbnd was calculated for magnetic
moments tilted at an polar angleq: MW (q)5MW (')cosq
1MW (i)sinq. The dipole-dipole interaction energy is propor-
tional to sin2q.37 For the band energy we make the ansatz

Ebnd~q!5a2 sin2q1a4 sin4q ~17!

and determined the coefficientsa2 and a4 by least-squares
fitting to the numerical results; cf. Fig. 8. The dotted line in
Fig. 8 is the best fit when settinga450, i.e., taking into
account only the first-order contribution (a250.272 meV).
Apparently, it deviates visibly from the numerically obtained
data. Taking into account the second-order contribution we
find a perfect fit (a250.306 meV, a4520.038 meV). As
in experiment, the first-order contribution is positive while
the second-order contribution is negative.14 To compare the
theoretical anisotropy constants~obtained in a zero-
temperature model! with experimental ones is difficult be-
cause they depend significantly on temperature~cf. Fig. 6 in
Ref. 45!. Thus, experimental values should be extrapolated
to zero temperature which is—at present—hardly possible.
At a reduced temperatureT/TC50.2 Baberschke and Farle45

found for 7–8-ML films a2'0.101 meV and a4'
20.019 meV. Thus, theory gives values approximately a
factor of 2–3 too high which—besides the finite

FIG. 8. Higher-order contribution to the band-energy difference
DEbnd of 7 ML fct Ni on Cu~001!. q is the polar tilt angle of the
magnetic moments@cf. Eq. ~17!#. Circles represent results of the
numerical calculations. The dotted line is a fit taking into account
only the first-order contribution (a2 ); the solid line is a fit for both
first- and second-order contributions (a2 anda4).
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temperature—can be attributed to sample imperfections in
experiment~which lower the MAE! or an overestimation of
the lattice relaxation in theory~which increases the MAE!.

Having focused on the film-averaged anisotropy con-
stants, we now address briefly the layer-resolved values ofa2
anda4 . A closer analysis reveals thata2 follows the band-
energy difference profile very closely~cf. Fig. 5!; in other
words the first-order contribution is dominant for all layers.
a4 is negative for all Ni layers except for layerS21 where it
is positive but very small (,0.0005 meV). Multiplied by a
factor, it agrees surprisingly nicely with the band-energy dif-
ference profile but appears to be shifted down in energy. The
largest deviations are at layersS, S25, andS26, i.e., at the
surface and at the interface. Further,a2 and a4 show the
same sign for layersS, S21, andS23. As a rule of thumb,
the layer-dependent first-order contributiona2 can in good
approximation be taken from the band-energy difference pro-
files, the second-order contributiona4 as layer-independent
and negative for all layers.

V. CONCLUDING REMARKS

Film geometry, i.e., tetragonal distortion, and magnetic
properties, in particular the anisotropy, of ultrathin Ni layers
on Cu~001!, are closely related. We have calculated both
magnetization profiles and magnetic anisotropy of cubic and
tetragonally distorted films for thicknesses from 1 ML up to
10 ML.

Thick fct films ~with thicknesses larger than five mono-
layers! show an increase of the volume contribution to the
magnetic-anisotropy energy which overrides the dipole-
dipole interaction contribution. Thus, the experimentally ob-

served spin reorientation transition from in-plane to perpen-
dicular anisotropy at around six monolayers Ni can be
attributed to this volume contribution. The surface anisot-
ropy, i.e., perpendicular anisotropy at the outermost two to
three layers, is too small compared to the volume contribu-
tion and thus cannot account for the observed transition. Fur-
ther, the interface contribution favors an in-plane anisotropy
which partially cancels the surface anisotropy.

In thin fct films ~with thicknesses less than 6 ML! effects
due to the quantization of electronic states within the Ni film
are found to be significant. For these, we observe also per-
pendicular anisotropy, in particular for 2 ML and 3 ML
thickness. This is in contrast to experiments but in agreement
with other calculations42,43and, thus, gives evidence that ide-
alized theoretical systems do not fully describe the experi-
mental situation. Especially, mechanisms which lower the
band-energy contribution to the MAE—such as surface and
interface roughness44—are yet not taken into account.
Simple test calculations for the effect of interface roughness
yield a decrease of the MAE—as expected—but should be
followed by more advanced work.
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Abstract. For cubic (001), (110) and (111) surface systems with in-plane or perpendicular
magnetization, valence-band photoemission along the surface normal is studied analytically
by evaluating electric dipole transition matrix elements between half-space initial and final
states of the appropriate double-group symmetry. Explicit expressions are obtained for the
spin-polarization vector of the photoelectrons, and the spin-averaged intensity and its change
upon reversal of the magnetization direction, i.e. magnetic dichroism, for circularly and linearly
polarized incident light. These results firstly elucidate the origin of spin polarization and
dichroism in terms of an interplay between spin–orbit coupling and exchange, and secondly
provide a systematic overview of possible effects. In particular, we predict new types of
magnetic linear dichroism for s-polarized light in the case of magnetization perpendicular to
surfaces with a twofold rotation axis and in the case of in-plane magnetization of fcc (111) or
hcp (0001) surfaces.

1. Introduction

Spin-resolved photoemission is well established as a powerful tool for studying magnetic
properties of surfaces and ultrathin films (see, e.g., monographs by Feder (1985) and Kevan
(1992), recent original articles by Hartmannet al (1993a, b), Carboneet al (1993), Rader
et al (1994), Smithet al (1994), Wuet al (1994), and references therein). The traditional
analysis of the photoelectron spin-polarization component along the magnetization direction
has recently been complemented by asymmetries in the spin-averaged photocurrent produced
by circularly or linearly polarized radiation upon reversal of the magnetization. This so-
called magnetic circular dichroism (MCD) and linear dichroism (MLD) in photoemission
was first experimentally observed from core levels (Baumgartenet al 1990, Rothet al
1993a, b). Its potential relevance for magnetic storage technology was recently highlighted
by the successful element-specific imaging of magnetic domains (Schneideret al 1994).
There is also experimental evidence of MCD and MLD in valence-band photoemission
(Schneideret al 1991a, b, Bansmannet al 1992, Roseet al 1994). A systematic overview
and classification of the rather wide variety of magnetic dichroism effects have been provided
by Venus (1993, 1994) (see also Venuset al 1993). On the theoretical side, there have been a
series of many-body-type studies (see Thole and van der Laan (1994) and references therein),
which are however in practice restricted to an atomic approximation not quantitatively valid
for crystalline systems. Quantitative explanations of MCD and MLD in photoemission
from core levels have been obtained by means of relativistic multiple-scattering formalisms,
treating the final state as bulk-like (Ebertet al 1991) and as a time-reversed LEED state
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(Tamura et al 1994). As regards valence-band photoemission, a relativistic multiple-
scattering formalism (Halilovet al 1993) has recently been applied to Ni(001), yielding
prototype numerical results on MCD for magnetization normal to the surface (Scheunemann
et al 1994) and on two types of MLD due to s-polarized and p-polarized light in the case
of in-plane magnetization (Henket al 1994). While this type of numerical calculation is
indispensable for a detailed quantitative analysis of experimental results, more information
on general features and insight into the underlying physical mechanisms might be gained
by analytical calculations.

In this paper, we therefore present an analytical study of spin-polarization and magnetic
dichroic effects in valence-band photoemission. For the sake of transparency, we focus on
highly symmetric set-ups: normal emission, i.e. withk‖ = 0, from low-index surfaces with a
perpendicular fourfold, threefold or twofold rotational axis. In line with experimental reality,
the magnetization is assumed normal to the surface or parallel to it along a high-symmetry
direction. Within a relativistic single-particle framework, we calculate the photoelectron
spin-density matrix by evaluating electric dipole transition matrix elements produced by
s-, p- and circularly polarized radiation between initial and final half-space states, which
are constructed from symmetry-adapted basis functions. From this density matrix, we
obtain explicit expressions for the photoelectron spin-polarization vector, the spin-averaged
intensity and its asymmetry upon magnetization reversal, i.e. magnetic dichroism. Firstly,
we thus derive general relations, which are valid both in valence-band and in core-level
photoemission. Apart from their fundamental interest, they might be useful in checking
the reliability of experimental and of numerically calculated spectra. Secondly, the origin
of the components of the electron spin-polarization (ESP) vector is elucidated by explicitly
expressing them in terms of spin–orbit- and exchange-derived contributions. The occurrence
of the two contributions in a component is generally associated with magnetic dichroism.
Comparison of our results for ferromagnetic surface systems with their nonmagnetic limit
reveals an intimate connection between MLD and spin-polarization effects, which are
produced by linearly polarized light from nonmagnetic surfaces due to SOC. If such a ‘linear
spin-polarization effect’ (LSPE) involves an ESP component parallel to the magnetization,
MLD is found. The situation is analogous in the case of MCD, where the purely spin–orbit-
induced ESP component is due to optical orientation (Fano effect) by circularly polarized
light. We thus reach a unified understanding of both MCD and MLD.

This paper is organized as follows. In section 2 we give some basic properties of
relativistic electronic states in connection with photoemission. In section 3 we present
analytical results for normal photoemission from systems with magnetization normal to the
surface, before turning to the case of in-plane magnetization in section 4. In section 5 we
discuss the connection between magnetic dichroism and spin-polarization effects. Some
concluding remarks are made in section 6.

2. Symmetry-adapted electronic states and photoemission

The general framework of a fully relativistic one-step theory of photoemission from semi-
infinite crystalline systems, which incorporates both spin–orbit coupling and a ferromagnetic
ground state, and simpler spin-dependent approximations have been presented in chapter 4.5
in a monograph by Feder (1985). It may therefore suffice here to briefly specify the approach
used in the present work. Whilst a relativistic Green function formulation, like the one
worked out in detail by Halilovet al (1993), should be employed in numerical calculations
aiming at a quantitative comparison with experimental spectra, analytical expressions are
more transparent and instructive if one firstly replaces the initial-state Green function by



P36 P. Publikationen

Magnetic dichroism in photoemission: analytical results 49

its spectral representation in terms of states|i〉 (solutions of the Dirac equation without
an imaginary potential part), and secondly approximates the initial- and final-state four-
component spinors with two-component spinors|is〉 and |fs〉, with s = ±, which are
eigenfunctions of a Pauli-like Hamiltonian retaining of course spin–orbit coupling (see,
e.g., Feder (1985), p 131). One thus obtains a golden rule form for the spin-density matrix
of the photocurrent with elements

%ss ′(Ef ) =
∑
i,s ′′

〈fs |H ′|is ′′ 〉〈is ′′ |H ′|fs ′ 〉 δ(Ef − h̄ω − Eis′′ ). (1)

The final states|f+〉 and |f−〉 both have the energyEf , and only initial states with energy
Ef − h̄ω contribute. As a consequence of lattice periodicity parallel to the surface, all states
have the same surface-parallel wave vectork‖. The photon–electron interactionH ′ is E · r
with a spatially constant electric field vectorE of the incident light, i.e. we adopt the electric
dipole approximation, which is adequate for valence-band photoemission by radiation in the
vacuum–ultraviolet regime. With a view to explicitly evaluating equation (1) for highly
symmetrical set-ups, we now introduce symmetry-adapted forms of the initial and final
states.

Consider two sets of basis functions,{|g+
n 〉} and {|g−

n 〉}—consisting of an angular part
and a Pauli spinor (Rose 1961)—of an extra irreducible representation of the double group
associated with some point group, which transform under time reversalT̃ as T̃ |g+

n 〉 = |g−
n 〉

andT̃ |g−
n 〉 = −|g+

n 〉. The basis function sets are not unique, but the results presented below
do not depend on the particular choice. Electronic eigenstates of the Pauli Hamiltonian of a
nonmagneticsemi-infinite system can be expressed as|9s〉 = ∑

n αn|Rn〉|gs
n〉, s = ±, where

|Rn〉 are normalized radial functions andαn are real coefficients. These states obviously
transform under time reversal like their respective basis sets. Both have the sameαn and
|Rn〉 as well as the same energy, i.e. Kramers’ degeneracy. Formagneticsystems, Kramers’
degeneracy is lifted and we have

|9s〉 =
∑

n

α(s)
n |Rs

n〉|gs
n〉 s = ± (2)

with α(+)
n 6= α(−)

n and |R+
n 〉 6= |R−

n 〉 and exchange-split energy eigenvalues. As a
consequence of spin–orbit coupling, the spin-polarization expectation valueP of |9s〉
generally has an absolute value less than unity and may change sign with energy. But
it is still meaningful to refer to ‘majority’ and ‘minority’ states according to the direction
of their P .

We now use the above for further evaluating the photocurrent-density matrix%. The final
states|fs〉 at energyEf are the time-reversed LEED spinors with electron spins (relative
to some fixed direction) at the detector. They are expressed in the form of equation (2)
with complex coefficientsβ(s)

m :

|fs〉 =
∑
m

β(s)
m |R̃s

m〉|gs
m〉 s = ±. (3)

As is evident from group theory, the set of conceivable initial states (with energy
Ef − h̄ω) decomposes into pairs of initial states|ir+〉 and |ir−〉, wherer denotes the relevant
representations (cf. Falicov and Ruvalds 1968). The total photocurrent is thence the sum
of the photocurrents obtained for each pair. We note that in many practical cases only
one pair or even only one of its partners actually contributes, and therefore focus on these
partial photocurrents, drop the symmetry indexl and express the initial states|is〉 as in
equation (2). The dipole transition matrix elements

Wss ′ = 〈fs |E · r|is ′ 〉 s, s ′ = ± (4)
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then become linear combinations of matrix elements between the basis functions. The
(spatially uniform) electric field vectorE of the incident light is decomposed intoE‖ and
E⊥ parallel and normal to the plane of incidence. Defining

H⊥(ϕ) = i√
2

(
exp(iϕ)Y−1

1 + exp(−iϕ)Y 1
1

)
(5a)

H‖(ϕ) = 1√
2

(
exp(iϕ)Y−1

1 − exp(−iϕ)Y 1
1

)
(5b)

Hz = Y 0
1 (5c)

whereYm
l are the usual spherical harmonics, we obtain for the electric dipole operator

E · r =
√

4π

3
r
(
E‖(− sinϑ Hz + cosϑ H‖(ϕ)) + E⊥H⊥(ϕ)

)
. (6)

The polar and azimuthal anglesϑ and ϕ refer to the direction of light incidence. For s-
and p-polarized light we have(E‖, E⊥) = (0, E) and (E, 0), and for left- (right-) handed
circularly polarized light(E‖, E⊥) = E(±i, 1)/

√
2. Equation (6) and the state expansion

equations (2) and (3) are then used to evaluate the matrix elementsWss ′ . The resulting
expressions are employed in the photoelectron spin-density matrix

% =
( |W++|2 + |W+−|2 W++W?

−+ + W+−W?
−−

W?
++W−+ + W?

+−W−− |W−+|2 + |W−−|2
)

. (7)

The (not spin-resolved) intensityI (ϕ, ϑ) and the electron spin-polarization (ESP) vector
P (ϕ, ϑ) of the energy- and angle-resolved symmetry-specific photocurrent are then easily
obtained asI (ϕ, ϑ) = tr(%) and P (ϕ, ϑ) = tr(σ%)/I (ϕ, ϑ). Magnetic dichroism can be
characterized by the (not normalized) asymmetryA(ϕ, ϑ) = I (ϕ, ϑ,M ) − I (ϕ, ϑ,−M ),
i.e. the intensity change upon magnetization reversal.

3. Results for magnetization normal to the surface

We now evaluate the above expressions for normal emission from surface systems with two-,
three-, and fourfold rotational axes and with magnetizationM normal to the surface. The
underlying nonmagnetic point groups are 2mm, 3m, and 4mm, i.e. C2v, C3v, and C4v in the
Scḧonflies notation. Taking into accountM , the surface normal remains ann-fold rotation
axis, but the mirror operationsm are no longer symmetry operations, since they reverse
M . We thus have areduction of symmetrywith respect to the nonmagnetic case. Instead
of applying magnetic double-group theory (Falicov and Ruvalds 1968, Ruvalds and Falicov
1968), we adopt a more transparent approach, which facilitates contact with the nonmagnetic
case and reveals easily the roles played by the spin–orbit and by the exchange interaction in
producing the photoelectron spin-polarization vector and magnetic dichroism. The essential
idea is to express initial and final states in terms of the basis functions of the irreducible
representations of thenonmagnetic double groups, but with Kramers’ degeneracy lifted. We
then use these forms to evaluate the dipole transition matrix elementsWss ′ (cf. equation (4)).
Details of this approach are given in the case of twofold rotation symmetry, to which we
now turn.

3.1. The twofold rotational axis

Spin–orbit coupling mixes the four one-dimensional representations61, . . . , 64 of the single
group 2mm into one representation65 of the corresponding double group (see, for example,



P38 P. Publikationen

Magnetic dichroism in photoemission: analytical results 51

Inui et al 1990). Initial and final states can then be written in the form

|9s〉 = c
(s)

1 |61s
5 〉|s〉 + c

(s)

2 |62s
5 〉|s〉 + c

(s)

3 |63s
5 〉|−s〉 + c

(s)

4 |64s
5 〉|−s〉. (8)

The |s〉 are the Pauli spinors (aligned with respect toM ) and the|6is
5 〉 (with i = 1, . . . , 4)

are normalized spatial parts of the single-group symmetry6i ; the weight coefficientsc(s)
n

directly reflect the spin–orbit coupling. The upper indexs = ± is needed because of the
absence of Kramers’ degeneracy due to the exchange interaction. Without magnetization,
|6n+

5 〉 = |6n−
5 〉. Dipole matrix elements between states of the form of equation (8) are

easily evaluated, since the dipole operator does not affect the Pauli spinors and couples
the spatial parts according to the usual nonrelativistic dipole selection rules. As the final
states have pure61

5 spatial symmetry outside the crystal and still predominantly so inside,
we approximate them in the following as|fs〉 = |61s

5 〉|s〉, i.e. we neglect SOC in the final
state. The nonvanishing partial matrix elements involving final-state spatial parts61s

5 and
initial-state parts6is ′

5 are denoted byMiss ′
. The dipole matrix elements then become

W++ = − sinϑ E‖M
(1++)
⊥ (9a)

W+− = E⊥
{
− sinϕ M

(3+−)
‖ + i cosϕ M

(4+−)
‖

}
+E‖ cosϑ

{
cosϕ M

(3+−)
‖ + i sinϕ M

(4+−)
‖

}
(9b)

W−+ = E⊥
{

sinϕ M
(3−+)
‖ + i cosϕ M

(4−+)
‖

}
+E‖ cosϑ

{
− cosϕ M

(3−+)
‖ + i sinϕ M

(4−+)
‖

}
(9c)

W−− = − sinϑ E‖M
(1−−)
⊥ . (9d)

The corresponding results for a nonmagnetic system are easily recovered from the above
by noting that for vanishing exchange splittingMi+− = Mi−+ = Mi .

For s-polarized light, i.e. E⊥ = E and E‖ = 0, we obtain upon substitution of
equation (8) into equation (7)

I (ϕ) = sin2 ϕ
(
|M(3+−)

‖ |2 + |M(3−+)
‖ |2

)
+ cos2 ϕ

(
|M(4+−)

‖ |2 + |M(4−+)
‖ |2

)
+ sin 2ϕ

(
Im(M

(3−+)
‖ M

(4−+)
‖

?
) − Im(M

(3+−)
‖ M

(4+−)
‖

?
)
)

(10)

and

Pz(ϕ) =
{

sin2 ϕ
(
|M(3+−)

‖ |2 − |M(3−+)
‖ |2

)
+ cos2 ϕ

(
|M(4+−)

‖ |2 − |M(4−+)
‖ |2

)
− sin 2ϕ

(
Im(M

(3−+)
‖ M

(4−+)
‖

?
) + Im(M

(3+−)
‖ M

(4+−)
‖

?
)
)} /

I (ϕ). (11)

The surface-parallel spin-polarization componentsPx and Py are zero. Since reversal of
the magnetization interchangesM

(i+−)
‖ with M

(i−+)
‖ , the asymmetry, which constitutes the

MLD, is obtained from equation (10) as

A(ϕ) = 2 sin 2ϕ
(

Im(M
(3−+)
‖ M

(4−+)
‖

?
) − Im(M

(3+−)
‖ M

(4+−)
‖

?
)
)

. (12)

This expression directly reveals spin–orbit coupling as the physical origin of this type
of MLD: the productsM(3−+)

‖ M
(4−+)
‖

?
arise from the simultaneous presence of symmetry

types63
5 and64

5 in the initial state, equation (8), which is brought about by SOC. In the
nonmagnetic limit,A(ϕ) is seen to be identically zero, as it should be. Also, there is no



P.3 Photoelektronenspektroskopie P39

52 J Henk et al

MLD if the electric field vector lies in a mirror plane (ϕ = 0 or π/2). The spin–orbit-
induced product terms also occur in the above expression forPz in addition to the first two
terms, which are due to exchange interaction. IfM equals zero, this expression becomes

Pz(ϕ) = 2 sin 2ϕ Im(M
(3)
‖ M

(4)
‖

?
)
/

I (ϕ) (13)

i.e. the ‘linear spin-polarization effect’ predicted by Henk and Feder (1994) for 2mm-
symmetry nonmagnetic surfaces.

Our above analytical expressions are in line with what follows from general symmetry
arguments. The reflection operationsm1 andm2 at the(x, z)- and(y, z)-plane do not leave
the total set-up invariant, but their combinationm1m2 does. The latter dictates thatPx andPy

are zero, since it reverses their signs, but does not impose any restriction onPz. Reflection
m1 implies the relationsI (ϕ, M ) = I (−ϕ, −M ) andPz(ϕ, M ) = −Pz(−ϕ, −M ), which
can also be seen directly from our above formulae.

For off-normally incidentp-polarized light, we obtain for the intensity

I (ϑ, ϕ) = sin2 ϑ
(
|M(1++)

⊥ |2 + |M(1−−)
⊥ |2

)
+ cos2 ϑ cos2 ϕ

(
|M(3+−)

‖ |2 + |M(3−+)
‖ |2

)
+ cos2 ϑ sin2 ϕ

(
|M(4+−)

‖ |2 + |M(4−+)
‖ |2

)
+ cos2 ϑ sin 2ϕ

(
Im(M

(3+−)
‖ M

(4+−)
‖

?
) − Im(M

(3−+)
‖ M

(4−+)
‖

?
)
)

(14)

and three nonzero ESP components

Pz(ϑ, ϕ) = 1

I (ϑ, ϕ)

[
sin2 ϑ

(
|M(1++)

⊥ |2 − |M(1−−)
⊥ |2

)
+ cos2 ϑ cos2 ϕ

(
|M(3+−)

‖ |2 − |M(3−+)
‖ |2

)
+ cos2 ϑ sin2 ϕ

(
|M(4+−)

‖ |2 − |M(4−+)
‖ |2

)
+ cos2 ϑ sin 2ϕ

(
Im(M

(3+−)
‖ M

(4+−)
‖

?
) + Im(M

(3−+)
‖ M

(4−+)
‖

?
)
)]

(15a)

Px(ϑ, ϕ) = sin 2ϑ

I (ϑ, ϕ)

[
cosϕ

(
Re(M(1++)

⊥ M
(3−+)
‖

?
) − Re(M(1−−)

⊥ M
(3+−)
‖

?
)
)

− sinϕ
(

Im(M
(1++)
⊥ M

(4−+)
‖

?
) + Im(M

(1−−)
⊥ M

(4+−)
‖

?
)
)]

(15b)

Py(ϑ, ϕ) = − sin 2ϑ

I (ϑ, ϕ)

[
cosϕ

(
Im(M

(1++)
⊥ M

(3−+)
‖

?
) + Im(M

(1−−)
⊥ M

(3+−)
‖

?
)
)

− sinϕ
(

Re(M(1++)
⊥ M

(4−+)
‖

?
) − Re(M(1−−)

⊥ M
(4+−)
‖

?
)
)]

. (15c)

The asymmetryA(ϑ, ϕ) is the same as for s-polarized light (equation (12)) but multiplied
by cos2 ϑ , i.e. there is again MLD, which is due to SOC between63

5 and 64
5 symmetry

initial-state parts.
Pz again consists of an exchange-induced part (the first three terms in equation (15a))

and a spin–orbit-induced part (the last term in equation (15a)), which in the nonmagnetic
limit again becomes the recently predicted LSPE (Henk and Feder 1994).Px andPy also
do not vanish in the nonmagnetic case, but reproduce the LSPE due to p-polarized light,
with P normal to the reaction plane, which was predicted by Tamura and Feder (1991a, b)
and experimentally verified by Heinzmann’s group (Schmiedeskampet al 1991, Irmeret al
1992).
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The intensity and ESP fulfil the symmetry relation

(I, Px, Py, Pz)
ϕ→−ϕ,M→−M−→ (I, −Px, Py, −Pz). (16)

The relations forPx andPy follow immediately from the symmetry operation 2◦ m1 ◦ m2.
Furthermore,

(I, Px, Py, Pz)
ϑ→−ϑ−→ (I, −Px, −Py, Pz) (17)

as is obvious from the twofold rotational symmetry. Note that the transformationϑ → −ϑ

is identical toϕ → ϕ + π . The results for s-polarized light can be easily obtained from
equations (14) and (15c) by settingϑ = 0 andϕ → ϕ + π/2.

For circularly polarized light, we confine ourselves (in this paper) to the case of normal
incidence, i.e.ϑ = 0. The intensity and ESP are given by

I (σ±) = 1

2

(
|M(3+−)

‖ |2 + |M(3−+)
‖ |2 + |M(4+−)

‖ |2 + |M(4−+)
‖ |2

∓
(

Re(M(3+−)
‖ M

(4+−)
‖

?
) − Re(M(3−+)

‖ M
(4−+)
‖

?
)
))

(18)

and

Pz(σ±) = 1

2I (σ±)

(
|M(3+−)

‖ |2 − |M(3−+)
‖ |2 + |M(4+−)

‖ |2 − |M(4−+)
‖ |2

∓
(

Re(M(3+−)
‖ M

(4+−)
‖

?
) + Re(M(3−+)

‖ M
(4−+)
‖

?
)
))

(19)

where the two signs correspond to the two helicities of the light(σ±). The asymmetry,
i.e. the MCD, is immediately obtained as

A(σ±) = ∓2
(

Re(M(3+−)
‖ M

(4+−)
‖

?
) − Re(M(3−+)

‖ M
(4−+)
‖

?
)
)

. (20)

Obviously, it requires for its existence SOC between initial-state parts of63
5 and 64

5
symmetry as well as exchange splitting. It is interesting to note that MCD (equation (20))
involves the real part of the matrix element product, whereas MLD (cf. equation (12)) is
described by its imaginary part. By measuring, in addition to the intensity, the asymmetries
for circularly and linearly polarized light, one can therefore obtain information not only
about the modulus of the transition matrix elements, but also about their real and imaginary
parts, i.e. their phase.

The intensity and ESP obey the relationsI (σ±, M ) = I (σ∓, −M ), andPz(σ±, M ) =
−Pz(σ∓, −M ). Furthermore, the intensity is closely related to that for s-polarized light,

I (s, ϕ = 0) + I (s, ϕ = π/2) = I (σ+) + I (σ−). (21)

3.2. The fourfold rotational axis

Electronic states of surface systems with 4mm symmetry, i.e. C4v in Scḧonflies notation, can
be classified according to two irreducible representations,16 and17, of the (nonmagnetic)
double group. For magnetization normal to the surface, this classification still holds except
for the lifting of Kramers’ degeneracy. We recall that in the case of16 SOC mixes spatial
parts of11

6 and15
6 spatial symmetry. The final states have16 symmetry, and we restrict

ourselves again to the dominant part,11
6.

Let us first consider photoemission from16 initial states. Proceeding analogously to the
above method for twofold rotational symmetry, we obtain for s-polarized light the intensity

I = |M(5+−)
‖ |2 + |M(5−+)

‖ |2 (22)



P.3 Photoelektronenspektroskopie P41

54 J Henk et al

and for the ESP, which only has a component normal to the surface,

Pz =
(
|M(5+−)

‖ |2 − |M(5−+)
‖ |2

) /
I. (23)

In contrast to our above findings for surfaces with twofold rotational axes, both the
intensity and the ESP are independent of the azimuthϕ, and there is no MLD. This
is easily understood from our previous results: going from 2mm to 4mm symmetry
we get M

(3+−)
‖ = M

(4+−)
‖ and M

(3−+)
‖ = M

(4−+)
‖ . Further we obtain, in accordance

with symmetry arguments, the following (rather trivial) relations:I (M ) = I (−M ) and
Pz(M ) = −Pz(−M ).

We now turn to p-polarized light. In this case, the intensity is obtained as

I (ϑ) = sin2 ϑ
(
|M(1++)

⊥ |2 + |M(1−−)
⊥ |2

)
+ cos2 ϑ

(
|M(5+−)

‖ |2 + |M(5−+)
‖ |2

)
. (24)

All three components of the ESP are nonzero:

Pz(ϑ) =
{

sin2 ϑ
(
|M(1++)

⊥ |2 − |M(1−−)
⊥ |2

)
+ cos2 ϑ

(
|M(5+−)

‖ |2 − |M(5−+)
‖ |2

)} /
I (ϑ)

(25a)

Px(ϑ, ϕ) = − sin 2ϑ
{

cosϕ
(

Re(M(1++)
⊥ M

(5−+)
‖

?
) − Re(M(1−−)

⊥ M
(5+−)
‖

?
)
)

− sinϕ
(

Im(M
(1++)
⊥ M

(5−+)
‖

?
) + Im(M

(1−−)
⊥ M

(5+−)
‖

?
)
)} /

I (ϑ) (25b)

Py(ϑ, ϕ) = sin 2ϑ
{

cosϕ
(

Im(M
(1++)
⊥ M

(5−+)
‖

?
) + Im(M

(1−−)
⊥ M

(5+−)
‖

?
)
)

− sinϕ
(

Re(M(1++)
⊥ M

(5−+)
‖

?
) − Re(M(1−−)

⊥ M
(5+−)
‖

?
)
)} /

I (ϑ). (25c)

There is no MLD. Reflection at the (x, z)-plane implies

(I, Px, Py, Pz)
ϕ→−ϕ,M→−M−→ (I, −Px, Py, −Pz). (26)

Furthermore, we have

Px(ϑ, ϕ) = cosϕ Px(ϑ, 0) − sinϕ Py(ϑ, 0) (27a)

Py(ϑ, ϕ) = sinϕ Px(ϑ, 0) + cosϕ Py(ϑ, 0). (27b)

For right-handed(σ+) and left-handed(σ−) circular light, we obtain

I (σ+) = 2|M(5+−)
‖ |2 and I (σ−) = 2|M(5−+)

‖ |2. (28)

In the first case (σ+), only transitions from initial states of symmetry15
6 of the function

class|f −
n 〉 into the final state of the function class|f +

m 〉 can take place. In the latter case,
the two function classes are interchanged. In general, this may lead to a pronounced MCD
(Scheunemannet al 1994). The photoelectrons are completely polarized,Pz(σ±) = ±1.
But note that the ESP given here is in fact a partial polarization, in the sense that the
complete intensity (due to both16 and 17 initial states) is replaced by that arising only
from 16 initial states. The intensity asymmetry (MCD) can be obtained by reversing
the magnetization or by reversing the photon helicity,I (σ±, M ) = I (σ∓, −M ) and
Pz(σ±, M ) = −Pz(σ∓, M ). Furthermore, the intensity is closely related to that for s-
polarized light,I (s) = (I (σ+) + I (σ−)) /2.

Now we consider emission from initial states with17 symmetry. BecauseW11 andW22

are equal to zero, onlyPz is nonzero. For s-polarized light, we obtain the same result as
for 16 initial states (see equation (22) and subsequent equations).

In contrast to16 initial states (where11
6 couples to the electric field vector component

normal to surface),17 initial states couple only to the electric field vector component parallel
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to the surface. Therefore, the intensity and ESP for p-polarized light are very closely related
to those for s-polarized light, carrying an additional (geometrical) factor:

I (p) = cos2 ϑ
(
|M(5+−)

‖ |2 + |M(5−+)
‖ |2

)
= cos2 ϑI (s) (29)

andPz(p) = Pz(s).
For circularly polarized light, the intensity and ESP are given by

I (σ+) = 2|M(5−+)
‖ |2 and I (σ−) = 2|M(5+−)

‖ |2 (30)

andPz(σ±) = ∓1. Note that the ESP is reversed with respect to that for16 initial states
(compare, e.g., equation (28)) (Wöhlecke and Borstel 1984) and both the intensity and the
ESP obey the same symmetry relations as for16 initial states.

3.3. The threefold rotational axis

Electronic states at surfaces with 3m symmetry, i.e. C3v in Scḧonflies notation, may be
classified according to two irreducible representations of the respective double group,36

and34,5. The final state has31
6 symmetry.

First, consider transitions from36 initial states. Comparing the transition matrix
elements with those obtained for16 initial states (4mm symmetry), we note thatM(3+−)

‖
corresponds toM(5+−)

‖ andM
(3−+)
‖ to M

(5−+)
‖ . Therefore, we get the same results as given

in equations (22)–(28), but withM(5ss ′)
‖ replaced byM(3ss ′)

‖ . In particular, there is also no
MLD.

We now turn to photoemission from34,5 initial states. For s-polarized light we obtain
the intensity

I = 1

2

(
|M(3++)

‖ |2 + |M(3+−)
‖ |2 + |M(3−+)

‖ |2 + |M(3−−)
‖ |2

)
. (31)

The z-component of the ESP is exclusively due to exchange splitting and is given by

Pz = 1

2I

(
|M(3++)

‖ |2 + |M(3+−)
‖ |2 − |M(3−+)

‖ |2 − |M(3−−)
‖ |2

)
. (32)

The components parallel to the surface are due to both exchange and SOC, i.e.

Px(ϕ) = 1

I

[
− sin 2ϕ

(
Re(M(3++)

‖ M
(3−+)
‖

?
) − Re(M(3−−)

‖ M
(3+−)
‖

?
)
)

− cos 2ϕ
(

Im(M
(3++)
‖ M

(3−+)
‖

?
) + Im(M

(3−−)
‖ M

(3+−)
‖

?
)
)]

(33a)

Py(ϕ) = −1

I

[
− cos 2ϕ

(
Re(M(3++)

‖ M
(3−+)
‖

?
) − Re(M(3−−)

‖ M
(3+−)
‖

?
)
)

− sin 2ϕ
(

Im(M
(3++)
‖ M

(3−+)
‖

?
) + Im(M

(3−−)
‖ M

(3+−)
‖

?
)
)]

. (33b)

Without exchange splitting, we haveM(3++)
‖ = M

(3−−)
‖ and M

(3+−)
‖ = M

(3−+)
‖ . This

leads to the intensity

I =
(
|M(3++)

‖ |2 + |M(3+−)
‖ |2

)
(34)

and to

Pz = 0 (35a)

Px(ϕ) = −2

I
cos 2ϕ Im(M

(3++)
‖ M

(3−+)
‖

?
) (35b)

Py(ϕ) = 2

I
sin 2ϕ Im(M

(3++)
‖ M

(3−+)
‖

?
) (35c)
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which may be expressed as

Px(ϕ) = cos 2ϕ Px(0) and Py(ϕ) = − sin 2ϕ Px(0). (36)

We thus retrieve the result for the LSPE of 3m surfaces (Tamuraet al 1987), where s-
polarized light produces an in-plane spin polarization.

We obtain the (typical) symmetry relations for the intensity and the normal component
of the ESP,

(I, Px, Py, Pz)
ϕ→−ϕ,M→−M−→ (I, Px, −Py, −Pz) (37)

and

Px(ϕ) = cos 2ϕ Px(0) − sin 2ϕ Py(0) (38a)

Py(ϕ) = − sin 2ϕ Px(0) + cos 2ϕ Py(0). (38b)

Analogously to the case for 4mm symmetry, 34,5 initial states couple only to the
components of the electric field vector parallel to the surface. Therefore, results for p-
polarized light are like those for s-polarized light except for the geometrical factor cos2 ϑ

(cf. equation (29)).
For circularly polarized light we find

I (σ+) = |M(3−+)
‖ |2 + |M(3−−)

‖ |2 and I (σ−) = |M(3+−)
‖ |2 + |M(3++)

‖ |2 (39)

andPz(σ±) = ∓1. The (partial) polarization is complete and reversed with respect to that
of 36 initial states.

Table 1. Magnetic dichroic effects and photoelectron spin-polarization components for
magnetizationM normal to surfaces (parallel to thez-axis) with twofold, threefold, or fourfold
rotational axes, i.e. with spatial symmetry groups 2mm, 3m, and 4mm in the nonmagnetic limit.
s, p, and circ. stand for s-, p-, and normally incident circularly polarized light. The signs in
brackets indicate whether the respective ESP component occurs (+ sign) or does not occur
(− sign) if only SOC (first sign), only exchange (second sign), or both (third sign) are present.
MLD and MCD occur if a spin-polarization component parallel toM is produced by SOC in
the nonmagnetic case.

2mm

light Px Py Pz I

s (−, −, −) (−, −, −) (+, +, +) MLD
p (+, −, +) (+, −, +) (+, +, +) MLD
circ. (−, −, −) (−, −, −) (+, +, +) MCD

4mm

light Px Py Pz I

s (−, −, −) (−, −, −) (−, +, +)

p (+, −, +) (+, −, +) (−, +, +)

circ. (−, −, −) (−, −, −) (+, +, +) MCD

3m

light Px Py Pz I

s (+, −, +) (+, −, +) (−, +, +)

p (+, −, +) (+, −, +) (−, +, +)

circ. (−, −, −) (−, −, −) (+, +, +) MCD

In table 1 we summarize our findings for photoemission from systems with
magnetization normal to the surface. For systems with twofold rotational axes, we observe
both MLD and MCD, whereas for surfaces with three- or fourfold rotational symmetry we
find only MCD but no MLD.
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4. Results for magnetization parallel to the surface

We now address surface systems with in-plane magnetizationM . Irrespective of whether the
corresponding nonmagnetic system has 2mm, 3m or 4mm symmetry, the magnetic system
in this case has no rotational symmetry axis and at most one mirror plane. Nevertheless, the
photoemission intensity and ESP expressions and in particular the occurrence of magnetic
dichroism depend on the specific mirror symmetries of the corresponding nonmagnetic
system and on the orientation ofM relative to these mirror planes. We can distinguish
three practically important cases. (i) The nonmagnetic system has two mirror planes
(perpendicular to each other and to the surface plane) andM is parallel to one of them,
for example the(yz)-plane. This is a typical for cubic (001) and (110) surfaces, where
M points from an atom to one of its nearest neighbours. The other two cases involve
only one mirror plane (chosen as the(xz)-plane), like (111) surfaces of cubic crystals and
(0001) surfaces of hcp crystals. (ii)M is perpendicular to the mirror plane (pointing to a
nearest-neighbour atom) or (iii)M is not perpendicular to the mirror plane. In the first two
cases, the system is characterized by the spatial symmetry groupm (i.e. Cs in the Scḧonflies
notation). In the third case there is no nontrivial symmetry operation.

Table 2. Symmetry-adapted basis functions for systems with two mirror planes—(x, z) and
(y, z)—(in the nonmagnetic limit) andM parallel to thex-axis, i.e. parallel to the surface and
to the (y, z) mirror plane. The angular-momentum-quantization axis is normal to the surface;
the spin-quantization axis is parallel to the magnetization (Pauli spinors|α〉 and |β〉). l andm

denote the quantum numbers of the angular momentum and its projection onto thez-axis.

|g+
n 〉 |g−

n 〉
S1 Y 0

l |α〉 Y 0
l |β〉 l > 0

(1/
√

2)
(
Ym

l + Y−m
l

) |α〉 [(−1)m/
√

2]
(
Ym

l + Y−m
l

) |β〉 l > 1, −l 6 m 6 l

S2 (1
√

2)
(
Ym

l − Y−m
l

) |β〉 [−(−1)m/
√

2]
(
Ym

l − Y−m
l

) |α〉 l > 1, −l 6 m 6 l

Table 3. The connection of single-group representations of the symmetry-adapted basis functions
given in table 2 and those for 2mm and 4mm symmetry.

S1 S2

2mm 61, 64 62, 63

4mm 11, 12, 15 1′
1, 1

′
2, 15

4.1. Cubic (001) and (110) surfaces

We are now dealing with case (i), withM chosen along thex-axis. It is convenient
to introduce symmetry-adapted basis functions (see table 2), the angular-momentum-
quantization axis of which is normal to the surface, whereas the spin-quantization axis
is parallel to the magnetization. These are closely related to those for 2mm symmetry (Inui
et al 1990). In table 3 we give the connection between spatial parts of basis functions
for 2mm and 4mm symmetry and the symmetry-adapted basis functions. Because the
quantization axes for angular momentum and spin differ, a unitary transformation has to be
applied to the spin-density matrix (Kessler 1985). Initial and final states then have the form

|9s〉 = c
(s)

1 |S1s〉|s〉 + c
(s)

2 |S2s〉|−s〉 s = ± (40)
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where the notation is analogous to what we used in equation (8) and again explicitly displays
SOC. The evaluation of the photoelectron spin-density matrix proceeds in the same way
as described in subsection 3.1. It should be noted, however, that now there are two types
of matrix element involving initial-state parts ofS1 spatial symmetry:M(1ss)

‖ is due to the

dipole operator partH‖ andM
(1ss)
⊥ to Hz (cf. equations (5c) and (6)).

For p-polarized lightwe obtain

I (ϑ, ϕ) = sin2 ϑ
(
|M(1++)

⊥ |2 + |M(1−−)
⊥ |2

)
+ cos2 ϑ sin2 ϕ

(
|M(1++)

‖ |2 + |M(1−−)
‖ |2

)
+ cos2 ϑ cos2 ϕ

(
|M(2+−)

‖ |2 + |M(2−+)
‖ |2

)
+ sin 2ϑ sinϕ

(
Im(M

(1++)
⊥

?
M

(1++)
‖ ) − Im(M

(1−−)
⊥

?
M

(1−−)
‖ )

)
(41)

and

Px(ϑ, ϕ) =
{

sin2 ϑ
(
|M(1++)

⊥ |2 − |M(1−−)
⊥ |2

)
+ cos2 ϑ sin2 ϕ

(
|M(1++)

‖ |2 − |M(1−−)
‖ |2

)
+ cos2 ϑ cos2 ϕ

(
|M(2+−)

‖ |2 − |M(2−+)
‖ |2

)
+ sin 2ϑ sinϕ

(
Im(M

(1++)
⊥

?
M

(1++)
‖ ) + Im(M

(1−−)
⊥

?
M

(1−−)
‖ )

)} /
I (42a)

Pz(ϑ, ϕ) = −
{

sin 2ϑ cosϕ
(

Re(M(1++)
⊥ M

(2−+)
‖

?
) − Re(M(1−−)

⊥ M
(2+−)
‖

?
)
)

+ cos2 ϑ sin 2ϕ
(

Im(M
(1++)
‖ M

(2−+)
‖

?
) + Im(M

(1−−)
‖ M

(2+−)
‖

?
)
)}

(42b)

Py(ϑ, ϕ) = −
{

sin 2ϑ cosϕ
(

Im(M
(1++)
⊥ M

(2−+)
‖

?
) + Im(M

(1−−)
⊥ M

(2+−)
‖

?
)
)

− cos2 ϑ sin 2ϕ
(

Re(M(1++)
‖ M

(2−+)
‖

?
) − Re(M(1−−)

‖ M
(2+−)
‖

?
)
)}

. (42c)

Since the last term in the above intensity expression reverses sign upon reversal ofM , there
is an MLD, which is maximal for the azimuthal angle of photon incidenceϕ = π/2 and
vanishes forϕ = 0. In the first case, the reaction plane is the (y, z)-plane, i.e. perpendicular
to M (aligned along thex-axis). From the above expressions, the ESP componentsPy and
Pz are seen to vanish, and the nonzeroPx is composed of two exchange-induced terms,
which change sign upon reversal ofM , and a third spin–orbit-induced term, which does not
change sign and survives in the nonmagnetic limit, retrieving the ‘linear spin-polarization
effect’ predicted by Tamura and Feder (1991a, b). We thus find again, as above in the case
of twofold symmetry with magnetization normal to the surface, that the occurrence of both
an exchange- and a spin–orbit-induced additive contribution in one of the ESP components
is associated with MLD. This connection is explicit in our above formulae: the last term
in I , which is responsible for MLD, and the last term inPx , the spin–orbit contribution,
involve the same matrix element combinations Im(M

(1ss)
⊥

?
M

(1ss)
‖ ) (with s = ±).

In the case whereϕ = 0, in which M is parallel to the reaction plane, equation (41)
shows that there is no MLD, but all three ESP components are nonzero.Px is seen to be
due to exchange only, reversing its sign upon reversal ofM , and Py due to SOC only,
whereasPz involves both interactions in such a way that it would vanish if one or the other
were absent. This interplay between exchange interaction and SOC is clearly different from
the additive one in formingPx in the previously discussed case whereϕ = π/2.

For generalϕ, our formulae yield the relation

(I, Px, Py, Pz)
ϕ→−ϕ,M→−M−→ (I, −Px, Py, −Pz). (43)
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This also follows directly by considering reflection of the total set-up at the (x, z)-plane
(which is, however, not a symmetry operation).

The results fors-polarized lightincident at azimuthϕ can very easily be obtained from
the above ones for p-polarized light by settingϑ = 0 (i.e. normal incidence) and replacing
ϕ by ϕ + π/2. Intensity and ESP components are then seen to obey the relations

(I, Px, Py, Pz)
M→−M−→ (I, −Px, −Py, Pz) (44a)

(I, Px, Py, Pz)
ϕ→−ϕ,M→−M−→ (I, Px, −Py, −Pz). (44b)

In particular, there is no MLD in the sense of an intensity asymmetry upon reversal of
M . There is, however, a difference between the intensities forϕ = 0 and ϕ = π/2,
i.e. for normally incident s- and p-polarized light. If one defines dichroism as an intensity
asymmetry occurring for two orthogonal states of photon polarization, one can therefore
identify a MLD.

For off-normally incidentcircularly polarized lightof helicity σ+ or σ−, the intensity is

I (ϑ, ϕ, σ±) = 1

2

{
sin2 ϑ

(
|M(1++)

⊥ |2 + |M(1−−)
⊥ |2

)
±2 sinϑ cosϕ

(
Re(M(1++)

⊥ M
(1++)
‖

?
) − Re(M(1−−)

⊥ M
(1−−)
‖

?
)
)

− sin 2ϑ sinϕ
(

Im(M
(1++)
⊥ M

(1++)
‖

?
) − Im(M

(1−−)
⊥ M

(1−−)
‖

?
)
)

+(1 − sin2 ϑ sin2 ϕ)
(
|M(1++)

‖ |2 + |M(1−−)
‖ |2

)
+ (1 − sin2 ϑ cos2 ϕ)

(
|M(2+−)

‖ |2 + |M(2−+)
‖ |2

)}
. (45)

The two terms involving real and imaginary parts ofM-products imply two different types
of MCD. The second one is associated with the MLD for p-polarized light—cf. the last
term in equation (41)—which vanishes forϕ = 0, i.e. for M in the plane of incidence.
This MCD is independent of the helicity of the incident radiation. The first MCD arises if
M is not perpendicular to the plane of incidence. It further shows the symmetry relation
I (σ+, +M ) = I (σ−, −M ). Since the ESP expressions are rather lengthy, it may suffice
to say that all three components are generally nonzero.

For normally incidentcircularly polarized light (ϑ = 0 and arbitraryϕ) the above
intensity formula reduces to

I (σ±) =
(
|M(1++)

‖ |2 + |M(1−−)
‖ |2 + |M(2+−)

‖ |2 + |M(2−+)
‖ |2

) /
2 (46)

and the ESP is given by

Px(σ±) = 1

2I

(
|M(1++)

‖ |2 − |M(1−−)
‖ |2 + |M(2+−)

‖ |2 − |M(2−+)
‖ |2

)
(47a)

Py(σ±) = ±
(

Im(M
(1++)
‖ M

(2−+)
‖

?
) − Im(M

(1−−)
‖ M

(2+−)
‖

?
)
) /

I (47b)

Pz(σ±) = ∓
(

Re(M(1++)
‖ M

(2−+)
‖

?
) + Re(M(1−−)

‖ M
(2+−)
‖

?
)
) /

I. (47c)

Evidently, there is no MCD and all three components of the ESP are generally nonzero, in
contrast to the case ‘M normal to the surface’ treated above.Px (along the direction of
M ) is seen to be exchange induced, reversing its sign upon reversal ofM , whereasPz can
be produced by SOC alone, reducing to the usual optical orientation (Fano) effect in the
nonmagnetic limit.Py requires the simultaneous presence of magnetic exchange and SOC.
This situation is analogous to the above-discussed case of p-polarized light forϕ = 0.
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On the grounds of our results it may appear surprising that in a recent photoemission
experiment using normally incident circularly polarized light (Schneideret al 1991b), no
ESP componentPz normal to the surface was detected. This finding was interpreted as
follows. First, the spin-quantization axis is predominantly defined byM , which should
lead to vanishing ESP components normal to the magnetization. Second, because of the
exchange splitting and the reduced symmetry (with respect to the nonmagnetic solid) the
electronic wave functions change symmetry and the dipole selection rules leading to optical
orientation do not hold. We therefore wish to point out that our above analytical results are
supported by numerical calculations for Ni(001) (Henket al 1994), which yield not only a
strong ESP in the direction ofM but also two ESP components normal toM . The latter
are, however, much smaller with values within the statistical error of the above experiment.

Reversing the photon helicity orM , we obtain the relations

(I, Px, Py, Pz)
σ±→σ∓−→ (I, Px, −Py, −Pz) (48a)

(I, Px, Py, Pz)
M→−M−→ (I, −Px, −Py, Pz). (48b)

Dichroic effects and spin polarizations for magnetization parallel to the surface are
summarized in table 5. Prototype numerical results for Ni(001) with a single photon energy
(Henk et al 1994) fully confirm the present qualitative predictions.

4.2. The fcc (111) and hcp (0001) surfaces

We now turn to the above-defined cases (ii) and (iii) relating to magnetic surfaces with
in-plane magnetization, which in the nonmagnetic limit have threefold rotational symmetry
and three mirror planes (symmetry 3m), e.g. (111) surfaces of fcc or (0001) surfaces of
hcp systems. We recall that for 3m symmetry the irreducible representations of the double
group consist of the two-dimensional one,36, and two one-dimensional ones degenerate
by time-reversal symmetry,34 and35.

Table 4. Symmetry-adapted basis functions for systems with one mirror plane—(x, z)—andM

along they-axis, i.e. parallel to the surface and perpendicular to the mirror plane. The spin- and
angular-momentum-quantization axes are chosen normal to the surface (Pauli spinorsχ+ and
χ−). l and m denote the quantum numbers of the angular momentum and its projection onto
the z-axis.

|g+
n 〉 |g−

n 〉
γ1 Y−m

l χ− + iYm
l χ+ Ym

l χ+ + iY−m
l χ− m odd

γ2 −Y−m
l χ− + iYm

l χ+ Ym
l χ+ − iY−m

l χ− m even

Let us now specialize to case (ii), i.e. whereM is perpendicular to a mirror plane, for
example the (xz)-plane, withM pointing in nearest-neighbour directions. There remains
one nontrivial symmetry operation, the reflection at this plane, i.e. we are concerned with the
double groupm. In the magnetic case there are only two one-dimensional representations,
γ1 andγ2, which are connected to the former by34 → γ1, 35 → γ2, and36 → γ1 + γ2

(Falicov and Ruvalds 1968). Furthermore,γ1 and γ2 are degenerate by time-reversal
symmetry. Their spin-angular basis functions are given in table 4.

For s-polarized light with the azimuthal angleϕ of the electric field vectorE, we obtain
the following expression for the photoemission intensity:

I (ϕ) = 2 sin2 ϕ
(
|M(++)

1 |2 + |M(−−)

2 |2
)

+ 2 cos2 ϕ
(
|M(−+)

1 |2 + |M(+−)

2 |2
)

(49)
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and for the ESP

Px = −2

I
sin 2ϕ

(
Re(M(++)

1 M
(−+)

1

?
) − Re(M(−−)

2 M
(+−)

2

?
)
)

(50a)

Py = 2

I

{
sin2 ϕ

(
|M(++)

1 |2 − |M(−−)

2 |2
)

− cos2 ϕ
(
|M(−+)

1 |2 − |M(+−)

2 |2
)}

(50b)

Pz = −2

I
sin 2ϕ

(
Im(M

(++)

1 M
(−+)

1

?
) + Im(M

(−−)

2 M
(+−)

2

?
)
)

(50c)

whereM
(s+)

1 (M(s−)

2 ) denotes a transition matrix element from initial state|i+〉 (|i−〉) with
complex expansion coefficientsα+

n (α−
n ), cf. equation (2), into final state|fs〉. It is important

to note that in the present case the expansion coefficients cannot be chosen as real because
the basis functions behave differently under time reversal and mirror operations. Thus, in
M2 the complex conjugate expansion coefficients of the respective initial state appear, in
contrast to the case forM1.

The above expressions evidently obey the symmetry relation

(I, Px, Py, Pz)
ϕ→−ϕ−→ (I, −Px, Py, −Pz). (51)

Since the matrix elementsM1 and M2 differ from each other, the intensityI (ϕ) changes
upon reversal of the magnetization, i.e. there is MLD. This MLD is closely related to the
‘linear spin-polarization effect’, which occurs in photoemission by s-polarized light from
nonmagnetic surfaces with 3m symmetry (Tamuraet al 1987). In the nonmagnetic limit we
haveM

(++)

1 = M
(−+)

1 andM
(−−)

2 = M
(+−)

2 . Equations (49) and (50c) thus become

I (ϕ) = 2
(|M1|2 + |M2|2

)
(52a)

Px = −2

I
sin 2ϕ

(|M1|2 − |M2|2
)

(52b)

Py = −2

I
cos 2ϕ

(|M1|2 − |M2|2
)

(52c)

Pz = 0 (52d)

whereM1 andM2 denote matrix elements of transitions from a linear combination of initial
states with34 and35 double-group symmetry into31

6 final states. In the rather complicated
derivation of the last equations from those for the magnetic case one has to employ the fact
that the final state is of31

6 spatial symmetry. The photoemission intensity and the modulus
of the ESP vector are independent of the azimuthϕ. For ϕ = π/4 no ESP component
parallel to they-axis, i.e. parallel to the magnetization, is brought about by SOC and there
is no MLD in this case.

If M is not perpendicular to a mirror plane of the nonmagnetic system, i.e. our case
(iii), there is no spatial symmetry operation except the trivial one. Our analytical results
(not shown here) indicate that for generalM and general azimuthal anglesϕ of the surface-
parallel electric field vectorE there is always MLD. It is absent, however, in the special
cases whereM is in the mirror plane andE is either parallel or perpendicular toM . From
the ‘nonmagnetic’ expressions (52) we see that in these special casesPx , the (SOC-induced)
ESP component parallel toM , vanishes.

The above MLDs fors-polarizedlight and the ESP symmetry relations are confirmed
by numerical relativistic layer KKR photoemission calculations, which we have carried out
for ferromagnetic Ni(111). At photon energies around 28 eV these new types of MLD are
so strong that they should be easily detectable in experiments.

For circularly polarizedlight at normal incidence, which is a coherent superposition of
s-polarized light withϕ andϕ +π/2, the above impressions imply that there is no intensity
asymmetry, i.e. no MCD, and all three ESP components are generally nonzero.
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For p-polarizedlight the analytical expressions get rather lengthy. Suffice it to say that
one generally obtains three nonzero ESP components and a MLD, which is a superposition
of the MLD found for s-polarized light with a new one, which is akin to the one found in
section 4.2. Forcircularly polarized light at off-normal incidence, we obtain MCD, ifM
is parallel to the plane of incidence.

5. The connection between magnetic dichroism and nonmagnetic spin-polarization
effects

From the various specific cases which we have analysed above, a general picture emerges of
the interplay of exchange interaction and spin–orbit coupling (SOC) producing photoelectron
spin polarization and magnetic dichroism.

Since the spin-polarization effects, which occur innonmagnetic systems as a
consequence of SOC, are an essential ingredient for understanding the results from magnetic
systems, we first briefly summarize these effects.Circularly polarized light produces an
electron spin-polarization (ESP) vectorP aligned with the helicity of the light, which is well
known as the Fano effect or optical orientation (cf., e.g., Wöhlecke and Borstel 1984, and
references therein). In the case of normal incidence, there is thusP normal to the surface.
Contrary to a long-held common belief, ESP also occurs forlinearly polarized lightin three
different ways. The first such ‘linear spin-polarization effect’ (LSPE) was theoretically
predicted by Tamuraet al (1987) and experimentally confirmed by Heinzmann’s group
(Schmiedeskampet al 1988) for surfaces with threefold rotational symmetry: s-polarized
light produces an in-planeP because of a peculiarity of the double-group symmetry34,5.
A second LSPE was found theoretically (Tamura and Feder 1991a, b) and experimentally
(Schmiedeskampet al 1991, Irmeret al 1992) for off-normally incident p-polarized light for
surfaces with two-, three- and fourfold rotational symmetry. It consists in an ESP component
perpendicular to the reaction plane. Thirdly, for surfaces with twofold rotational symmetry,
s-polarized light was recently predicted to produce an ESP component normal to the surface
(Henk and Feder 1994). This effect is due to spin–orbit coupling between states with63

and64 spatial symmetry. It was recently verified by experiment (Irmeret al 1995).
Now consider light of arbitrary polarization incident on amagneticsemi-infinite system

with magnetizationM . If there was no spin–orbit coupling, the exchange interaction would
produce only a photoelectron spin-polarization vectorPex aligned parallel toM . Upon
reversal ofM , Pex is reversed and the intensity does not change. Taking into account
spin–orbit coupling and going to the limit of vanishing exchange splitting, one retrieves
the above-described ESP exclusively due to SOC, which we may callPso. Naturally it
does not change sign withM . The phenomena observed for magnetic systems depend
on the relative orientation ofPso and M . If Pso is perpendicular toM , the P of the
photoelectrons has three components: an exchange-induced one alongM , a SOC-induced
one alongPso, and a third one which requires the simultaneous presence of exchange and
SOC. In this case, the intensity does not depend on the direction ofM , i.e. there is no
magnetic (circular or linear) dichroism. IfPso is parallel toM , P consists of two additive
terms, an exchange-induced one, which changes sign withM , and a SOC-induced one,
which does not. The matrix element combinations, which occur in the latter, also provide
an additive contribution to the total intensity, which changes sign withM . Consequently,
the intensity changes upon reversal ofM , i.e. there ismagnetic dichroism. We would
like to emphasize that these findings are quite general and hold for both MCD and for the
various types of MLD associated with the above spin–orbit-induced ‘linear spin-polarization
effects’.
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Table 5. Magnetic dichroic effects and photoelectron spin-polarization components for
magnetizationM parallel to the surface (x-axis) and linearly polarized (s, p) as well as circularly
polarized light. The signs in brackets indicate whether the respective ESP component occurs (+
sign) or does not occur (− sign) if only SOC (first sign), only exchange (second sign), or both
(third sign) are present. MLD and MCD arise if a spin-polarization componentPx parallel to
M is produced by SOC in the nonmagnetic limit. For circularly polarized light,ϑ denotes the
polar angle of incidence, and the azimuthal angleϕ is taken as arbitrary.

Light Group Px Py Pz I

Linear
s 2mm (−, +, +) (−, −, +) (+, −, +)

4mm (−, +, +) (−, −, +) (−, −, +)

3m (+, +, +) (+, −, +) (−, −, +) MLD
p 2mm (+, +, +) (+, −, +) (+, −, +) MLD

4mm (+, +, +) (+, −, +) (−, −, +) MLD
3m (+, +, +) (+, −, +) (−, −, +) MLD

Circular
ϑ = 0 (−, +, +) (−, −, +) (+, −, +)

ϑ 6= 0 (+, +, +) (+, −, +) (+, −, +) MCD

Our main results are summarized in tables 1 and 5. In the case of ‘magnetizationM
normal to the surface’, 2mm surfaces exhibit both MLD and MCD, whereas for 3m and
4mm no MLD occurs, because the nonmagnetic LSPEs produce no ESP component normal
to the surface, i.e. in the direction ofM . In all three cases, MCD occurs. IfM is parallel
to the surface (see table 5), p-polarized light produces MLD for all surfaces, and s-polarized
light produces MLD for 3m surfaces. Circularly polarized light generally produces MCD
except in the special case of normal incidence.

6. Concluding remarks

Our analytical results explicitly confirm findings from general symmetry arguments.
Moreover, however, they reveal in detail the physical origin of the various magnetic
dichroisms and spin-polarization effects in terms of an interplay between spin–orbit coupling
and exchange. In the limit of vanishing magnetization we retrieve purely spin–orbit-induced
spin-polarization effects, which occur for circularly and for linearly polarized light on
nonmagnetic surfaces. This connection provides a deeper understanding of MCD and several
types of MLD. As our dichroism and spin-polarization expressions contain terms involving
single-group initial states mixed by spin–orbit coupling, they can be employed to infer from
experimental data the types of initial states and their hybridization underlying individual
spectral features.

Experimentally, in addition to MCD for various cases, MLD has so far been observed
for p-polarized light and magnetization parallel to the surface, which is in line with our
analytical results. Beyond this we predict, for surfaces with a twofold normal rotation axis
and magnetization normal to the surface, a new type ofs-polarized-lightMLD associated
with a photoelectron spin polarization normal to the surface. Since clean surfaces usually
have an in-plane magnetization, we would like to emphasize that our results are also valid
for ultrathin magnetic films (i.e. in the monolayer regime). Further, we predict another MLD
for surfaces with a threefold rotational axis (in the nonmagnetic limit) and magnetization
parallel to the surface. This MLD is associated with the spin–orbit effect fors-polarized
light, which for nonmagnetic surfaces is known to produce an in-plane component of the
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photoelectron spin polarization.
Since our analytical expressions rely on an effective one-electron picture, which provides

a good approximation for valence-band photoemission, their applicability to core-state
photoemission, where many-body effects like multiplet and satellite structure are important
(cf., e.g., Thole and van der Laan (1994) and references therein), is restricted to special
cases for which a modified one-electron picture may still lead to reasonable results (cf., e.g.,
Tamuraet al 1994).

The formulae derived in this paper could be computationally implemented and applied
to specific crystalline surface systems. This would, however, have two drawbacks: firstly,
stationary initial states of a semi-infinite system imply the neglect of hole lifetime effects,
which are well known to be important; secondly, the present two-component approximation
is presumably not sufficiently accurate. Quantitatively realistic calculations should therefore
rather be based on our relativistic Green function formalism (Halilovet al 1993). The
results of such calculations for Ni(001) withM normal and parallel to the surface (see,
Scheunemannet al (1994) and Henket al (1994), respectively) and for ultrathin Co films
on Cu(001) (Henket al 1995) are fully in line with the present analytical findings.
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Magnetic-circular-dichroism study of the valence states
of perpendicularly magnetized Ni„001… films
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Theoretische Festko¨rperphysik, Universita¨t Duisburg, D-47048 Duisburg, Germany

~Received 20 October 1995!

Magnetic circular dichroism in valence-band photoemission from perpendicularly magnetized Ni thin films
on Cu~001! has been studied both experimentally and theoretically. Over the photon energy range of 11–27 eV
for normal emission and normal incidence, intensity asymmetries up to 20% upon light helicity or magneti-
zation direction reversal were found. Fully relativistically calculated photoemission spectra agree well with
experiment and reveal the interplay between spin-orbit coupling and exchange splitting, which is at the origin
of magnetic dichroism. From comparison of theory and experiment the band dispersion is determined and
points of hybridization along theD axis are identified.

I. INTRODUCTION

As is well known, the electronic structure of metals is
influenced significantly by spin-orbit coupling.1–4 A variety
of effects including spin polarization of photoelectrons in
paramagnets5–7 and the polar Kerr effect, owe their existence
to the presence of spin-orbit coupling. Great effort has been
put, especially in the last few years, in the investigation of
spin-orbit-induced effects8–10 and it has turned out that even
in the valence-band structure of lowZ materials, as for ex-
ample Cu, spin-orbit coupling is significant.11,12

Magnetic dichroism in photoemission or absorption,
which is the modification of intensity-distribution curves by
reversal of the magnetization direction, is exclusively due to
the interplay of spin-orbit and exchange coupling~see for
example Refs. 13–16!. Magnetic dichroism in x-ray absorp-
tion as well as in core-level photoemission probes the inter-
action of spin-orbit split core levels with spin polarized va-
lence electrons. It is hence considered as a tool for element-
specific investigations of magnetic properties. For the
determination of the electronic band structure, angle-
resolved photoemission spectroscopy~ARPES! of valence
electrons is one of the most commonly used and powerful
methods.8,17,18 Magnetic circular dichroism in the angular
distribution ~MCDAD! of valence-band photoemission is
caused by the interplay between exchange-splitting and spin-
orbit coupling in the valence states. ARPES with the exten-
sion of measuring the accompanying MCDAD therefore is a
most appropriate tool for the direct investigation of the elec-
tronic structure of ferromagnets, including both exchange
and spin-orbit coupling.

For MCDAD from core levels, calculations for single at-
oms reproduce qualitatively the experimentally observed
findings ~see, for example, Refs. 14, 19, and 20!. Recent
experiments, however, show effects on the MCDAD asym-
metry due to the crystallinity of the sample; in other words,
they reveal the limits of atomic calculations.21,22

The interpretation of magnetic dichroism in valence-band

photoemission is more complicated than that in core-level
photoemission. The knowledge of both the detailed valence-
and conduction-band structures of the semi-infinite crystal is
necessary to interpret adequately the experimental findings.
Using an experimental arrangement of high symmetry facili-
tates the interpretation by means of dipole selection rules.
For normally incident circularly polarized light and normal
emission of photoelectrons from an~001! surface of a cubic
crystal, selection rules allow only transitions from valence
states withD5 single-group symmetry spatial parts into final
states withD1 symmetry.23 Furthermore, the photoelectron
spin polarization is complete23,24 and is aligned with the di-
rection of light incidence.11,12,25–27The presence of a mag-
netization generally reduces the symmetry of the semi-
infinite solid, however, when it is perpendicular to the crystal
surface, the surface normal remains a rotation axis, and the
electronic states can still be classified according to irreduc-
ible double-group representations of the nonmagnetic
case.15,28 Such a totally symmetric geometry thus opens the
possibility to discuss the MCDAD in terms of a simple in-
terband transition model, including both spin-orbit coupling
and exchange interaction.

The purpose of the present paper is to relate the valence-
band magnetic circular dichroism in Ni to the underlying
band structure. Starting with a simple picture of band sym-
metries and selection rules, a thorough comparison with fully
relativistic band-structure calculations provides a deeper in-
sight into the details of the band structure. Points of hybrid-
ization between bands of different spin occupancy and dif-
ferent orbital symmetry, where the expectation value of the
spin polarization is low and the illustrative picture ceases to
work, may be identified this way. Whereas the main
MCDAD features can be qualitatively explained by the sym-
metry of the involved initial states, extended statements on
the origin of all of the observed dichroic features and their
relation to exchange and spin-orbit coupling are only pos-
sible with access to fully relativistic photoemission calcula-
tions. The procedure is to check as a first step the input
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parameters for the calculations by comparison of the experi-
mental spectra to one-step photoemission calculations. The
next step is to correlate specific dichroic features to the cal-
culated relativistic band structure. This serves to finally end
up with an experimental determination of the exchange- and
spin-orbit split band structure, which may in details of dis-
persion and hybridization quite possibly differ from the cal-
culated one.

The chosen system to do this is that of an epitaxial Ni film
deposited on a Cu~001! substrate. The interplay between ex-
change and spin-orbit interaction can be preferably observed
in nickel as a prototype system, where both interactions are
of the same order of magnitude ('0.3/0.1 eV!. The rela-
tively small exchange splitting in nickel compared to that of
iron or cobalt has the advantage that there are extended re-
gions in the Brillouin zone in which both corresponding ma-
jority and minority bands are occupied. The dispersion of
such bands may thus be followed experimentally over a dis-
tinct range ofk by photoemission spectroscopy. The ob-
served dichroism also exhibits more spectral features when
both majority and minority states contribute to the photo-
emission signal, which is advantageous for the unambiguous
correlation to certain electronic states of the band structure.

Furthermore, for Ni~001! as a prototype case one-step
photoemission calculations have already been performed to
demonstrate the origin of specific features in MCDAD
spectra.15 Calculated photoemission spectra for normal elec-
tron emission from perpendicularly magnetized Ni~001!
were presented for both helicities of the incoming circularly
polarized UV radiation. The calculated spectral features of
the magnetic circular dichroism could be correlated to rela-
tivistic band-structure calculations and were discussed by
means of direct transitions.

The choice of the Ni/Cu thin-film system was also gov-
erned by other considerations. For the reasons mentioned
above it is advantageous to have a magnetization perpen-
dicular to the sample surface. For bulk Ni the easy axis of the
magnetization is the@111# direction, thus prohibiting the
totally symmetric configuration with the vectors of photon
and electron momentum, light helicity, and magnetization all
collinear with the@001# surface normal. In ultrathin magnetic
films, however, other contributions to the magnetic anisot-
ropy due to the shape and the influence of surface and inter-
face of the thin-film system as well as magneto-elastic con-
tributions to the magnetocrystalline anisotropy can lead to
different orientations of the magnetization direction. In most
of the cases the predominant influence of the magnetic dipole
interaction, the shape anisotropy, results in an easy direction
parallel to the film plane. In a number of special cases and
for limited thickness ranges, there is the possibility that the
shape anisotropy can be overcome by other contributions to
the magnetic anisotropy related directly to the thin-film na-
ture of the system.29–31 In such a case the total anisotropy
may manifest itself in a resulting magnetization direction
perpendicular to the film surface. It is therefore important to
select an appropriate substrate to induce the required aniso-
tropic properties in the epitaxially deposited ferromagnetic
film. It is reported in the literature that thin films of Ni de-
posited on a Cu~001! substrate exhibit a perpendicular orien-
tation of the easy axis of magnetization over an extended
thickness range.32–34The published values of the film thick-

nesses for perpendicular magnetization vary between 7 and
10 ML for the lower limit and between 56 and 75 ML for the
upper limit.33,34 This is at present the highest film thickness
where a simple magnetic overlayer shows a perpendicular
magnetization. It is attributed to the magneto-elastic volume
anisotropy caused by substrate-induced strain in the epitaxial
Ni film.34–36 The Ni/Cu~001! system thus offers the unique
possibility to study the magnetic circular dichroism for a
perpendicular magnetization at relatively high film thick-
nesses, where the electronic structure can be thought of as
bulklike. Because of the strain in the film the electronic
structure will of course not be fully identical to that of bulk
Ni. However, there are no indications for a nonhomogeneous
crystalline structure over the whole film thickness,34,37 so
that the magnetic circular dichroism can be studied in the
advantageous fully symmetric configuration as provoked by
the bulklike electronic structure of the homogeneously
strained Ni film.

The origin of the perpendicular anisotropy of Ni/Cu~100!
itself is also of great interest. Perpendicularly magnetized
films of some ten monolayers are much more favorable for
technological applications than those of just one monolayer.
The contributions to the magnetic anisotropy overcompen-
sating the in-plane magnetic dipole energy are directly re-
lated to the spin-orbit coupled electronic structure of the sys-
tem. To explore the relativistic band-structure may therefore
help to identify the nature of this anisotropy together with
supplementary work on structure and morphology of the
films.

The organization of this paper is as follows: In the next
section details of the experiment are described. In Sec. III the
computational method is presented, and the origin of
MCDAD in the present geometry is discussed analytically.
Both experimental and theoretical results are presented in
Sec. IV. In Sec. V they are correlated to the relativistic band
structure, and specific information about the electronic struc-
ture of the system is drawn from the comparison of experi-
ment and theory.

II. EXPERIMENTAL ASPECTS

The experiments were carried out in a UHV chamber
~base pressure 131028 Pa! equipped with facilities for low-
energy electron diffraction~LEED!, Auger electron spectros-
copy ~AES!, magneto-optical Kerr effect~MOKE!, medium
energy electron diffraction~MEED!, and thin-film growth.
Details of the setup can be found in Ref. 38.

Nickel was evaporated from a high-purity nickel rod by
electron bombardment. Typical deposition rates were 0.5
ML/min, while the overall pressure in the chamber did not
exceed 231028 Pa. No surface contamination above the
AES detection limit ('1%! could be detected after nickel
deposition. The sample temperature during deposition was
300 K. All experiments presented in this publication refer to
film thicknesses of 15 ML. This is well in the range of per-
pendicular magnetization, the presence of which was
checked before and after acquisition of photoelectron spectra
by means of polar MOKE measurements. All films produced
rectangular hysteresis loops at room temperature. During the
collection of the photoemission spectra presented here the
sample temperature was maintained at 300 K.

MEED measurements during Ni evaporation exhibit dis-
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tinct oscillations in the specular beam intensity for the first
five monolayers, indicating layer-by-layer growth. This is
followed by a three-dimensional film growth at higher thick-
nesses manifesting itself in a monotonously decreasing
MEED specular beam intensity. This growth behavior was
also observed by scanning tunneling microscopy
measurements.37 The films showed a (131) LEED pattern
identical to that of the clean Cu substrate, from which a
pseudomorphic fcc structure with the lateral lattice constant
of Cu~100! is concluded. In order to determine a tetragonal
distortion often observed in pseudomorphic fcc films with a
certain lattice mismatch to the substrate, LEED-I (V) mea-
surements of the~00! beam were performed. From the shift
of energetic positions of the sequence of single-scattering
Bragg maxima 6.0%60.3% compression of the vertical
layer spacing with respect to the copper substrate is obtained.
This is slightly less that one would expect assuming constant
atomic volumes of the nickel atoms, which leads to a value
of 6.9%.

To minimize the film roughness, the sample is heated to
450 K for 10 min immediately after completion of the depo-
sition. This procedure is reported to result in flat pseudomor-
phic films of good quality without copper segregation.37,39

After the annealing procedure, no change of structure or
magnetization could be detected, and the AES Ni to Cu in-
tensity ratio remained identical.

Photoemission spectra were taken at the 6.5 m normal-
incidence monochromator beamline of the Berlin synchro-
tron radiation facility~BESSY!, with circular polarization of
about 90%.40 As already discussed in Sec. I, the spectra pre-
sented in this paper were taken in the totally symmetric con-
figuration, i.e., normal incidence of the incoming radiation
and normal emission of the outgoing photoelectrons.

The electron spectrometer is described in detail
elsewhere.11 It was operated at a fixed pass energy of 8 eV,
resulting in an overall energy resolution of approximately
200 meV~including the monochromator resolution!. The an-
gular acceptance can be estimated to be less than62°. To
rule out apparatus-induced asymmetries, spectra for both he-
licities of the incoming light were taken for both magnetiza-
tion directions of the sample. The magnetization was re-
versed after approximately 1 h measuring time, whereas the
light helicity was changed after each scan of about 5 min.

All spectra in this paper are shown normalized to the pho-
ton flux. This is done by considering the energy dependence
of the monochromator photon flux for both gratings from
Ref. 40 and normalizing to the ring current. Due to variations
of the beam position and size with the ring current, the rela-
tion between photon flux at the sample and the ring current is
nonlinear. Normalizing linearly with the ring current would
result in too small~large! intensities at high~low! ring cur-
rents. To account for this effect, the relation between photon
flux and ring current was extracted from measurements at
constant photon energy for different ring currents and used
for the normalization procedure. The remaining uncertainty
in comparing experimental intensities at different photon en-
ergies is in the range of about 10%.

III. THEORETICAL ASPECTS

A. Computational details

Theoretical photoemission spectra and the corresponding
bulk band structure were obtained by fully relativistic calcu-

lations of the layer Korringa-Kohn-Rostoker type using a
Green’s-function formalism.41 In this method, spin-orbit cou-
pling and exchange interaction are included on an equal foot-
ing. Photoelectron spectra are calculated within the one-step
model involving relativistic dipole-transition-matrix ele-
ments to time-reversed LEED states of the semi-infinite
solid. Hole lifetime is incorporated from the start. Our
method is strictly valid atT50 K and in good approximation
at temperatures well below the Curie temperature.

The effective quasiparticle potential is taken in the
muffin-tin shape approximation, which is adequate for
closely packed metallic systems. Its spin-dependent real part
inside the muffin-tin spheres is adopted from a bulk poten-
tial, which we calculated self-consistently by the linear
muffin-tin orbital method. Since for Ni this leads to ex-
change splittings of about 0.6 eV as opposed to an average
value of 0.3 eV observed in photoemission experiments, we
modified it by anad hocspin-dependent self-energy correc-
tion reducing the splitting between the majority- and the
minority-spin potentials by a factor of 0.5. The real part of
the inner potential is chosen as 14.67 eV for initial and as
14.6720.15(E2EF) for the final states. For the imaginary
part we adopt energy-dependent forms increasing~in abso-
lute value! away from the Fermi energyEF as
0.025(E2EF) for the lower and as 0.03(E2EF)

1.25 for the
upper states. The surface potential barrier is simply approxi-
mated by a reflecting~nonreflecting! step for the lower~up-
per! states.

For the geometrical structure of the Ni film we assume a
tetragonally-distorted fcc lattice~fct! with the in-plane lattice
constant of bulk Cu, namely 2.55 Å~compared to 2.49 Å for
bulk Ni!. The vertical layer spacing is suggested as 1.69 Å
by the results of our LEED-I (V) measurements, which indi-
cate a 6% tetragonally compressed fcc structure~bulk value
of Ni: 1.76 Å!. All layer spacings of the atomic layers were
taken to be equal, thus neglecting possible relaxations in the
vicinity of the surface. Because we found experimentally no
emission from the Cu substrate, we calculated the photo-
emission spectra and the bulk band structure for a semi-
infinite Ni crystal ~with the above fct structure! instead of a
15 layer Ni slab on top of the Cu substrate.

The tetragonal distortion of the Ni lattice, i.e., the de-
crease of the interlayer spacing compared to the fcc case with
Cu lattice constant, increases the dispersion of the bulk
bands, as is expected. The band structure for the present fct
structure is rather similar to that of bulk-fcc Ni. Differences
are obtained in the position of the spin-orbit-induced band
gaps. In photoemission, spectra obtained for the three differ-
ent Ni lattices, namely the tetragonally distorted lattice, the
bulk Ni lattice, and the undistorted fcc lattice with the Cu
lattice constant, show the same general shape. Minor peaks
and shoulders, which are brought about by spin-orbit cou-
pling, differ slightly in intensity and energy position.

B. Analytical considerations

Before turning to the experimental results and their inter-
pretation, it is useful to present briefly some analytical re-
sults on MCDAD. The presence of perpendicular magnetiza-
tion reduces the symmetry of the~001! surface fromC4v to
C4 , because each mirror operation reverses the magnetiza-
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tion and, thus, is no symmetry operation of the entire system.
The electronic states can be classified according to four one-
dimensional irreducible representations of the double group.
Instead of the nomenclature of Falicov and Ruvalds42 we
prefer to use the one of the nonmagnetic system,15 since the
reader is likely to be more familiar with the latter. Because
magnetic exchange breaks the time-reversal symmetry, i.e.,
Kramer’s degeneracy is lifted, each of the two-dimensional
irreducible double-group representationsD6 and D7 of the
nonmagnetic case decomposes into a pair of one-dimensional
representations, i.e.,D61, D62, D71, andD72. The basis
functions of these obey the relationsT̂uD i1&5uD i2& and
T̂uD i2&52uD i1&, T̂ denoting the time-reversal operator
and i56,7. It is important to note that the1 (2) sign does
not refer to ‘‘majority’’ ~‘‘minority’’ ! spin because the latter
is not a ‘‘good quantum number’’ in the presence of spin-
orbit coupling. All the above irreducible representations
comprise basis functions with spin-up and basis functions
with spin-down Pauli spinors. For example, the double-group
representationD61 has basis functionsD6

11, with D1 spa-
tial symmetry and spin-up, andD6

51, with D5 spatial sym-
metry and spin-down. The actual states of the semi-infinite
crystal are linear combinations of these two types of basis
functions.

After calculating the spin-density matrix for photoemis-
sion with circularly polarized light, we obtain analytical ex-
pressions for the intensityI (s6) and the electron-spin polar-
ization Pz(s6), where s6 indicates the helicity of the
incident light.Pz can only assume the values11 and21,
and the in-plane polarization components are identically
zero. For each dipole transition, the photoelectrons are thus
completely spin polarized parallel to the surface normal.

The intensity for right-handed circular light reads

I ~s1!52~ uM6
12u21uM7

21u2!, ~1!

where Mi
ss8 denotes the transition-matrix element from a

D is8 initial state with single-group symmetryD5 into a
D6s final state with single-group symmetryD1. For left-
handed circular light we obtain

I ~s2!52~ uM6
21u21uM7

12u2!. ~2!

Equations ~1! and ~2! reflect the symmetry relation
I (s6 ,1MW )5I (s7 ,2MW ), which is obvious from the mirror
operations of the point groupC 4v . Consequently, the inten-
sity asymmetry, which constitutes MCDAD, can be obtained
by reversing either the magnetizationMW or the light helicity.
In the following we denoteI (s1 ,1MW ) and I (s2 ,2MW ) as
I (↑↑), andI (s1 ,2MW ) and I (s2 ,1MW ) as I (↑↓). Accord-
ing to Eqs.~1! and~2!, I (↑↑) consists of contributions from
initial states ofD6

52 andD7
51 symmetry, andI (↑↓) of those

of D6
51 and D7

52 symmetry. In the nonmagnetic limit,
Kramer’s degeneracy impliesMi

125Mi
215:Mi , with

i56,7, and the MCDAD vanishes, as it should.

C. Illustration of magnetic dichroism

More detailed insight into the physical origin of magnetic
circular dichroism is provided in Fig. 1 by a typical set of
numerical results for normal emission from perpendicularly

magnetized Ni~001!. In panel~a! the fully relativistic band
structure is shown, calculated with the parameters mentioned
above. The bands are distinguished according to their spin
expectation value: thick~thin! solid lines indicate majority
~minority! character, corresponding to a positive~negative!
spin expectation value. The effect of the magnetization, i.e.,

FIG. 1. Illustration of the origin of observed MCDAD.~a! Fully
relativistic bulk band structure of Ni along theD axis with magne-
tization along the same axis, calculated with a real effective poten-
tial. Bands with majority-~minority-! spin expectation value are
shown as thick~thin! solid lines. ~b! As in ~a!, but with bands
distinguished according to their double group symmetry as labeled
in the figure. A final state band with mainlyD1 spatial symmetry,
shifted downwards by 21.1 eV, is shown as dash-dotted line. The
vertical lines mark crossing points of the final state band with four
initial bands of predominatingD5 spatial symmetry~see text!. The
influence of spin-orbit (DSO) and exchange interaction (DEx) is
indicated by arrows.~c! Spin-resolved photoemission spectra for
21.1 eV photon energy, calculated with the above potential aug-
mented by a uniform imaginary part describing the finite hole life-
time. Majority ~minority! spin spectra are labeled asD72 and
D62 (D71 and D61) in correspondence with the underlying
initial-state bands, spectra for parallel~antiparallel! alignment ofs
andM asD71 andD62 (D61 andD72) bands~see text!. ~d!
Calculated photoemission intensity spectra for parallel~solid line!
and antiparallel alignment~dotted line! of photon spins and mag-
netization vectorM . ~e! Difference of the two curves of~d!.
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the exchange splitting of 0.3 eV, is easily recognized. It is
also obvious that the spin is no longer a ‘‘good quantum
number’’ due to spin-orbit coupling, because some bands
change from minority to majority character.

In panel~b! the same bands are distinguished according to
their double-group symmetryD71, D61, D72, andD62.
The final state band which is reached by photoexcitation is
also shown as dash-dotted line, shifted downwards by 21.1
eV. In the direct transition model, which is useful for inter-
pretation purposes, the initial state binding energy is given
by the crossing points of this line with the initial state bands.
As already mentioned, only bands withD5 spatial symmetry
contribute to the photoelectron spectra in the present totally
symmetric geometry. Without spin-orbit and exchange cou-
pling, there is only one band with this symmetry. This band
is split by spin-orbit and exchange interaction into four en-
ergetically separated bands. The vertical lines in Fig. 1 origi-
nate at the crossing points of these four bands with the
shifted final state band. Because of their prevailing spatial
symmetry they can be labeledD7

51, D6
51, D7

52, and
D6
52. The influence of spin-orbit (DSO) and exchange inter-

action (DEx) is indicated by arrows between the vertical
lines.

Figure 1 ~c! shows calculated spin-resolved photoemis-
sion spectra for 21.1 eV photon energy. As discussed in the
previous section, for parallel~antiparallel! alignment of pho-
ton spin and magnetization direction, onlyD7

51 andD6
52

(D6
51 andD7

52) states contribute to the spectrum. The spin
polarization of the respective photoelectrons is complete in
the sense thatD7

51 and D6
51 bands contribute to the

minority-spin spectra, whereasD7
52 andD6

52 appear in the
majority-spin spectra. The four resulting spectra are depicted
in Fig. 1 ~c!, using the line types corresponding to the initial
state double-group symmetry: Minority peaks are given by
solid and dashed lines, corresponding to the nomenclature
used forD71 andD61 symmetry, majority peaks by dotted
and broken lines, corresponding toD72 andD62 symme-
try. Sizeable peaks in the photoemission spectra in panel~c!
are seen to be associated with the four discussed crossing
points in panel~b!. As can be seen, there are also significant
contributions to the spectra at other than the marked crossing
points. This is due to the fact that hybridization between
bands of the same double-group symmetry but different spa-
tial symmetry can occur, leading to a larger number of initial
states containingD5 spatial symmetry parts. At the photon
energy of 21.1 eV, such hybridization is mainly observed in
bands ofD71 andD62 double-group symmetry, leading to
peaks at 0.45 and 1.2 eV binding energy, respectively.

Without spin resolution in the photoemission experiment,
the spectra cannot be distinguished according to the electron-
spin polarization as in Fig. 1~c!. As the calculated spin-
integrated photoemission intensities in Fig. 1~d! show, there
is however a strong MCDAD, which still contains much in-
formation on the relativistic band structure. The solid~dot-
ted! lines correspond to parallel~antiparallel! alignment of
photon spin and magnetization direction@ I (↑↑) and I (↑↓),
respectively#. Each spectrum is the sum of the two corre-
sponding spectra of panel~c!: D71 andD62 give I (↑↑),
D61 andD72 give I (↑↓).

The topmost panel of Fig. 1 represents MCDAD as the
difference between the two curves of panel~d!. It shows a
pronounced minus feature at 0.8 eV binding energy, which is
due to emission fromD72 and, to a lesser extent, from
D61 states. The other large feature, a positive peak around
0.4 eV binding energy, is mainly due to emission from the
higherD71 band, which crosses the shifted final-state band
at this energy.

The above example clearly illustrates how spin-orbit and
exchange interaction in conjunction with relativistic dipole
selection rules lead to MCDAD. Comparison of the results of
one-step photoemission calculations with the relativistic
band structure shows that all of the observed spectral fea-
tures can—via direct transitions—be correlated with the re-
spective details of the electronic bulk band structure. Mag-
netic dichroism, which does not require the experimentally
more cumbersome spin resolution of the photocurrent, hence
is a powerful tool for analyzing the spin character of the
initial states. While in the above example only bulklike states
are relevant, we note that this also holds for photoemission
from surface states and thin-film states, in which cases a
similar interpretation, based on layer-resolved densities of
states rather than the bulk band structure, can be given~see,
e.g., Ref. 43!.

IV. RESULTS

The left-hand side of Fig. 2 shows a series of experimen-
tal intensity spectra of 15 ML Ni on Cu~001! for different
photon energies from 11.1 up to 27.4 eV. Spectra for parallel
~antiparallel! alignment of the light helicity and the magne-
tization direction are represented by solid~dotted! lines, fol-
lowing the nomenclature already used in Fig. 1~d!. The ver-
tical lines mark special peak positions which will be
discussed later.

On the right-hand side, calculated photoemission spectra
for the same photon energies are depicted. Again, spectra for
parallel ~antiparallel! alignment of the light helicity and the
magnetization direction are depicted by solid~dotted! lines.

Good qualitative agreement between experimental and
theoretical data can be stated already at first sight. The spec-
tra for 11.1 eV photon energy display relatively sharp peaks
just below the Fermi energy. With increasing photon energy
a dispersion towards higher binding energies and a broaden-
ing of the peaks are observed. The higher intensity in the
peak maximum of the dotted curves in the spectra from
hn511.1 up to 21.1 eV is reproduced well in the theory.
From 19.1 to 27.4 eV photon energy, intensity for antiparal-
lel alignment of photon spin and magnetization dominates
the peak on the higher binding energy side in both the ex-
perimental and theoretical curves. Sharp structures are better
resolved in the theoretical curves. A distinct MCDAD, that is
the difference between dotted and continuous lines, is seen
from both experimental and theoretical spectra. Although the
MCDAD is significantly larger in theory, the qualitative
agreement to the experimental one is quite good. The lower
experimental MCDAD must be attributed to the limited en-
ergetic and angular resolution, to possible imperfections in
film morphology, and to the background of inelastically scat-
tered electrons not considered in the calculations. Further-
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more, the theoretical spectra were calculated forT50 K and
100% circular polarization.

To visualize the dichroism more clearly, in Fig. 3 the
normalized asymmetry of the spectra of Fig. 2 is shown. The
normalized asymmetryA is defined as A5@ I (↑↑)
2I (↑↓)]/ @ I (↑↑)1I (↑↓)#. Again, experimental results are
depicted on the left-hand side, theoretical on the right-hand
side. We firstly note that the experimental spectrum at
hn511.1 eV shows an asymmetry of220% near the Fermi
edge, which is an unusually large dichroism for valence-band
photoemission, and to our knowledge among the largest ever
reported. To facilitate comparison with the experimental
data, the theoretical asymmetry curves have been scaled
down by a factor of 0.2. The original theoretical asymmetry
values substantially exceed their experimental counterparts
for the following reasons. Firstly, the experimental energy
and angular resolution and the inelastic background, which
have not been taken into account in our calculations, tend to
reduceA. Secondly, the calculatedA depends on the choice
of the imaginary partsVi of the optical potential for lower
and upper states~with A decreasing for increasingVi), and
we have deliberately chosen a very smallVi for the lower

states ~below EF) in order to make the connection of
MCDAD with the band structure clearer~cf. Fig. 1!. Apart
from the thus-explained different scale, the agreement be-
tween experiment and theory in Fig. 3 is rather good. Several
characteristics of the photon energy series can be seen in
both the experimental and theoretical asymmetries. With in-
creasing photon energy the asymmetry is reduced. We as-
cribe this mainly to the decrease of the lifetime of the initial
states moving away fromEF and to a lesser extent to the
decrease of the photoelectron lifetime with increasing kinetic
energy. At all photon energies there is one pronounced mi-
nus feature, which disperses towards higher binding energies
with increasing photon energy. The dotted vertical lines in
Fig. 3 indicate the dispersion of this minus indentation. The
experimentally observed dispersion is slightly smaller than
the calculated one: At 11.1 eV photon energy the minus peak
is located just below the Fermi edge in both experiment and
theory, whereas at 27.4 eV it exhibits binding energies of
1.25 and 1.4 eV in experiment and theory, respectively. Its

FIG. 2. Series of partial intensity spectra for different photon
energieshn. Shown are spectra for parallel~solid lines! and anti-
parallel alignment~dotted lines! of photon spin and magnetization
direction. Left: Experimental spectra, right: Theoretical spectra. The
vertical lines indicate the occurrence of a hybridization region as
explained in the text.

FIG. 3. Series of asymmetry spectra for different photon ener-
gies hn, calculated from the corresponding spectra of Fig. 2 as
@ I (↑↑)2I (↑↓)#/@ I (↑↑)1I (↑↓)#. Left: Experimental asymmetries,
right: Theoretical asymmetries~note the different scales!. The ver-
tical dotted lines mark the dispersion of the prominent minus peak.
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absolute size shrinks with increasing photon energy. At 27.4
eV it amounts only to22% in experiment and220% in
theory. Forhn>15.3 eV this minus peak is accompanied by
plus peaks at both sides, the relative size of which differs
between experiment and theory. They are seen most clearly
at hn519.1 and 21.1 eV, and disperse together with the
minus peak towards higher binding energies. From Fig. 3 it
appears that the pronounced minus feature is too small
~large! in the theoretical spectra~after reducing them by the
factor 0.2! at low ~high! photon energies. This discrepancy
is, like the factor 0.2 itself, associated with the imaginary
potential partVi for the initial states, and indicates that the
simple linear form, which we assumed in the absence of
realistic first-principles knowledge, underestimates the in-
crease ofVi with increasing binding energy.

In the theoretical spectra an additional plus/minus se-
quence around 2.3 eV binding energy is observed, which
shows no dispersion. This asymmetry stems from emission
from a surface resonance. It is not resolved in the experi-
ment, which might be due to the relatively intense back-
ground of inelastic electrons compared to the low intensity of
this resonance~cf. Fig. 2!.

The dispersion of the asymmetry peaks and the observed
plus/minus/plus feature can be understood from the illustra-
tive picture of band symmetries and relativistic dipole selec-
tion rules mentioned in Sec. III C. In the case with no hy-
bridization of the bands withD5 spatial symmetry present,
the situation is like the one shown in Fig. 1, but more sym-
metric. Only the four bands ofD5 spatial symmetry contrib-
ute in that case to the photoemission signal. When different
lifetime broadening of states with different binding energies
is ignored, the maximum of the minus peak in the dichroic
asymmetry then gives the energetic position of the center of
the bands withD5 spatial symmetry, always disregarding
possible hybridizations. The dispersion of this peak, indi-
cated by dotted lines in Fig. 3, thus reflects the dispersion of
the four bands withD5 spatial symmetry. Its experimental
observation allows an estimation of the band dispersion,
which would be very difficult from intensity spectra alone
~Fig. 2!.

This example demonstrates that exploiting the magnetic
dichroism already in the simple qualitative interpretation
without access to relativistic photoemission calculations of-
fers a significant plus of information with respect to conven-
tional photoemission. Details of the band structure, however,
or quantitative statements on the size of spin-orbit and ex-
change interaction can only be made with the help of rela-
tivistic calculations.

V. DISCUSSION

Before it is possible to deduce information about the spin-
orbit and exchange split valence-band structure, the relation
between the calculated photoemission spectra, obtained in a
one-step formalism, and the fully relativistic band structure,
calculated with the same parameters, has to be provided. As
has been seen already from Fig. 1, the model of direct tran-
sitions serves to correlate specific details of the photoemis-
sion spectra to details of the relativistic band structure.

In Fig. 4 the theoretical band structure along theD axis
from Fig. 1 is depicted on a larger scale. The bands are, like

in Fig. 1 ~b!, again reproduced with differently dashed and
dotted lines according to their double-group symmetry, as
labeled in the figure. No classifications according to spin-
occupancy or single-group symmetry are made. However,
the four bands originating from theD5 band in the nonrela-
tivistic case, which lead to the dispersion of the minus peak
in the asymmetry spectra, are marked by arrows on both
sides of the panel: Starting at theG point, they have binding
energies between 1.5 and 1.9 eV. When going along theD
axis towards theX point, they disperse together upwards,
interrupted by hybridization with other bands, to reach the
X point at energies between 0.15 eV below and 0.3 eV above
the Fermi energy. As the content ofD5 spatial symmetry of
a band is necessary for the observation by photoemission in
the present geometry, these bands and bands involved in hy-
bridization with them are the origin of all of the observed
spectra, as outlined before.

To facilitate the correlation with the photoemission spec-
tra, nine sections of the calculated final-state band ofD6

1

symmetry, shifted down by the nine photon energies used in
the experiment, are depicted in Fig. 4 by weak solid lines. As
demonstrated in Fig. 1 for 21.1 eV photon energy, the cross-
ings between these lines and the bands mark the energetic
positions at which in the spectrum of the respective photon
energy the transitions should be observed.

We will now first turn to the description of the band struc-
ture, which is essential in the qualitative interpretation of
photoemission results. Because in Ni both exchange energy
and spin-orbit coupling possess approximately the same

FIG. 4. Symmetry-resolved real valence band structure of Ni
along theD axis, calculated with the same parameters as the pho-
toemission spectra. Bands withD71, D61, D72, and D62
double group symmetry are distinguished as labeled in the figure.
The arrows indicate bands ofD5 orbital symmetry atX andG. The
thin solid lines are sections of the final-state band, shifted down by
the photon energy indicated at the respective line.
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magnitude ('0.1–0.3 eV!, the valence-band structure shows
a lot of small band gaps, i.e., regions where bands of differ-
ent single-group symmetry but identical double-group sym-
metry hybridize. Double-group theory implies that bands
with the same double-group symmetry but different spatial
symmetry couple due to spin-orbit interaction~e.g.,D7

21,
D7
281, andD7

51). Here, we will focus on electronic initial
states with prominentD5 spatial symmetry, because that is
what we observe in the present experimental geometry.

In the energy range from22 eV up to the Fermi level~0
eV!, D61 initial states show spin-orbit induced band gaps at
k'50.30(2p/a) and atk'50.75(2p/a), whereasD62 ini-
tial states show such gaps atk'50.45(2p/a) and
k'50.70(2p/a). For occupied bands withD71 (D72)
symmetry there is only one gap aroundk'50.55(2p/a)
(k'50.20•2p/a).

Let us first consider the hybridization of bands with
D71 symmetry. The hybridization gap is the result of an
avoided crossing of bands withD2 andD5 spatial symmetry.
The steeperD7

51 band of minority-spin character changes
symmetry~and spin occupancy! with the flatterD7

21 major-
ity band. This hybridization should occur in the photoemis-
sion spectra of 19.1 and 21.1 eV photon energy, as seen from
Fig. 4. In Fig. 1 it was already demonstrated how both of the
D71 bands in the hybridization region contribute to the pho-
toelectron spectra. The vertical lines in Fig. 2 indicate the
hybridization region. They mark the corresponding peaks in
the photoemission intensity spectra fors and M parallel
@ I (↑↑), solid lines in Fig. 2#. The continuous lines show the
positions of bands containingD7

51 symmetry, and fade out
into dotted lines where theD7

21 symmetry character in these
bands predominates. In the calculated spectra~right-hand
side of Fig. 2!, both of the hybridizing bands can be distin-
guished as separate peaks in the solid line spectra. It is
clearly seen how the hybridization leads to an energetic dis-
placement towards higher binding energies of the respective
peak in theI (↑↑) spectrum when the photon energy is in-
creased from 17.4 to 23.2 eV. In the experimental spectra
~left-hand side of Fig. 2!, the hybridization occurs as ener-
getic shift of the intensity weight of the peak inI (↑↑) be-
tween 19.1 and 21.1 eV. Whereas at 19.1 eV the peak is
asymmetrically shaped with higher weight at the low binding
energy side, at 21.1 eV the weight is shifted to the side with
higher binding energy. This leads also to an energetic shift of
the first plus peak in the corresponding experimental asym-
metry curves~left-hand side of Fig. 3! from 0.1 eV binding
energy athn519.1 to 0.3 eV athn521.1 eV.

The next hybridization region we will discuss in more
detail is the hybridization ofD62 bands. One of the hybrid-
izing bands withD6

2 symmetry is thesp-like minority band
with D1 spatial symmetry which starts at theG point at
EB'0.6 eV and reaches a minimum in binding energy at
k''0.5(2p/a). It hybridizes with a band ofD6

52 symme-
try, producing the two hybridization gaps at
k'50.45(2p/a) andk'50.70(2p/a). Between these gaps
both bands are separated by less than 0.35 eV. In this region,
the bands have a low expectation value of the spin polariza-
tion, and exhibit a considerable mixing of spatial symmetry.
Both bands contain thus a significant portion ofD6

52 sym-
metry, and should hence both appear in the photoemission

spectra for parallel alignment of photon spin and magnetiza-
tion direction, according to the double-group symmetry
D62.

In the calculated photoemission spectra~right-hand side
of Fig. 2!, this hybridization can be followed in theI (↑↑)
spectra from 19.1 eV up to 25.3 eV photon energy. At lower
photon energies, there is only one peak at the higher binding
energy side of the solid curves. This peak is due to transi-
tions from D62 initial states. Athn519.1 eV, and most
clearly athn521.1 eV andhn523.2 eV, this peak is split
into two peaks, one of them producing a shoulder around 1.2
eV binding energy. This is the consequence of the hybridiza-
tion, which leads to two bands ofD62 double-group sym-
metry having partiallyD5 spatial symmetry. The shoulder at
EB51.2 eV is due to emission from the lower of the two
bands. The maximum separation of both bands should be
observed at photon energies of 21.1 and 23.2 eV~cf. Fig. 4!,
which leads to the clear separation of the observed shoulders.
At higher photon energies the hybridization is weaker, and
the higher band consists of mainlyD6

12 symmetry. At
hn525.3 eV therefore only one peak as contribution from
theD62 bands is observed at 1.3 eV binding energy.

The hybridization induced shoulder is also seen in the
experimental spectra of Fig. 2. It is most clearly identified at
hn521.1 eV at 1.2 eV binding energy, but shows up already
at hn519.1 eV. The separation of the different peaks is bet-
ter in the calculated spectra, which may be a consequence of
the experimental resolution. By comparison of experiment
with theory, however, this shoulder in the experimental spec-
tra is unequivocally identified as emission from the hybrid-
izing D62 bands.

The other hybridization regions of initial bands containing
D5 character which have not yet been discussed concern
bands ofD72 andD61 double-group symmetry. The hy-
bridization gap of theD72 bands atk'50.20(2p/a) should
not be visible in the photon energy range used in the experi-
ment~cf. Fig. 4!. Transitions fromD61 bands appear in the
spectra for antiparallel alignment of photon spin and magne-
tization direction@ I (↑↓)#. As the energetic sequence of the
four D5 containing bands isD7

51, D6
51, D7

52, D6
52 ~cf.

Fig. 4!, the emission fromD6
51 andD7

52 bands overlaps in
the spectra to give one broad peak in the dotted curves of
Fig. 2. It is therefore much more difficult to observe the
hybridization of these bands. The hybridization of theD6

51

band with thesp-like D6
11 band which has a strong disper-

sion and an energetic minimum atk''0.5(2p/a) is in fact
hardly observable in the photoemission spectra.

The comparison of experimental data with the calculated
spectra enables us to draw specific information about the
relativistic band structure from the experiment. Keeping in
mind that certain experimental circumstances as, for ex-
ample, the temperature and the experimental energetic as
well as angular resolution are not considered in the calcula-
tions, the good qualitative agreement proves that the corre-
lation of the experimentally observed features to the details
of the band structure, as delineated in the previous section, is
correct. Deviations between experiment and calculation can
then be judged as experimental evidence for a distinct behav-
ior of the system.
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Such a deviation regards the dispersion of the observed
dichroic structures~dotted lines in Fig. 3!. The experimen-
tally observed dispersion is about 0.15 eV smaller than the
theoretical one. This can, however, either be explained by a
different behavior of the lower or of the upper bands. Al-
though the comparison of theory and experiment can also be
used to judge the authenticity of the values taken for the real
part of the inner potential, this is not accurate enough to
decide between the two possibilities. The good agreement of
the experimental and theoretical photon energies at which
the D71 hybridization is observed~cf. Fig. 2!, shows that
the real part of the inner potential is basically well chosen.
The small deviation of 0.15 eV in the dispersion of the initial
bands may nevertheless still be assigned to both a slightly
different behavior of the upper bands as well as a different
dispersion of the valence bands.

The different dispersion in theory explains the disagree-
ment in the height and the width of the first plus peak near
the Fermi edge observed in the asymmetry spectra of Fig. 3.
Especially at 15.3 and 17.4 eV photon energies this peak is
much more pronounced in theory. This can be explained by
the slightly stronger dispersion of the calculated photoemis-
sion peaks. In theory, theD7

51 band responsible for this plus
structure is already significantly below the Fermi edge at
these photon energies, whereas in the experiment full emis-
sion from that band is observed only at higher photon ener-
gies. Furthermore, the broader peaks due to experimental en-
ergetic resolution lead to a higher intensity of also the
I (↑↓) spectra at the Fermi edge and thus to a lower asym-
metry.

Another property of the system which can be extracted
from the present data concerns the hybridization between
bands of the same double-group symmetry. The experimen-
tally observed hybridization gaps agree very well with
theory, so that the calculated band structure of Fig. 4~or Fig.
1! is fully confirmed in this respect. The content ofD5 spatial
symmetry in the hybridization regions, which is necessary
for the experimental observation in the totally symmetric ge-
ometry, is also confirmed by the comparison of experiment
with theory. It is for the sake of clarity not shown in the
figures but principally also available.

Taking advantage of special points in the Brillouin zone,
it is also possible to determine information about important
parameters of the relativistic band structure. At 11.1 eV pho-
ton energy, for example, only two minority bands ofD72
and D62 symmetry contribute to the spectra~cf. Fig. 4!.
They are energetically separated by the spin-orbit interac-
tion, and appear each for a different alignment of photon spin
and magnetization direction. The separation of the corre-
sponding peaks in the experimental spectra for parallel and
antiparallel alignment ofs andM ~Fig. 2! is then an experi-

mental measure of the strength of spin-orbit coupling in the
valence bands. At that particular point of the Brillouin zone
(5065) meV are obtained compared to 60 meV from the
calculations. This is the same order of magnitude but never-
theless significantly smaller than the 100 meV obtained for-
merly for copper.11,12

It is more difficult to estimate an experimental value for
the exchange splitting from the present spin-integrating mea-
surements. The comparison with the calculations concerning
the appearance of the bands below the Fermi edge and the
positions of the hybridization gaps indicates that the value of
0.3 eV taken for the calculations is correct.

We have used Ni/Cu~001! as a prototype system to dem-
onstrate the capability of valence-band MCDAD measure-
ments supported by relativistic calculations. The perpendicu-
lar magnetization of this system allows us the direct
correlation of the dichroism to the band structure. However,
in systems with a lower symmetry, the content of informa-
tion of MCDAD is similar. The comparison with relativistic
calculations should also provide a detailed understanding of
the electronic properties of the spin-orbit and exchange split
system, even when a correlation with interband transitions is
not possible.

VI. CONCLUSIONS

It has been shown, using Ni/Cu~001! as a prototype sys-
tem, how from the comparison of experimental MCDAD
data to fully relativistic calculations even fine details of the
band structure can be resolved. Whereas the experiment
alone is already capable to deliver qualitative information
about the electronic structure, the access to fully relativistic
calculations provides the possibility to extract specific infor-
mation about the valence states. The dispersion of the
D5-type valence bands, the position and type of spin-orbit-
induced hybridization gaps, and values for the strength of
spin-orbit and exchange interaction and for the inner poten-
tial could be determined from the experiment that way. It
was demonstrated how MCDAD in a totally symmetric ar-
rangement is directly related to the relativistic band structure.
The capability of magnetic circular dichroism in valence-
band photoemission for the investigation of the exchange
and spin-orbit split relativistic band structure of ferromagnets
is thus proven.
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Magnetic linear dichroism~MLD ! in angle-resolved valence-band photoemission of Fe~110! has been in-
vestigated by means of symmetry considerations, analytical theory, numerical calculations, and photoemission
measurements. The dichroic photoemission spectra and their dependence on photon energy clearly show that
the microscopic origin of MLD is an interference effect induced by hybridization of initial states of different
spatial symmetry at band gaps arising from spin-orbit coupling. The dependence of MLD on the light incidence
angle evidences that it is substantially influenced by the optical response of the metal, the approximation of
which according to classical Fresnel theory is adequate to reproduce our experimental data.
@S0163-1829~98!04618-9#

I. INTRODUCTION

Spin-orbit coupling~SOC! in the valence bands is the
microscopic origin of magnetic phenomena such as the
magneto-optical Kerr effect and the magnetocrystalline an-
isotropy. However, up to the present it has not been clarified
in detail how SOC influences these effects. For example, the
question arises which electronic states are responsible for a
large Kerr rotation or determine the direction of the easy axis
of the magnetization. In principle, the mechanism is well
understood: starting from the spin-polarized band structure
of a ferromagnet, SOC further reduces the symmetry of the
system. Hybridization between spin-up and spin-down bands
occurs and degeneracies between them are removed. Conse-
quently, the energy levels depend on the magnetization di-
rection and total-energy calculations yield the easy axis.
Therefore, it is of general interest to have a wide basis of
experimental and theoretical data in order to answer in detail
the question of how SOC influences the electronic structure.

In the last few years it has experimentally1–6 and
theoretically7–15 been shown that SOC is a necessary ingre-
dient for the various types of magnetic dichroism. Under the
term magnetic dichroism those phenomena are collected
where an observable, e.g., the x-ray absorption coefficient or
the photoemission intensity, depends on the magnetization
direction ~for reviews on SOC-influenced spectroscopies we
refer to Ref. 16!. One of these dichroism effects is magnetic
linear dichroism~MLD ! in the angular distribution of photo-
electrons. It commonly denotes the dependence of the angle-
resolved photoemission intensity under excitation by linearly
polarized light on magnetization reversal. Due to the close
connection of SOC-induced spin polarization to dichroism,

the relativistic electronic structure has been successfully in-
vestigated by magnetic circular dichroism for Ni~100!.17

How MLD can be used to study in detail relativistic band
structures will be shown in this paper.

In this joint experimental and theoretical study we focus
on MLD in the valence-band photoemission from Fe~110!.
Our investigations rely on an analytical theory,12 the appli-
cation of which to Fe~110! is presented in Sec. III A. It al-
lows us to show, in Sec. IV C, that the microscopic origin of
the actually observed MLD is a SOC-induced hybridization
between wave functions with spatialS1 and S3 symmetry.
To make more quantitative contact with the experimental
data, we performed numerical calculations using a spin-
polarized relativistic layer Korringa-Kohn-Rostoker~KKR!
formalism. The comparison of experiment, numerical calcu-
lations, and analytical theory in Sec. IV provides a consistent
picture and in particular evidences the adequacy of our the-
oretical methods. Additionally, it reveals how the MLD for
p-polarized light is modified by the optical response of the
solid.

MLD by itself is an interference effect, so it is very sen-
sitive, for example, to SOC~Ref. 19! and to the magnetiza-
tion. Founded upon this result, we discuss in which way
MLD can be used to obtain detailed information on the rela-
tivistic valence-band structure or other magnetic properties,
e.g., the arrangement of magnetic moments.20

II. EXPERIMENTAL ASPECTS

Experimental spectra were recorded at the monochro-
mator beam line TGM3 of the synchrotron radiation facility
BESSY, Berlin. It provides photons in the energy range from
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14 to 30 eV and from 30 to 70 eV with two different grat-
ings. The degree of linear polarization of the light decreases
monotonously over the whole photon energy range from
90% at 15 eV down to 70% at 70 eV. The kinetic-energy
analysis of the photoelectrons was performed by an 180°
hemispherical analyzer with 50 mm diameter and an angular
resolution of62°. The combined energy resolution of pho-
tons and electrons was 200 meV. Additionally, the photon
flux has continuously been recorded during the measure-
ments in order to normalize the spectra. The geometrical
setup is described in Sec. III A.

Ferromagnetic Fe layers were grownin situ on a W~110!
single crystal in an UHV chamber with base pressure of 5
310211 mbar, which increases during electron-beam evapo-
ration to 1310210 mbar. The bulklike, 15 atomic layer~AL !
thick Fe layers were evaporated at a rate of 0.5 AL/min and
at a substrate temperature of 450 K. The layer thickness was
measured during the evaporation with a calibrated quartz mi-
crobalance with an accuracy of65%.

These preparation conditions result in sharp low-energy
electron-diffraction~LEED! spots with a low background
evidencing the epitaxial growth of the Fe layers on the bcc
W~110! substrate. Three growth phases can be distinguished.
During all phases the symmetry of the LEED pattern is
2mm(C2v). The first two monolayers grow pseudomorphi-
cally, i.e., the LEED pattern of the Fe and the clean W sub-
strate are identical. For thicknesses between 2 AL and 10 AL
one observes a superstructure in the LEED patterns caused
by periodic lattice distortions compensating the lattice misfit
of 9.4% between Fe and W. Above 10 AL Fe the distortion-
induced superstructure is no longer visible in LEED and one
observes the LEED pattern of a clean bcc~110! surface. The
distance between the spots and intensity vs energy curves
evidence that the film grows now with the lattice constant of
bulk bcc Fe. In addition, growth and cleanliness have been
checked with Auger electron spectroscopy. Distinct kinks for
each completed monolayer in the intensity of the 47 eV Au-
ger line as a function of Fe thickness evidence layer-by-layer
growth up to 3 AL. Further details of the preparation have
been published elsewhere.21

III. THEORETICAL ASPECTS

A. Analytical results

In this section we discuss briefly the microscopic origin of
MLD by means of symmetry considerations and analytical
calculations, both applied to our specific setup~cf. Fig. 1!.
For the MLD the Fe~110! film is remanently magnetized
along the two in-plane easy axes, i.e., in the@1̄10# and@11̄0#

direction (6y axis! and the magnetization readsMW 65(0,
6M ,0). P-polarized light impinges under a polar angleq
on the surface. We distinguish two light polarizationsp6

with electric-field vectors EW (p6)5E0(6 cosq,0,sinq).
The electrons are detected along the surface normal~@110#, z
axis!.

As mentioned above, the point group of a cubic~110!
surface of a nonmagnetic solid, 2mm(C2v), has four symme-
try operations: the identityE, the twofold rotation about the
surface normalC2, the reflection at the (x,z) planemy , and
the reflection at the (y,z) planemx . Its single group has four

one-dimensional irreducible representations,Ss,s51, . . . ,4,
its double group a single two-dimensional irreducible repre-
sentation,S5. The presence of the magnetizationMW reduces
the symmetry to point groupm, with symmetry operationsE
andmy . Its double group has two one-dimensional irreduc-
ible representations,g1 and g2 , which are degenerate by
time reversal.22,23 Already at this point, symmetry consider-
ations show that MLD should exist~cf. Table I!. The opera-
tions of 2mm leave (p1 ,MW 1) either invariant or turn it into
(p2 ,MW 2). In other words, there is no operation that reverses
MW and simultaneously leaves the light polarization invariant:
there is MLD. The operationmy gives for the components of
the photoelectron spin polarizationPx5Pz50 and Py5” 0.
The latter component is already present in the nonmagnetic
case due to the linear spin-polarization effect~LSPE! by
Tamura and Feder24,25 ~discussed below!. For normal inci-
dence @q50°, EW (p1)52EW (p2)# or grazing incidence

@q590°, EW (p1)5EW (p2)#, there is no MLD~cf. opera-
tion mx).

To elucidate the origin of the MLD in detail, we decom-
pose the electronic states of the semi-infinite system into
wave functionsuR6

s Ssts&. The spints is described by Pauli
spinorsua& andub& quantized along the magnetization direc-
tion. The angular parts belonging toSs, with s51, . . . ,4
consist of symmetry-adapted combinations of spherical har-
monics. Collecting the various parts, each electronic state
C6 belonging tog6 can be written as

FIG. 1. Standard setup for magnetic linear dichroism in photo-
emission from cubic~110! surfaces. The crystal is remanently mag-

netized along the@1̄10# (MW 1) or the @11̄0# (MW 2) direction.
P-polarized light impinges at a polar angleq onto the surface. Its

electric field vectorEW lies within the mirror plane that is perpen-

dicular to MW and contains the surface normal. Photoelectrons are
detected in normal emission.

TABLE I. Effect of symmetry operations of the point group

2mm on light polarizationp1 , magnetizationMW 1 , and photoelec-

tron spin polarizationPW 5(Px ,Py ,Pz).

E: p1 MW 1
1Px 1Py 1Pz

C2: p2 MW 2
2Px 2Py 1Pz

mx : p2 MW 2
1Px 2Py 2Pz

my : p1 MW 1
2Px 1Py 2Pz
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uC1&5uR1
1 S1a&1uR1

3 S3a&1uR1
2 S2b&1uR1

4 S4b&,
~1a!

uC2&5uR2
1 S1b&1uR2

3 S3b&1uR2
2 S2a&1uR2

4 S4a&.
~1b!

The superscripts on the radial partsR6
s refers to the single-

group representationSs. Their subscripts are not to be con-
fused with a spin index: each state contains both Pauli
spinors due to SOC. In the nonmagnetic case, Kramers’ de-
generacy requiresR1

s 5R2
s ,s51, . . . ,4.Since in the mag-

netic case Kramers’ degeneracy is lifted, one member of a
pair of exchange-split electronic states belongs tog1 , the
other tog2 , and we haveR1

s 5” R2
s .

We now sketch the analytical calculation of the photo-
emission intensityI ~for details, see Ref. 12!. Initial states
are given by Eq.~1!. Final states are mainly ofS1 spatial
symmetry26 due to the absence of exchange and SOC in the
vacuum. In fact, SOC leads to scattering into wave-function
parts with other spatial symmetries. However, the dominant
component is ofS1 spatial symmetry. We therefore approxi-
mate the final-state wave function by regarding only the lat-
ter component. The transition-matrix elementsM (s f i) are in-
dicated by the single-group representation (Ss,s51, . . . ,4)
of the respective radial-angular part of the initial state, the
double-group representationg i ( i 56) of the initial state,
andg f( f 56) of the final state. The radiation field inside the
solid is approximated macroscopically according to classical

electrodynamics27 ~Snell’s law and Fresnel’s formula! that
leads to significant effects on the photoelectron spin polar-
ization and on magnetic dichroism~for details see Refs. 18
and 28!. We denote internal quantities~field vectorE08 and
propagation angleq8) of the light by a prime. In dipole
approximation, selection rules yield:~i! E0x8 induces transi-
tions from S3 components of the initial states, the corre-
sponding matrix elements beingE08cosq8M(3fi). ~ii ! E0z8 con-
nects initial- and final-state functions both withS1 spatial
symmetry and matrix elementsE08sinq8M(1fi). ~iii ! In our
setup,S2 andS4 components of the initial states cannot be
observed.~iv! Spin conservation within the excitation pro-
cess requestsf 5 i for the matrix elementsM (1 f i ) andM (3 f i ).

These selection rules in conjunction with the formation of
SOC-induced hybrids have two important consequences.~i!
Each initial state with an admixture ofS1 or S3 functions
can be observed; i.e., also a band with nonrelativisticS2 or
S4 symmetry can contribute to the photoemission intensity.
~ii ! Initial states with simultaneously nonzeroS1 and S3

parts have the same final state in the excitation process.
Hence, there is interference between theS1- andS3-related
transitions.

From the photoemission intensitiesI (M 6) for the two
magnetization directions,12 we define the differenceDMLD

5@ I (MW 1)2I (MW 2)#/2 and the sum SMLD 5@ I (MW 1)
1I (MW 2)#/2. The resulting expressions are

DMLD~q8!52uE08u
2Im@sin q8cosq8* ~M ~111 !* M ~311 !2M ~122 !!M ~322 !!#, ~2a!

SMLD ~q8!5usin q8E08u
2~ uM ~111 !u21uM ~122 !u2!1ucosq8E08u

2~ uM ~311 !u21uM ~322 !u2!, ~2b!

with initial statesuC1& and uC2& at the same initial-state
energyEi . @The energy- andkW i-conserving termsd(Ef2Ei

2hn)3d(kW i) have been omitted for clarity. The asterisk de-
notes the complex conjugation.# Reversal of the magnetiza-
tion turnsM (s f i) into M (s,2 f ,2 i ), which changes the sign of
DMLD, whereasSMLD is invariant. Without SOC there would
be no products of matrix elements with different spatial in-
dex i that leads to a vanishingDMLD. In the nonmagnetic
limit, the matrix elementsM (s f i) and M (s,2 f ,2 i ) become
equal and there is obviously no MLD. At last, the MLD
vanishes also, in accordance with symmetry arguments, for
normal incidence (q50°) and grazing incidence (q590°)
because in these cases only one hybrid component is excited.

The origin of MLD in standard geometry can be attributed
to the LSPE forp-polarized light.24,25,29In the nonmagnetic
limit, the ‘‘surviving’’ term in the expression forPy ~not
shown here! is an interference term that in this case is exclu-
sively due to SOC, i.e., it is due to the LSPE. Furthermore,
this LSPE can be regarded as the origin of MLD, because the
corresponding transition-matrix elements are involved in the
interference terms in both the intensity and spin-polarization
expressions.30

Collecting Snell’s law, Fresnel’s formula, and Eq.~2!, a
rather complicated dependence ofSMLD and DMLD on the

incidence angleq is obtained. Approximating the internal
field by the external one,DMLD shows a sin 2q dependence
and SMLD can be written asAsin2q1Bcos2q, with A(B)
comprising the terms with theM (1 f i )(M (3 f i )) matrix ele-
ments. Note, within this approximation,SMLD is extremal at
normal or grazing incidence, whereasDMLD is extremal at
45°.

In summary, our model of MLD is based on four ingre-
dients:~i! SOC induces the formation of hybrids consisting
of wave functions with different spatial-spin symmetry.~ii !
The simultaneous excitation of partial waves from the differ-
ent hybrid components results in an interference term in the
photoemission intensity.~iii ! This additional contribution to
the photocurrent is spin polarized and changes sign, if the
magnetization is reversed, i.e., MLD is observed.~iv! The
optical response of the solid has been incorporated by taking
the macroscopic classical electrodynamics into account.

B. Computational method

Numerical calculations of band structures, of layer-
resolved densities of states~DOS!, and of photoemission in-
tensities have been performed within the framework of the
spin-polarized relativistic layer KKR method.31,32 Instead of
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the bcc Fe film of 15 AL finite thickness used in the experi-
ment, we take semi-infinite bcc Fe~110! with bulk lattice
constanta52.87 Å. This approximation is justified since
first, due to the small escape depth of the photoelectrons,
emission from the actual W substrate is negligible, and sec-
ond, quantum-well states are not resolved in the present ex-
periment. The surface geometry is not relaxed, as one ex-
pects for a closed packed surface and as has been determined
by LEED for Fe~110!.33

The effective spin-dependent muffin-tin potential has
been obtained by a self-consistent bulk linear muffin-tin or-
bital ~LMTO! calculation, but modified in some respects.
First, the real part of the inner potential~10.5 eV with refer-
ence toEF) has, for the occupied states, been augmented by
a self-energy correction term 0.1(E2EF) in order to repro-
duce the measured quasiparticle exchange splitting. Second,
the spin-dependent potential in the topmost layer has been
linearly rescaled34 such as to achieve a magnetic moment
enhanced by 20% relative to that in the bulk.33–35

The surface-potential barrier has been approximated by a
reflecting step function 0.48a above the outermost internu-
clear plane. This simple model is adequate for the present
purpose, since it yields a layer-resolved DOS almost identi-
cal with the one from a self-consistent surface LMTO calcu-
lation.

In our photoemission calculations, lifetime effects are in-
corporated by an energy-dependent imaginary part of the in-
ner potentialVi . For the lower states~holes! we useVi
520.2(EF2E10.25 eV! and for the upper statesVi
520.05(E2EF). Vi leads to broadening and shifts of peaks
to lower binding energy with respect to the real-potential
band structure. The radiation field inside the metal has been
taken into account according to classical optics~Snell’s and
Fresnel’s formulas!.18,28

IV. RESULTS AND DISCUSSION

Since our photoemission spectra and their MLD can be
interpreted in terms of direct bulk interband transitions, we
first focus on the relativistic band structure. Subsequently,
measured and calculated photoemission spectra are pre-
sented, and the microscopic origin of the MLD is discussed.
Finally, the dependence of the MLD on the incidence angle
of the photons is shown.

A. Band structure

Figure 2 shows the relativistic band structure of ferromag-
netic Fe along theG –S –N direction, the relevant one in
normal emission geometry from the bcc~110! surface. For its
calculation we used the bulk part of the potential as specified
in Sec. III B, except that the imaginary part of the optical
potential for the lower states has been set to zero, which
yields so-called real bands. The bands are classified accord-
ing to their double-group representation,g1 andg2 . In ad-
dition, the dominant spatial-spin representation is indicated.
This usual nonrelativistic characterization is a good approxi-
mation over large parts of the bands, but of course breaks
down at SOC-induced band gaps due to the high degree of
hybridization.

Four of these particularly interesting regions, in whichS1

and S3 states are strongly hybridized, are marked in Fig. 2

by circlesA to D. CirclesA andB belong to the band gaps
at the ‘‘nonrelativistic’’ points G258↑ and G258↓, respec-
tively. At C ~left panel! the situation is more complicated;
three band gaps occur in this region, the largest one between
the S1↑ and theS3↑ band. The anticrossing pointD be-
tweenS1↓ andS3↓ belongs to the unoccupied states.

Table II summarizes energy levels and splittings from
Fig. 2 at high symmetry points of the Brillouin zone in com-
parison with other calculations and with experiment. The
nonrelativistic band structure of Ref. 36~last column! is very
close to our original LMTO results~not shown!, with minor
differences attributable to the use of relativistic theory~Dirac
equation! in our work. The exchange splitting is increased by
about 0.2 eV to 2.17 eV~cf. first column! due to our energy-
dependent real self-energy correction. Inclusion of the imagi-
nary part, which accounts for the finite hole lifetime, slightly
reduces it to 2.11 eV~cf. second column!.

In view of interpreting our dichroic photoemission spec-
tra, we added to Fig. 2 final-state bands with dominantS1

symmetry~steep-dashed and dash-dotted lines!, which were
calculated with the complex optical potential. These bands
have been shifted downward by 23.8 eV photon energy~be-
cause at this photon energy the maximum MLD is observed,
see below! so that crossings with the occupied bands corre-
spond to possible direct photoemission transitions from bulk
initial states. For each relativistic representation there are
two final-state bands. Our calculation shows that the corre-
sponding states differ in their decay length along the@110#

FIG. 2. Relativistic valence band structure of Fe~110! separated
into representationsg1 ~left panel! andg2 ~right panel! of double
groupm. Labels indicate the spatial-spin symmetry of the dominat-
ing component of the respective initial state. Circles denote SOC-
induced band gaps betweenS1 andS3 bands. Additionally, the two
possible final-state bands with dominantS1-spatial symmetry
~shifted down by 23.8 eV photon energy! are represented by the
dash-dotted line for low damping and the dashed line for high
damping within the solid.
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direction, i.e., in their penetration depth into the solid. The
1/e penetration depth of the final states of the dash-dotted
band is larger than 10a' /p, whereas the one for the dashed
band is smaller than 2a' /p.

B. Photoemission spectra

Results of our photoemission experiments and our corre-
sponding calculations—obtained as specified in Secs. II and
III B—are shown in Fig. 3 for a sequence of photon energies
~as indicated! and both magnetization directions~solid and
dotted curves!. The experimental data are normalized to
equal photon flux, i.e., plotted on the same intensity scale.
The theoretical spectra have been multiplied by the Fermi
function, folded by a Gaussian function corresponding to the
experimental energy resolution and scaled such as to match
the experimentalSMLD leading peak at 23.8 eV photon en-
ergy. Therefore, experimental and calculated spectra can di-
rectly be compared, bearing in mind the following differ-
ences. In the calculations, we used completely linearly
polarized light and ‘‘perfect’’ angle resolution. Furthermore,
the theoretical spectra are for zero temperature and do not
contain an inelastic background.

We first establish that the peaks in the theoretical spectra,
which were obtained within a one-step-model approach to
photoemission, can be interpreted in terms of direct inter-
band transitions from the initial-state bands shown in Fig. 2,
if one takes into account the slight shift of the photoemission
peaks to lower binding energies due to the imaginary poten-
tial describing the finite hole lifetime. For 23.8 eV photon
energy, such transitions can be expected at energies where
the final-state bands in Fig. 2 cross with initial-state bands of
spatial symmetry characterS1 andS3.

Since the final states belonging to the dash-dotted bands
have an averaged six-times larger penetration depth into the
solid than those belonging to the dashed bands, they should

dominate the interpretation. This leaves us with five crossing
points: ~i! with the S1↑ band at 2.5 eV,~ii ! with the S3↑
band at 2.3 eV,~iii ! with theS1↑ band at 1 eV,~iv! with the
S1↓ band at 0.3 eV, and~v! with the S3↓ band at 0.25 eV.

Since the spacing of points~i! and ~ii ! is less than the
imaginary potential part~and of the order of the experimental
energy resolution taken into account in the calculated spec-
tra!, the two transitions cannot be resolved, and in fact mani-
fest themselves as a broad peak near 2.4 eV~for each mag-
netization direction! in the spectra in Fig. 3. With respect to
nonrelativistic spatial-spin symmetry of the initial states this
peak is labeled byS1↑% S3↑. ~The % denotes the incoherent
superposition of the two transitions that cannot be resolved
due to the limited energy resolution.! Crossing point~iii !
corresponds to the photoemission peakS1↑ at 0.9 eV in Fig.
3. Transitions pertaining to~iv! and~v! are merged due to the
experimental energy resolution and show up as the dominant
peak S1↓% S3↓ at 0.3 eV. The above discussion extends
analogously to the other photon energies. The changes of

TABLE II. Binding energies, exchange splittings, and spin-orbit
splittings atG ~in eV relative toEF). Theoretical values from band
structures~calculated with real potential! and from densities of
states~calculated with potential including the imaginary part speci-
fied in Sec. III! are indicated by ‘‘bands’’ and ‘‘DOS,’’ respec-
tively. The former are compared to results from Ref. 36. Energy
levels are labeled by their single-group representations;^ & denotes
the mean value.

This work Ref. 36
bands DOS Expt. bands

Energy levels:
G15^G1↑ G1↓& 9.56 8.24

G258↑ 2.47 2.40 2.4 2.26

G128↑ 0.99 0.95 0.9 0.94

G258↓ 0.30 0.29 0.3 0.34

G128↓ 21.31

DEXC :

G258↓2G258↑ 2.17 2.11 2.1 1.92

DSOC:

G258↑ 0.07

G258↓ 0.057

FIG. 3. Experimental~left panel! and calculated~right panel!

photoemission intensitiesI (MW 1) ~solid line! and I (MW 2) ~dotted
line! of Fe~110! for various photon energieshn. Vertical lines
sketch the dispersion of the corresponding initial state. The labels
give the spatial-spin symmetry of the dominating component of the
respective initial state. The% denotes an incoherent superposition
of the two initial states.
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peak energies with photon energy, which reflect the disper-
sions of these bands, are sketched by the solid vertical lines
in Fig. 3.

We now proceed to a more detailed discussion. The struc-
tureS1↑% S3↑ shows no significant dispersion above 22 eV
photon energy. Below 22 eV it splits into the two peaksS3↑
andS1↑ following the upwards dispersion of theS3 and the
nearly constant binding energy of theS1 band. The transition

at G258↑ is reached at 29 eV photon energy~obtained by
further downshifting the final-state dispersion!. Dispersion
and peak form are well described by the calculation, but it
overrates the intensities of theS1↑% S3↑ structure. The in-
tensity is determined by the transition-matrix elements as
well as self-energy corrections that are nonlocal and depend
on the binding energy. In our calculations we assume a spa-
tially constant self-energy and a linear dependence on the
energy~cf. Sec. III B!. Thus this deviation can be explained
by the breakdown of the linear approximation at these bind-
ing energies.

The corresponding exchange-splitg2 states give rise to
the bigS1↓% S3↓ feature close to the Fermi level. For pho-
ton energies below 21 eV, theS3↓ disperses aboveEF . Both
in the experimental and the theoretical spectra, one observes
with decreasing photon energy only the dispersion ofS1↓ to
higher binding energies, a decrease of the intensity and a
broadening of the peak form. With increasing photon energy,
the G258↓ point is reached at 26.8 eV.

Emission from theS2↑ and theS2↓ band, which nearG
might add to theS1↑% S3↑ and theS1↓% S3↓ peak, respec-
tively, is negligible, because first, spatial symmetryS2 parts
cannot contribute to the transition-matrix elements in normal
emission, and second, theS1 andS3 admixtures, which can
contribute, are very small.

Around 0.9 eV binding energy, theS1↑ peak appears, for
which the transition atG12↑ takes place at 27.25 eV photon
energy. While experiment and theory agree in the binding
energy of this peak, its intensity is much larger in the experi-
mental than in the calculated spectra. In search for an expla-
nation, we turn to theg2 band with dominantS4↑ symme-
try. For purely p-polarized light incident in the@001#
azimuth, this band yields hardly any emission, since matrix
element parts withS4 states vanish andS1 and S3 admix-
tures are very small. Fors-polarized light, however,
S4-derived emission is quite sizable. Since the light used in
our experiment is not completelyp polarized, i.e., contains
an s-polarized component, the measured peak near 0.9 eV
may have an additionalS4-derived contribution, which is
absent in its theoretical counterpart.

For the critical points of the quasiparticle band structure,
experimental binding energies have been obtained by fitting
the measuredSMLD by Gaussians after subtraction of a
Shirley-like background for the corresponding photon energy
for which the transitions take place atG. These values and
the exchange splitting are seen, in Table II, to agree excel-
lently with their calculated quasiparticle counterparts~in the
column ‘‘DOS’’!. The deviations from the results of the
ground-state band structure of Ref. 36, which are very close
to our own LMTO ground-state band structure, clearly dem-
onstrate that a real and an imaginary self-energy correction
as specified in Sec. III is significant. The comparison of ear-

lier experimental binding energies for Fe~110! with various
ground-state calculation results, which has been shown in
Table II of Ref. 37, further supports this finding. For a more
detailed discussion on self-energy corrections in photoemis-
sion from Fe—as obtained for Fe~001!—we refer to Refs. 38
and 39.

C. Magnetic linear dichroism

We now turn to the MLD. Figure 3 reveals that for vari-

ous photon energies the two spectraI (MW 1) andI (MW 2) mea-
sured for the two different orientations of the magnetization
along @1̄10# are different. Hence, a magnetic dichroism is
observed andDMLD is unequal zero.

In detail, theS1↑% S3↑ transition possesses a negative

difference DMLD, i.e., the I (MW 2) intensity exceeds the

I (MW 1) one. Its calculated MLD exists in the whole investi-
gated photon-energy range with a pronounced maximum at
around 23 eV, whereas the experimental MLD is signifi-
cantly nonzero only from approximately 24 eV up to 29 eV
with its maximum at 26 eV. For theS1↓% S3↓ structure a
positive MLD is observed in both the experimental and the-
oretical spectra in the whole photon-energy range. For exci-
tations below 21 eV, the photoemission calculations with a
very small imaginary part of the self-energy~not shown
here! reveal that bothS states contribute to the MLD with
the same sign.

We now address the question of whether the analytical
theory sketched in Sec. III A is capable of explaining the
observed MLD. As a first step, one has to identify those
initial states within the Brillouin zone from which MLD is
expected. Referring to the theory, these are states signifi-
cantly hybridized by SOC, i.e., states near SOC-induced
band gaps where hybridization is strongest. In our geometry
the relevant anticrossing points are between nonrelativistic
S1 andS3 bands with the same spin, i.e., the pointsA andB
at theG point and the pointsC andD in the middle of the
Brillouin zone ~cf. Fig. 2!.

As a second step, one has to show that MLD is observed
if the corresponding direct transitions are near such anti-
crossing points. This statement will be discussed for the ex-
ample of the prominentS1↓% S3↓ structure for which the
dependence ofSMLD and DMLD on the photon energy is
given in Fig. 4. A comparison of experiment with theory is
facilitated for this structure by the low background of sec-
ondary electrons for transitions directly belowEF . DMLD and
SMLD have been obtained from the intensitiesI (MW 1) and
I (MW 2) at the respective peak position. Some remarks on the
errors in Fig. 4 should be made. The statistical error in the
intensity and the systematical one in the photon energy is
within the symbol size. Due to the strong dependence of
SMLD , and especially ofDMLD on the binding energy, the
systematical error inSMLD and DMLD is larger and can be
approximated by the scattering of the points. The scaling
between calculation and experiment is the same as in Fig. 3;
experimental and calculatedSMLD at 23.8 eV photon energy
have the same height. ThereforeSMLD and DMLD can di-
rectly be compared to the experimental data. Note that the
differenceDMLD has been plotted on a five-times larger scale

57 14 375MAGNETIC LINEAR DICHROISM IN VALENCE-BAND . . .



P.3 Photoelektronenspektroskopie P75

in comparison toSMLD . Within this scale the measured
DMLD has been multiplied by a factor of 2 to fit approxi-
mately the calculated one.

We find a good qualitative agreement between experiment
and calculation ofSMLD and DMLD regarding the photon-
energy dependence below 31 eV. Both quantities exhibit a
pronounced maximum at around 24 eV. For photon energies
above 33 eV the calculatedSMLD differs from the measured
one by a second weaker maximum at around 40 eV. For
DMLD the agreement above 33 eV is much better; in both
experiment and calculation a decreasing MLD difference is
observed.

In order to explain the dependence ofSMLD andDMLD on
the photon energy, we have additionally projected out the
parts ofS1↓ andS3↓ functions of each of the two relevant
initial-state bands. The result is shown in the middle and
lower panels of Fig. 5 as a function ofk' . In addition, the
final-state energy is given in the upper horizontal scale of
Fig. 5. This scale is based on the corresponding direct tran-
sition into that final state with practically no damping~dash-
dotted line in Fig. 2!. Above 227 eV binding energy, both
final states contribute approximately equally to the photo-
emission spectra due to their comparable damping. The up-
per panel of Fig. 5 repeats the relevant part of the band
structure. The two initial states are represented by bold lines
and labeled as bandsI and II . The inset shows the detailed
band structure near theG point.

Figure 5 reveals that the bands change their character due
to hybridization; both bands at band gapB and additionally
bandI at pointD and bandII at the two anticrossing points
with the flat S4↑ band at about 1 eV binding energy. Note
that due to the complicated dispersion atB ~cf. the inset in
Fig. 5! the maximum degree of hybridization betweenS1↓
and S3↓ for the two bands are atk'50.03p/a' and not
directly atG(k'50).

We now return to the discussion and show how the
photon-energy dependence of theS1↓% S3↓ MLD can be
explained by the band structure and hybridization at pointB.
At around 15 eV photon energy, the transitions take place
nearly in the middle of the Brillouin zone. Up to 21 eV, only
transitions from the initial-state bandII are observed with a
broad peak belowEF in the photoemission spectra. At the
correspondingkW points the initial state consists of a hybrid of
S1↓ andS4↑ functions~cf. Fig. 5, lower panel! so that, if the
model is correct, no MLD should be observed. In fact a small
and nearly constant experimentalDMLD is observed, caused
by the breakdown of the direct-transition picture into one
final state.

Above 21 eV, band-I -derived transitions are possible. In
the photoemission spectra the prominent structureS1↓

FIG. 4. Photon-energy dependence of sumSMLD ~upper panel!
and differenceDMLD ~lower panel! of the S1↓% S3↓ structure.
Experimental and calculatedSMLD are scaled to have the same
height at 23.8 eV,DMLD is plotted on a fivefold larger scale. Within
this scale the experimentalDMLD has been multiplied by a factor of
2. FIG. 5. Detailed dispersion of the initial states of theS1↓

% S3↓ structure labeled by bandsI and II represented in the upper
panel and in the inset by thick lines. Dependence of theS1↓ and
S3↓ parts of bandI ~middle panel! and of theS1↓, S3↓ , andS1↓
parts of bandII ~lower panel! on k' and the final-state energy
aboveEF .
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%S3↓ occurs and thereforeSMLD increases with a maximum
at 23.8 eV. Additionally, the increase ofDMLD is observed.
Within our model this can easily be explained by the increas-
ing hybridization of the initial states near band gapB. The
maximum of DMLD is reached at 24.8 eV ork'

50.05p/a' , which is nearly exact at the maximum degree
of hybridization of the two bands atk'50.03p/a' . Above
25 eV, SMLD decreases, i.e., the transition-matrix elements
become smaller. Therefore,DMLD, which depends linearly
on the matrix elements, decreases. Note that the above inter-
pretation assumes that the transition-matrix elements vary
slowly with photon energy.

The above comparison between the photon-energy depen-
dence ofDMLD with the initial-state dispersion shows that the
S1↓% S3↓ MLD can be explained by the dispersion and the
hybridization of the corresponding initial states of bandsI
and II . We want to emphasize at this point that the MLD is
not caused by incoherent superposition of the transitions
from the two individual initial states that would lead to a
vanishing DMLD. In fact, MLD is an interference effect
caused by the coherent excitation of aS1↓- and a
S3↓-related part from each of the two initial states.

In the same way the MLD of the exchange-splitS1↑
% S3↑ structure can be explained by the hybridization at the
SOC-induced band gapA. Additionally, within the analytical
framework, it is easy to explain the opposite signs of the
S1↑% S3↑ and S1↓% S3↓ structures. Basing on nearly the
same dispersion nearG of the S1↑ andS3↑ initial states on
the one side and theS1↓ andS3↓ initial states on the other
side, it is a good assumption that the corresponding
transition-matrix elements are comparable. But, as can be
seen in Eq.~2!, the interference terms of the exchange-split
statesg1 andg2 possess opposite signs inDMLD. Hence, if
now the matrix elements are independent of the photon en-
ergy, especially the phase difference between the two partial
waves, the sign reversal is observed.

In the experimental spectra theS1↑ transition at 0.9 eV
also seems to have a MLD for photon energies larger than
19.6 eV. But in our interpretation its MLD can be explained
by an artifact caused by the rather small energy separation of
about 0.7 eV from theS1↓% S3↓ structure and its dominat-
ing positive MLD. This interpretation is proven first by the
fact that in the experimental 25.9 eV spectra the MLD re-
verses sign at theS1↑ peak position and, second, by fitting
the individual peaks of the experimental spectra for both
magnetization directions~after subtracting a Shirley-like
background!. In addition, in the calculated spectra this peak
shows no MLD.

This observation is expected within the direct-transition
picture combined with hybridization analysis. Transitions
nearC are possible at photon energies around 16 eV. But for
these photon energies theS1↑ emission near 0.9 eV de-
creases as can be seen in Fig. 3, i.e., corresponding matrix
elements and hence the interference terms become small. For
higher photon energies the emission from theS1↑ band in-
creases but possibleS3↑ admixtures are negligible due to the
large energy separation in comparison to the exchange split-
ting from the downwards dispersingS3↑ band ~cf. Fig. 2!.
Hence, no MLD is observed.

Point D belongs to the unoccupied band structure and
cannot be observed in the experimental photoemission spec-
tra. But calculated~inverse photoemission! spectra that in-
clude transitions from initial states aboveEF also show MLD
at this point.

In summary, the MLD of photoemission calculations and
of measurements can qualitatively be explained by the ana-
lytical theory in combination with the band structure accom-
panied by hybridization analysis. Differences between ana-
lytical theory and measurements as well as calculations can
be attributed to simplifications in the above discussion, for
example, the neglect of the dependence ofE8, q8, and the
phase difference between the two partial waves on photon
energy and the restriction to one direct transition.

In the following we now want to discuss the discrepancies
between photoemission calculations and measurements:~i!
For photon energies above 31 eV the calculated intensity
SMLD increases, whereas the experimental one is almost in-
dependent of the photon energy. As mentioned above, the
photoemission intensity is additionally determined by self-
energy corrections. Thus the different dependence ofSMLD

on the photon energy can be attributed to the self-energy
corrections in the upper state regime that cannot be described
by our linear approximation~cf. Sec. III B!.

~ii ! The calculations overrate the MLD approximately by
a factor of 2 in the whole investigated photon-energy range
under the assumption that experimental and calculatedSMLD

at 23.8 eV have the same value. The overrating of the MLD
has two possible reasons; first, the calculations have been
done under ‘‘perfect conditions,’’ i.e., with fully linearly po-
larized light and the magnetization at zero temperature.
Therefore, the calculated MLD should exceed the experi-
mental one. Additionally, effects of spin-dependent and in-
elastic scattering as well as a spin-dependent lifetime have
not been incorporated in the calculations. This could lead to
a decrease of the dichroism. For the same reason it is pos-
sible that the experimentalDMLD of the S1↑% S3↑ structure
is smaller in comparison to theS1↓% S3↓ MLD. Second, as
an interference effect the MLD should be very sensitive to
experimental conditions as well as numerical modeling.
From the experimental point of view these are the prepara-
tion conditions and possible contamination at the surface that
can influence the MLD.~An effect of contamination in our
experiment can be neglected, since it was checked by re-
peated measurements of the MLD after several hours.!

Based on these results, we can offer a few comments on
the question of how MLD in the valence-band photoemission
can be used to obtain further information on the magnetic
ground state of the system, such as spin and orbital magnetic
moments. Because MLD depends strongly on the detailed
electronic structure, this seems to be hardly possible. For
example, if the phase difference between the two partial
wavesDm satisfies Im@sinq8cosq8!exp(Dm)#50, no MLD
is observed. Furthermore, MLD depends on the absolute
value of the involved matrix elements. So that, if the transi-
tion is forbidden due to the selection ruleD l 561, again no
MLD is observed. This may be the reason why different
MLDs are observed for the same initial state. In our case, for
example, the transitions ofS1↓% S3↓ at 24 and 29 eV pho-
ton energy into the same final state start at the same initial
states of bandI and II . But both exhibit differentDMLD,
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which can easily be explained by the different absolute val-
ues of matrix elements. This may be called afinal-state effect
because the initial-state wave functions are the same at both
photon energies.

The detailed analysis above shows a delicate behavior of
MLD on both exchange splitting and SOC. Thus, a simple
rule of thumb, for example, that magnetic dichroism depends
linearly on the magnetization and therefore can be regarded
as a measure for the latter, can hardly be true, in particular in
valence-band photoemission. Such information can possibly
be derived by comparing the measurements with fully rela-
tivistic photoemission and band-structure calculations.

D. Dependence on light incidence angle

Correctness and relevance of both the analytical and nu-
merical calculations can directly be proven by comparing the
experimental and the theoretical dependence ofSMLD and
DMLD on the polar angle of incidenceq of the light. To
verify the theoretical predictions,SMLD and DMLD of the
S1↓% S3↓ structure at 25.9 eV photon energy~0.4 eV bind-
ing energy! have been recorded experimentally for various
polar anglesq. The result is represented by the solid squares
in Fig. 6. For the errors the same argumentation holds as in
Fig. 4.

The numerical data~open squares with solid lines! have
been obtained from photoemission calculations. These have

been scaled by a common factor in order to best fit the ex-
perimentalSMLD . At this photon energy the numericalDMLD

overrates the experimental one by a factor of 3, which has
been incorporated in the lower panel of Fig. 6.

Within the external field approximation, i.e., without
Snell’s law and Fresnel’s formula~dash-dotted lines in Fig.
6!, the analytical formula predicts a sin 2q dependence of
DMLD and a superposition of sin2q and cos2q dependences
of SMLD . The result of a fit toDMLD based on this approxi-
mation is additionally shown. The discrepancy between both
experimental and calculatedSMLD and DMLD completely
rules out the external field approximation. Thus, the refrac-
tion of the light has to be incorporated.

The analytical results with optical response of the metal
~dotted lines in Fig. 6! were obtained from Eq.~2! by fitting
simultaneouslySMLD and DMLD and using Snell’s law and
Fresnels’ formula, regarding the transition-matrix elements
as parameters. For the complex index of refraction we took
e50.5410.31i ~as in the photoemission calculations! from
Ref. 40. We assumed two initial states, i.e., the bands with
nonrelativisticS1↓ and S3↓ symmetry, both with three in-
dependent parameters; the absolute valuesuM (1 f i )u and
uM (3 f i )u of the transition-matrix elements and the phase dif-
ference between them.

The experimental as well as the numerical data are well
reproduced by the analytical fit. This proves clearly that
MLD is described correctly by our analytical theory, espe-
cially by Eq. ~2!. The good agreement forDMLD is only
achieved if one assumes two initial states. Thus, one can
conclude about the number of initial states for theS1↓
% S1↓ structure by measuring the incidence-angle depen-
dence ofDMLD.

Additionally, one concludes that the angular dependence
of the MLD observed in the valence-band structure of
Fe~110! is properly described by classical Fresnel theory. At
first glance, it seems surprising that the optical response in
the topmost surface layers can be neglected in the interpre-
tation of photoemission spectra from Fe~110! in the VUV
energy range, contrary to findings for layered
semiconductors.41 The next step beyond the Fresnel approxi-
mation, the so-called hydrodynamical model,42 leads to lon-
gitudinal electromagnetic partial waves, which in spin-
polarized photoemission from Pt~001! can be completely
neglected due to the very low effective plasmon energy with
respect to the photon energy.28 The latter result may be re-
garded as valid also for Fe~110!.

In principle, referring to the incidence angle dependence
of the MLD, it is possible to calculate theabsolutevalues of
the photoemission transitions and the phase difference be-
tween them. Unfortunately, in our case this is not possible
because the corresponding peak is a superposition of two
maxima and, therefore, the fit is not unambiguous. However,
in the bare calculated spectra~without folding with the ex-
perimental resolution! the initial states can be separated.

V. CONCLUSION

We have presented an investigation of MLD in valence-
band photoemission from Fe~110! in a fourfold way: by sym-
metry considerations, analytical theory, numerical calcula-
tions, and measurements. We have shown that by comparing

FIG. 6. Dependence on the angle of the impinging light for
SMLD ~upper panel! and DMLD ~lower panel! of the S1↓% S3↓
structure at 25.9 eV photon energy. Additionally, two fits are given
based on the analytical theory with~dotted line! and without~dash-
dotted line! optical response. Experimental and calculatedSMLD are
scaled to have the same height,DMLD is plotted on a fourfold larger
scale. Within this scale the experimentalDMLD has been multiplied
by a factor of 3.
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experimental and theoretical results the microscopic origin of
MLD is mainly the SOC-induced hybridization of the initial
states. If the various components of such a hybrid are simul-
taneously excited, one observes an interference between the
partial waves. The sign of the interference term depends on
the magnetization direction and thus MLD is observed. The
agreement of the experimental results with both the predic-
tions of the analytical formula and the quantitative results of
the numerical calculations proves that our theoretical de-
scription of MLD is adequate. Other models, if properly en-
hanced, for example, by relativistic group theory and relativ-
istic photoemission theory, should also lead to the same
conclusions.13–15 In summary, one can use MLD to identify
SOC-induced band gaps or hybridization zones in the band
structure by measuring the photon-energy dependence of
DMLD.

For the case of Fe~110! on W~110!, we have further
shown that the observed MLD is derived from the SOC-
induced gaps atG258↑ andG258↓ and that the MLD signals of
the exchange-split states possess opposite sign. The photon-

energy dependence of theG258↓-related MLD can be ex-
plained by means of the initial-state band structure of bulk
Fe~110! within the direct-transition picture. Furthermore,
theory reveals a substantial influence of the refraction of the
incident radiation on the MLD, and comparison with experi-
ment shows that a description of the radiation field inside the
metal in terms of classical Fresnel optics is adequate for
photon energies in the VUV regime.
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Abstract
The temperature dependences of the electronic structure, spin-resolved photo-
emission, and magnetic linear dichroism of the prototypical system 2 ML Co
on Cu(001) (ML stands for monolayer(s)) are presented in a detailed theor-
etical study. Relativistic ab initio electronic structure calculations were carried
out within the framework of multiple-scattering theory; the spin-resolved
photoemission was calculated within the one-step model. The temperature
dependence was taken into account within the disordered local moment picture.

The spectral features show a distinct dispersion and broadening with
temperature, in particular those derived from quantum-well states in the Co
film. These findings can be traced back to the layer- and spin-resolved Bloch
spectral function. Further, Co-derived maxima in the photoemission intensities
behave significantly differently with temperature to Cu-derived ones. The
spin-resolved photoemission intensities compare well with experimental data
and with theoretical data obtained within the fluctuating local moment picture.
Magnetic linear dichroism in spin-resolved photoemission is discussed in terms
of asymmetries which are related to the spin polarizations.

1. Introduction

Joint experimental and theoretical investigations of solids, in particular those of 3d ferro-
magnets, by photoelectron spectroscopy have proved to be very successful and allowed detailed
statements to be made as regards the spin- and symmetry-resolved electronic structure (see
for example [1]). Theoretical photoemission calculations are—like the underlying ab initio
band-structure calculations—usually performed for zero temperature. The corresponding
experiments, however, are carried out at elevated temperatures, e.g. at room temperature.
Theoretical and experimental photoemission spectra agree well in general for ferromagnetic
systems with the Curie temperatures TC which are high compared to the actual temperature at
which the experiments were performed. However, the agreement is rather poor for systems
with low Curie temperatures, for example ultrathin films. For two monolayers (ML) of Co on

0953-8984/01/050833+17$30.00 © 2001 IOP Publishing Ltd Printed in the UK 833
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Cu(001), TC was estimated at only 320 K [2], as compared to a bulk TC of 1388 K [3] (Huang
et al found a value of about 500 K by means of the surface magneto-optic Kerr effect [4]). In
order to overcome this temperature ‘mismatch’ between theory and experiment, one can either
cool the samples in experiment down to temperatures close enough to zero or extend the theory
to non-zero temperatures—obviously a far better approach. The latter allows detailed studies
of the temperature dependence of significant electron-spectroscopic quantities: for example
magnetic moments, spin polarization, and magnetic dichroism (MD) in photoemission.

Temperature effects can be divided into vibrational and electronic effects. The former,
i.e. phonons, are treated in multiple-scattering theories of electron spectroscopies (e.g. low-
energy electron diffraction (LEED) and photoemission) via temperature-dependent scatt-
ering phase shifts (see for example [5, 6]). The electronic temperature effects can be taken
into account by an energy-, spin-, and temperature-dependent self-energy � which can
be approached in different ways. In a first approach, one can combine density-functional
theory and many-body treatments. For example, a Hubbard-type multiband model allows the
computation of spin-resolved photoemission spectra within a generalized one-step model [7–9].
For low-index surfaces of Ni the comparison of spectra calculated within this framework
showed good agreement with experimental data. No indication of a stationary exchange
splitting independent of temperature could be found. Instead, majority and minority spin
states merged in energy upon approaching TC. Another treatment is based on a periodic cluster
approach with exact diagonalization of the many-particle Hamiltonian for ultrathin transition-
metal films [10].

A further approach is based on the coherent potential approximation (CPA) [11] as
formulated in the Korringa–Kohn–Rostoker (KKR) method [12–14]. The disorder in the solid
gives rise to the electron self-energy operator � [15]. Therefore, the electronic structure has
to be described by means of the Bloch spectral function (BSF) AB(E,k) (i.e. the energy- and
wavevector-resolved density of states) instead of by means of the more familiar band structure
E(k). The real part of � shifts the energy levels (e.g. defined as maxima in AB(E,k)); its
imaginary part gives rise to broadening, i.e. to a finite lifetime of the quasi-particles. The CPA
can be used for binary substitutional alloys AxB1−x to formulate a first-principles theory of
phase transitions in ferromagnets [16,17]: in the disordered local moment (DLM) picture, one
identifies the atomic species A and B as atoms of the same kind but with opposite orientations
of the local magnetic moment M : MA = −MB. For given concentration x and energy E,
an effective medium is computed, which is determined by the condition that inserting a defect
of type A weighted with its concentration x and inserting a defect of type B weighted with
its concentration 1 − x into the effective medium imposes no additional scattering (for details
see references [14, 15]). For example, for concentration x = 0 all local magnetic moments
are aligned parallel and one has the ferromagnetic case for T = 0, since all sites are occupied
by atoms of species B. For x = 0.5 the net magnetization vanishes due to there being equal
numbers of sites occupied by species A and B; hence one is concerned with the paramagnetic
case for T = TC. A theory of photoemission from binary substitutional alloys has been
formulated by Durham [18] and successfully applied within the DLM picture to Fe at elevated
temperatures [19].

If the CPA calculations are performed within the single-site approximation, magnetic
short-range order (SRO), i.e. correlation between the local magnetic moments, is neglected
(note that within the embedded-cluster method, SRO can of course be treated [20]). In order to
take into account the spin–spin correlations, Haines et al [21,22] proposed the fluctuating local
moment (FLM) picture which uses clusters with a magnetic moment located at each site. The
configurations of local magnetic moments have to be compatible with a given average magnetic
moment 〈m(T )〉 and a spin–spin correlation length �(T ) [23]. Physical quantities are then
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obtained by averaging over the configurations. Gollisch and Feder applied this approach
successfully to photoemission from Ni(111) and Fe3Pt [24–26]. The joint effect of lattice
vibrations and magnetic fluctuations in Ni has been investigated by Delgadillo et al [27].

As mentioned above, ultrathin films show a low TC with respect to the bulk system. Thus,
significant temperature effects on spin-resolved photoemission intensities can be expected even
at room temperature. Reiser et al [28] investigated theoretically 2 ML Co on Cu(001) within
the FLM theory and found good agreement with experiment at T = 0.65 TC [29] for a certain
pair of average magnetic moment and correlation length (〈m(T )〉 = 0.2m(0) and �(T ) less
than the intersite distance). However, they applied an empirical tight-binding description of
the electronic structure and did not take into account spin–orbit coupling (SOC), an essential
ingredient for the description of magnetic dichroism (MD) in photoemission, i.e. the change
of the photocurrent upon reversal of the magnetization orientation [30]. Hence, there appears
to be a need for a theoretical investigation of the temperature dependences of the electronic
structure, spin-resolved photoemission, and MD from ultrathin films. Its basis should be an
ab initio electronic structure calculation which treats exchange and spin–orbit interactions on
an equal footing. In this paper we present results of such an investigation by means of the
fully relativistic layer-KKR method but within the DLM picture instead of the FLM picture.
As a prototypical system we chose 2 ML Co/Cu(001) and address further the temperature
dependence of the magnetic linear dichroism (MLD) in valence band photoemission. Since
we are dealing with spin-resolved MLD, we introduce asymmetries which turn out to be related
to the exchange- and the spin–orbit-induced photoelectron spin polarizations (ESPs). In recent
works the temperature dependence of the MD has been exclusively (at least to our knowledge)
investigated in an element-specific way, exploiting core levels [31, 32]. Further, Alders et al
presented a joint experimental and theoretical study of the spin–spin correlation function and
magnetic long-range order in x-ray absorption in NiO [33].

This paper is organized as follows. In section 2 we sketch the theoretical methods, in
particular the numerical details (section 2.1) and the asymmetries (section 2.2). Results are
presented and discussed in section 3, in particular for the electronic structure (section 3.1),
photoemission (section 3.2), and magnetic linear dichroism (section 3.3). Concluding remarks
are made in section 4.

2. Theoretical aspects

2.1. Numerical details

As a prototypical system we chose 2 ML Co on Cu(001) in order to allow comparison of our
results with experiment [29] and previous theoretical results [28]. Cobalt grows in a layer-by-
layer mode on Cu(001) and continues the fcc Cu lattice but with a slight tetragonal distortion
(for growth of Co on Cu(001), see for example [34–36]). In our calculations we did not take
into account any tetragonal distortion at the surface, but assumed the fcc parent Cu lattice to
extend throughout the whole semi-infinite system. Nor do we consider Cu–Co intermixing
at the interface. The layers are denoted as S, S − 1, S − 2, . . . , starting from the outermost
surface layer. Bulk layers are denoted by B.

As the first step of the calculations, spin-dependent muffin-tin potentials V±(r) were self-
consistently determined by the spin-polarized scalar-relativistic layer-KKR method (within
the local spin-density approximation of density-functional theory). We used the exchange–
correlation potential of Perdew and Wang [37]. At this step, spin–orbit coupling (SOC)
was not taken into account. For maximum angular momentum lmax = 3, the magnetic
moments of the Co sites are m(S) = 1.79 µB and m(S − 1) = 1.62 µB. These values
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correspond to changes of +7.8% and −2.4% of the bulk moment (m(B) = 1.66 µB) and
compare well with those obtained by other self-consistent methods (Clemens et al give
m(S) = 1.84 µB and m(S − 1) = 1.60 µB [29]; Niklasson gives m(S) = 1.81 µB,
m(S − 1) = 1.61 µB, and m(B) = 1.68 µB [38]). The induced spin moment in the adjacent
Cu layer is m(S − 2) = 0.02 µB. We found no significant charge transfer from Co to Cu. The
spin-dependent potentials V± serve as input for the fully relativistic layer-KKR calculations.

The description of magnetic dichroism in photoemission—one of the aims in this
investigation—has to deal with both SOC and exchange splitting, which are best treated on
an equal footing. Therefore, we applied in the second step the spin-polarized relativistic
layer-KKR method [39] in order to determine the layer-resolved Green function, the most
important quantity in electronic structure and photoemission calculations, from which all
observables can be calculated. Following the ideas of the DLM picture, the electronic
temperature effects are treated within the inhomogeneous CPA for binary substitutional
alloys [16, 17]. As input for atomic species A we took the spin-dependent potentials from
the first step, for species B the same but with opposite spin orientation (i.e. V A

± = V B
∓ ; thus

MA = −MB). For concentration x = 0 the layer- and spin-resolved Bloch spectral functions
(BSFs) obtained from the fully relativistic and the scalar-relativistic calculations agreed almost
perfectly. The slight deviations can unambiguously be attributed to the inclusion of SOC in
the former, as can easily be checked by scaling the SOC while keeping the other relativistic
effects unchanged [40, 41].

For selected concentrations x ranging from 0 (T = 0) to 0.5 (T = TC), we calculated
from the Green function the layer- and spin-resolved BSF AB(E,k‖) and the spin-resolved
photoemission intensities within the one-step model following the work of Durham et al [19].
Instead of treating the photoelectron state, i.e. the time-reversed spin-polarized LEED state,
within the averaged t-matrix approximation (ATA), we treated it like the hole state within
the CPA because of the rather small number of CPA self-consistency iterations required.
Additionally, the CPA results were compared with those obtained within the virtual-crystal
approximation (VCA) and the ATA. The ATA yielded the same general trends as the CPA but
the results at certain energies differed significantly. As expected, the VCA results did not agree
well with those obtained within the CPA or with those obtained within the ATA.

Finally, we present some technical details. From the layer-dependent ‘impurity matrices’
DA and DB (see for example [13]), the configurationally averaged DC was obtained from
DC = xDA +(1−x)DB, from which the effective single-site t-matrices of the coherent system
were calculated. Starting from the ATA t-matrices we did not encounter any convergence
problems in the CPA self-consistency loop. Further, the averaging over reciprocal space was
carefully checked, applying both special-point sets as well as self-adapting grid methods (see
for example [42]). Note that the Fermi energyEF is independent of the concentration x because
it is fixed by the non-magnetic Cu substrate.

Many-particle effects play an important role for transition metals, one prominent example
being the 6 eV satellite for Ni. These effects are expected to be larger in systems with reduced
dimensionality, e.g. ultrathin films, than in bulk systems. In a series of publications (see for
example references [43–45]), Chen investigated in detail many-particle effects in ultrathin Co
films within a non-perturbative many-body approach [46]. One of the main results was the
importance of hybridization between the Co d states of the film and the Cu s states of the
substrate [10]. The photoemission intensity of a strong satellite peak in the theoretical spectra
was considerably reduced if the Co d/Cu s hybridization was taken into account, thus improving
the agreement between experiment [29] and theory. Further, many-body effects showed up as
a transfer of spectral weight to lower energies than predicted by a single-particle approach (in
particular at energies E < −5.2 eV).
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Such sophisticated many-body calculations are beyond the scope of our investigation.
Instead, in our single-particle calculations we model many-particle effects via an energy-
dependent optical potential. In the calculations of the BSF a constant imaginary part of
the energy of 0.025 eV was used. In the photoemission calculations the hole lifetimes were
simulated via an energy-dependent imaginary part of the energy of ImE = 0.1(E−EF) for Co
layers and ImE = 0.025(E−EF) for Cu layers. For the photoelectron states a constant value of
3.5 eV was taken (note that due to the larger imaginary parts in the photoemission calculations,
a slight shift of the electronic states to higher energies with respect to the BSF calculations
occurs). Further, the photoemission intensities were collected from the first 20 outermost
layers, the maximum angular momentum was lmax = 4, and the number of reciprocal-lattice
vectors was about 50. Fresnel’s equations and Snell’s law were not taken into account.

We wish to stress that our aim was to investigate the basic temperature effects on photo-
emission and magnetic dichroism. Therefore, we did not optimize the above parameters
in order to achieve perfect agreement with experiment. However, in future work we shall
incorporate the self-energy � within the GW approximation [47–49]. This would account for
changes in both the layer- and energy-dependent exchange splitting and in the quasi-particle
lifetimes via Re� and Im�, respectively.

Finally, we briefly compare the approach of Nolting et al [9] with the DLM approach. In
the former, one first computes the electronic band structure of the paramagnetic bulk system.
This is used in a second step as input for a Hubbard-type many-particle model with Coulomb
and exchange parametersU and J , respectively. The latter are chosen to reproduce the ground-
state magnetization at T = 0 K. The resulting set of equations is solved self-consistently and
yields the energy-, spin-, and temperature-dependent self-energy for the occupied states. In
a third step, the spin-resolved photocurrent is calculated in a generalized one-step model of
photoemission, in which the many-particle effects are taken into account only for the occupied
states. This approach has the advantage (like that of Chen [10]) that correlations are accounted
for in a sophisticated manner. In the DLM approach, however, these are considered in a
rather rudimentary form (see above). In favour of the DLM approach one can say that it
can easily be applied to ultrathin films (since it does not rely on bulk properties), that the
temperature dependence is considered for both occupied states and the photoelectron state,
and that additional parameters do not enter.

2.2. Asymmetries for magnetic dichroism in spin-resolved photoemission

In the following we introduce the asymmetries used in the discussion of magnetic linear
dichroism (MLD) in spin-resolved photoemission (see section 3.3 below). In an experiment
or a calculation for magnetic dichroism, one records the photocurrent I as a function of the
magnetization orientation, I (±M). If the photocurrent is further spin-analysed (±σ ) with
respect to the direction of +M , one is concerned with a set of four spectra, I (±σ,±M), or
for short, I±±.

The electron spin polarization (ESP) can be decomposed into an even part and an odd
part in terms of M : P(M) = Pex(M) + Pso(M), with Pex(M) = −Pex(−M) and
Pso(M) = Pso(−M). In terms of the intensities, these ESPs are given by

Pso = I++ − I−+

2I+
+
I+− − I−−

2I−

Pex = I++ − I−+

2I+
− I+− − I−−

2I−

(1)
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with the spin-averaged intensities Iµ = ∑
σ Iσµ. Vice versa, the intensities can be written as

Iσµ = 1

2
[1 + σ(Pso + µPex)] Iµ σ, µ = ±. (2)

The origins of the ESP contributions become evident on considering the following limiting
cases for I+ = I−. If there is no magnetization (M = 0) the ESP is exclusively due to SOC
(Pso �= 0 and Pex = 0). If on the other hand there is no SOC, the polarization changes sign
upon reversal of M (Pex �= 0 and Pso = 0). In short, Pex can be attributed to exchange
splitting, Pso to SOC.

The four intensities I±± allow the definition of three asymmetries:

Aun = 1

I0
(I++ + I−+ − I+− − I−−)

Aso = 1

I0
(I++ − I−+ + I+− − I−−)

Aex = 1

I0
(I++ − I−+ − I+− + I−−)

(3)

with the total current I0 = ∑
σµ Iσµ, which in terms of the ESPs can be compactly written as

Aun = 1

I0
(I+ − I−)

Aso = Pso + PexAun

Aex = Pex + PsoAun.

(4)

There is no dichroism (Aun = 0) if there is either no exchange splitting or no SOC. In
the first case, I±± = I±∓ leads to Pex = 0 and, thus, Aex = 0 but Aso = Pso. In the second
case, I±± = I∓∓ leads to Pso = 0 and Aso = 0 but Aex = Pex. Now consider ‘perfect’
dichroism, i.e. Aun = ±1. For Aun = 1 one has I+ �= 0, I− = 0, and Aso = Aex = Pso + Pex;
for Aun = −1, I+ = 0, I− �= 0, and Aso = −Aex = Pso − Pex. In conclusion, Aun is the
commonly used spin-averaged asymmetry, whereasAso andAex probe asymmetries which can
be attributed to SOC and exchange splitting, respectively, if the dichroism is rather small. The
asymmetries defined above can thus be regarded as generalizations of spin polarizations to the
case of magnetic dichroism.

Sometimes it is stated that MD can be used as a substitute for spin-resolved measurements
(for a discussion see [50]), possibly with the ulterior motive of achieving information on the
spin polarization Pex from the spin-averaged asymmetry Aun (the apparent advantage of MD
measurements is the much higher count rate with respect to that in spin-resolved experiments).
Considering (4), this is impossible, because the three asymmetries are linearly independent.
Further, the expression for Aun contains neither Pex nor Pso. Therefore, in order to obtain
the ESP one has to measure Aex or Aso, which requires spin resolution. Nevertheless, we
shall briefly analyse our results for spin-resolved MLD with regard to the relations of the
asymmetries to the ESPs (see section 3.3 below).

3. Results and discussion

In the following we present and discuss results for 2 ML fcc Co on Cu(001) which have
been obtained by the spin-polarized relativistic layer-KKR method sketched in section 2.1.
First, we turn to the electronic valence band structure which is essential for understanding the
photoemission results (sections 3.2 and 3.3).
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3.1. Electronic structure of 2 ML Co on Cu(001)

In figure 1 the spin- and layer-resolved Bloch spectral function AB(E,k‖) is shown for k‖ = 0
and concentration x varied from 0 (T = 0) to 0.5 (T = TC). Due to SOC, spin is not a
good quantum number and, hence, the spin polarization of individual states is not equal to
±1. Despite this, we use the terms ‘majority’ and ‘minority’ because in general the spin
polarization is rather close to +1 (majority) or −1 (minority). Exceptions are for example
states near spin–orbit-induced band gaps (see e.g. [51]).

We first address the case x = 0; cf. the uppermost curves in figure 1.
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Figure 1. The spin- and layer-resolved Bloch spectral function of 2 ML Co on Cu(001) for k‖ = 0
and concentrations x = 0.0, . . . , 0.5, as indicated in (a). Majority-spin (‘maj’, ——) and minority-
spin (‘min’, - - - -) projections are shown for the three outermost layers: Co S (a), Co S − 1 (b),
and Cu S − 2 (c). In (a) maxima discussed in the text are connected by lines to guide the eye, three
of them labelled A, B, and C. The respective zero abscissae are marked by dotted (· · · · · ·) lines in
(c). The Fermi energy is 0 eV. For x = 0.5, the majority and minority curves coincide.

Due to the reflection at the Co/Cu interface and at the surface barrier, electrons become
confined to the Co film and thus show up as spin-split quantum-well states (QWSs) and
quantum-well resonances in the Co layers S and S − 1 (cf. panels (a) and (b)). Within the
sp-band range of Cu, i.e. at energies larger than ≈−1.8 eV, there is a strong minority state at
−0.35 eV (labelled A in panel (a)). A majority double maximum is found at −0.78 eV and
−0.84 eV (labelled B). Distinct traces of these QWSs are visible in the adjacent Cu layer S − 2
(panel (c)). Another important majority-spin state is indicated by the rather broad maximum
at −1.83 eV which is resonant with the d bands of Cu (labelled C). The spin polarization
of the individual states in the Co film can easily be derived from the bulk band structure of
fcc Co [52].

With increasing concentration x the sharp maxima become smeared out, which can be
explained by the CPA. Within this approximation, the BSF is given by a sum of concentration-
weighted terms which either depend explicitly on the actual k‖ or which include averaging
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over reciprocal space [14,15]. For x = 0 the k‖-averaged terms cancel and one is left with the
sharp maxima at k‖ = 0. Upon increasing x the k‖-averaged terms become mixed in and thus
lead to broadening of the peaks.

The Co states within the Cu sp-band range become rather continuously smeared out with
increasing x. However, there are states whose BSF depends strongly on the concentration. For
example the minority state at −2.45 eV (panel (a)) shows a high density of states for x = 0
but has practically disappeared for x = 0.1. Its majority partner at −2.83 eV, however, can be
traced even up to x = 0.4 (cf. the guiding lines in panel (a)). On the other hand, one can find
states which show sharp maxima for x = 0.5 but broad ones at x = 0.0, for example in layer
S the peak at −3.28 eV.

For x = 0.5 the spin polarization of all layers vanishes because the net magnetic moment
is zero (T = TC, paramagnetic case). In a Stoner-type model one would expect majority and
minority maxima to merge with decreasing exchange splitting. The maxima in the BSF do
indeed show a slight dispersion with x (cf. the lines to guide the eye in panel (a)). Majority
maxima disperse to higher energies, minority ones to lower energies, as expected. A very
clear example of peak merging is found in layer S at −3.28 eV for x = 0.5: with decreasing x
this maximum splits into two with opposite spin orientations. Note that the dispersion is non-
symmetric, i.e. the majority peak shows less dispersion than its minority partner (≈0.12 eV
versus ≈0.38 eV). This behaviour can be attributed to the Cu band structure. The latter affects
the reflection properties at the Co/Cu interface—in particular the phase shift—in a spin- and
energy-dependent manner [53]. These reflection properties determine the energy positions
of the QWSs: viewing the Co film as an interferometer [54], a QWS occurs at an energy at
which the round-trip criterion is fulfilled, i.e. the phase accumulated in a round-trip is an even
multiple of π . There are no further sharp maxima in layers S and S − 1 for x = 0.5. The
individual peaks at x = 0 cannot be traced well to x = 0.5 because of the broadening and
decay of the spectral weight upon increasing x. However, from figure 1 it is evident that there
is dispersion with x, but it is difficult to strictly evidence merging of maxima.

Summing up, our results for the spin- and layer-resolved BSF at various concentrations
x reveal splitting, broadening, and in some cases merging of individual electronic states in
the Co film. The individual maxima show a rather different behaviour as regards the spectral
weight: some depend rather strongly on x, while others do not. In the following we turn to the
temperature dependence of the photoemission and discuss whether the findings for the BSF
can also be observed in the spin-resolved intensities.

3.2. Spin-resolved photoemission from 2 ML Co on Cu(001)

Spin-resolved experimental data for 2.5 ML Co/Cu(001) were recorded for s-polarized light at
45 eV photon energy and normal emission (k‖ = 0) by Clemens et al [29] (cf. the bottom spectra
in figure 2). The spectra were taken at room temperature, which corresponds to T ≈ 0.65 TC

with TC(2.5 ML) ≈ 465 K according to [2]. Note that in this set-up there is no magnetic
dichroism because Pso vanishes [55]. The main question that arises is that of whether our
theoretical approach which neglects magnetic SRO is able to reproduce the experimental data
or whether magnetic SRO has to be taken into account.

In the current set-up the electric field vector of the s-polarized light is parallel to the surface
plane and lies within a mirror plane of the solid. Therefore, only transitions from initial states
of the representations �±

5 to the �±
1 final states are allowed [55] (here we prefer the more

familiar but strictly speaking incorrect notation of single-group representations combined with
a spin index instead of that of magnetic double groups).



P88 P. Publikationen

Temperature-dependent electronic structure and photoemission of Co/Cu(001) 841

-4 -3 -2 -1 0
Energy (eV)

0

3

6

9

12

Ph
ot

oe
m

is
si

on
in

te
ns

ity
(a

rb
.u

ni
ts

)

-4 -3 -2 -1 0

min
maj

0.5

0.45

0.4

0.3

0.2

0.1

0.0

x=

Experiment

D
C

B

A

Figure 2. Spin-resolved photoemission intensities for 2 ML Co on Cu(001) for normal emission
(k‖ = 0) and concentrations x = 0.0, . . . , 0.5. The photon energy of the s-polarized light is
45 eV. Majority (‘maj’) and minority (‘min’) spin projections are indicated by full (——) and
dashed (- - - -) lines, respectively, whereas the zero abscissae are marked by dotted (· · · · · ·) lines.
Maxima discussed in the text are denoted as A–D; almost vertical lines serve to guide the eye.
The experimental spectra for 2.5 ML Co on Cu(001) were taken at room temperature (reproduced
from [29]). Note that there is no magnetic dichroism in this set-up. The Fermi energy is 0 eV.

Before discussing the ESP in more detail we have to sketch its origins. As mentioned
above, the spin–orbit-induced part Pso of the ESP vanishes in the current set-up and we are
therefore concerned only with its exchange-induced part Pex. The valence electrons in the Co
film are spin polarized and this polarization is transferred in the excitation process to that of the
outgoing photoelectrons (note that the ESP of the photoelectrons is not identical to those of the
valence electrons, due to matrix-element effects). The valence electrons in the Cu substrate,
however, are not spin polarized, and, hence, neither are the photoelectrons in the substrate.
These photoelectrons have to pass the magnetic Co film on their path to the detector, and the
spin-dependent transmission of the latter induces a spin polarization of the outgoing electrons.
In turn, if one produces spin-polarized photoelectrons in the non-magnetic substrate, e.g. by
optical orientation, the magnetic film can be exploited as a spin detector [56]. Summing up,
the spatial origin of the photoelectrons—either the Co film or the Cu substrate—is reflected by
two different mechanisms for producing ESP. And further, the latter should differ considerably
in their temperature dependence since in the first case both initial and final states are affected
by T whereas in the other only the final states are affected.
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The top curves in figure 2 are theoretical spin-resolved spectra for concentration x = 0.
At −0.35 eV the minority QWS A (cf. panel (a) in figure 1) gives rise to a very strong intensity
maximum, whereas the majority QWS B at −0.84 eV shows up as a comparably small peak
(the ‘matrix-element effect’). The rather broad majority maximum C at −1.85 eV is related
to that in the BSF. In contrast to these spectral features which show strong ESP, the maximum
D at −3.10 eV contains considerable contributions from both spin orientations. Since the
BSF at this energy is very small in the Co layers but comparably large in the Cu layers, it
seems likely that D is due to emission from the Cu substrate. Its spin polarization can thus be
attributed to the Co-induced magnetic moments in the Cu layers at the Co/Cu interface or to
the spin-dependent transmission of the photoelectron through the Co film (‘spin filter’). But
since the magnetic moment induced in Cu layer S − 2 is too small (0.02 µB) to be regarded
as responsible for the D ESP of about 20%, the ESP can be attributed unambiguously to the
spin-dependent transmission through the Co film.

The origin of peak D becomes even more evident when considering the temperature
dependence of the intensity: with increasing concentration x there is no shift in energy of this
particular maximum because the electronic structure in the substrate does not depend on x (of
course, the electronic structure of the Cu layers near the Co/Cu interface slightly depends on
x due to the Co film; see panel (c) in figure 1). The most prominent effect is a reduction of the
spin polarization which vanishes for x = 0.5. As in the BSF (figure 1), QWSs A and C show no
significant intensity maximum for x = 0.5. Their intensity drops rapidly upon increasing x, in
contrast to that of the Cu-related state D. Further, A and C disperse with x: those maxima with
majority spin orientation (C) to higher energies, those with minority spin orientation (A) to
lower energies (cf. the guiding lines in figure 2). For example, C disperses by approximately
0.3 eV, A by −0.2 eV. These dispersions are considerably larger than those obtained from
the BSF (from figure 1 one can extract for A and C −0.09 eV and 0.04 eV, respectively)
which nicely confirms that there is no strict one-to-one correspondence between maxima in
the BSF and those in the photoemission spectra. This ‘dispersion feature’ can be attributed
to the broadening of maxima A and C: we recall that the intensity of the photoemission from
a QWS shows a maximum right at its binding energy, even if the k⊥-selection is weak for
ultrathin films [52]. With increasing x, QWSs become ‘less well defined’ in energy due to the
mixing in of k‖-averaged contributions and, thus, a shift in the photoemission maximum via
the k⊥-selection may occur.

In order to compare our theoretical results with the experimental ones, we first recall that
the experiment has been carried out for a 2.5 ML film. Thus, the positions and intensities of
the Co-related peaks might differ from those for a 2.0 ML film due to the excess of 0.5 ML
Co. The Cu-related peak D is about 0.5 eV too high in energy compared to experiment which
can be explained by shortcomings of the local density approximation used in the ab initio
calculations. An extension to a non-local density approximation shifts the Cu d bands by
about 0.5 eV to lower energies and gives almost perfect agreement with experimental data for
Cu(111) [57]. Despite this shortcoming, the theoretical spectrum for x = 0.45 corresponds
rather well to the experimental one as regards the number of maxima, the intensity relations
of the individual maxima, and the spectral shape near EF. In particular, the relative heights of
the intensity peaks from QWS A and that of the Cu d-band peak D agree well and illustrate
clearly the failure of describing the experiment by the zero-temperature theory. The most
striking difference is that in experiment the majority spectrum exceeds the minority spectrum
over the whole energy range. A definitive explanation of this feature is still lacking (for a brief
discussion see [28]).

Comparing the results forx = 0 with those obtained by Reiser et al we find good agreement
(cf. figure 2 in [28]). The small differences in the intensity relations between the individual
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maxima can be traced back to differences in the parameters—for example, electron and hole
lifetimes—and approximations in the transition-matrix elements in the work of Reiser et al.
Even our spectra for x ≈ 0.45 obtained within the DLM picture compare well with those of
Reiser et al for 〈m(T )〉 = 0.2m(0) and moderate correlation length �(T ) obtained within
the FLM picture. In summary, the different methods used—the ab initio layer-KKR method
combined with CPA versus the empirical tight-binding method combined with a real-space
cluster approach—give essentially the same results if the spin–spin correlation length �(T ) is
small, i.e. if magnetic SRO can be neglected.

Another aspect seems worth mentioning. Our results and those of Reiser et al agree with
experiment if the net magnetization is rather low: 〈m(T )〉 ≈ 0.2m(0) or x ≈ 0.45, i.e. if T is
very close to TC. The experimental data were recorded at a temperature T ≈ 0.65 TC which
is not too close to TC. This apparent discrepancy might be explained by imperfections of the
film (e.g. defects and interdiffusion) which lower the actual Curie temperature in experiment.
As noted in [2], the magnetism of ultrathin films—and therefore their TC—is rather sensitive
to the preparation conditions (see also [58] for Gd/W(110)).

The electron spin polarization obtained from the spectra of figure 2 is shown in figure 3.
As mentioned above, the ESP is due solely to exchange splitting. Its global shape can be
described as of moderate majority character at the Cu-related emissions (around D), of strong
majority character around the Co quantum-well resonance C, and of strong minority character
at the Co QWS A. The fact that maximum B shows identifiable intensity only for x = 0.0 and
0.1 is also reflected in the ESP. A strong maximum appears for x = 0.0 which for x = 0.1
shows up as a shoulder and has disappeared for larger x. The ESP of the other states, A, C,
and D, can be traced clearly over the whole range of concentration, allowing a discussion of
the concentration dependence.
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Figure 3. Spin polarization of the photocurrent from 2 ML Co on Cu(001) for normal emission,
as obtained from the theoretical spectra of figure 2. For concentrations x = 0.0, . . . , 0.5 the line
styles alternate between full (——) and dashed (- - - -). For a better orientation, the polarizations
of maxima A–D from figure 2 are indicated by lines to guide the eye and dots. The Fermi energy
is 0 eV.

As argued above, the different origins of the states A, C, and D should also be reflected
in differences in the temperature dependences of the photo-ESP (cf. the dots in figure 3 and
figure 4). In order to achieve quantitative results we fitted the ESP of maxima A, C, and D
obtained for the set of concentrations x to a phenomenological power law

Pex(x) = Pex(0)[1 − (2x)b]
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Figure 4. The dependence of the spin polarization Pex for maxima A, C, and D as obtained from
figure 3 on the concentration x (dots). The lines show fits of Pex(x) (——) and of P̃ex(x) (- - - -)—
see the text—to the numerical data with the parameters Pex(0), b, P̃ex(0), and b̃ taken from table 1.

and to

P̃ex(x) = P̃ex(0)[(1 − x)b̃ − xb̃]/[(1 − x)b̃ + xb̃]

for x ∈ [0, . . . , 0.5] (cf. the lines in figure 4). As can be seen from figure 4, the fits are almost
perfect, with P̃ yielding a slightly better fit. The results for Pex(0), b, P̃ex(0), and b̃ are given
in table 1. For A and C we obtain exponents b and b̃ which differ considerably from those for
D, i.e. the latter indicate an almost perfect linear dependence over the whole range of concen-
trations. Critical exponents β for the ESP can be obtained by considering limx→0.5 α(1−2x)β .
Expansion of both Pex(x) and P̃ex(x) in Taylor series around x = 0.5 gives β-values very close
to 1 for all three peaks.

Table 1. Parameters describing the dependence of the electron spin polarization for peaks A, C,
and D on the concentration x. The values of Pex(0), b, P̃ex(0), and b̃ have been obtained by fitting
the numerical data to Pex(x) and to P̃ex(x) (see the text) for x ∈ [0, . . . , 0.5].

Peak Pex(0) b P̃ex(0) b̃

A −0.98 1.70 −0.98 1.58
C 0.83 1.84 0.82 1.69
D 0.20 0.98 0.20 0.99

Summing up, the behaviours of the maxima in the BSF, e.g. the dispersion, broadening,
and merging, show up also in the spin-resolved photoemission intensities. The spatial origin
of individual peaks, Co film or Cu substrate, can be discriminated by considering their ESPs.
Also, the theoretical spectra compare reasonably well with their experimental counterparts.

3.3. Magnetic linear dichroism for 2 ML Co on Cu(001)

Magnetic dichroism in angle-resolved photoemission is the change of the photocurrent upon
magnetization reversal. In the case of magnetic linear dichroism (MLD) in angular distribution,
the incoming light is linearly polarized, in contrast to magnetic circular dichroism, for which
the light is circularly polarized. In the standard set-up of MLD, p-polarized light impinges
off-normally onto the sample, and the photoelectrons are detected in normal emission. The
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surface-parallel magnetization direction M is normal to the reaction plane which is spanned by
the directions of the light incidence and the electron emission. For magnetization orientations
±M one records the photocurrents I (±M). Or, equivalently, one fixes the magnetization
and changes the azimuth of light incidence by 180◦, the associated electric field vectors being
denoted as p+ and p−. The spin-averaged asymmetry then reads

Aun = [I (p+)− I (p−)]/[I (p+) + I (p−)]

where I (p±) are the photocurrents recorded for p± light incidence (cf. also (3)). Note
that I (±M ,p±) = I (∓M ,p∓). Since the surface-parallel component of the electric field
vector mediates excitations from the �±

5 initial states, its surface-normal component allows
for excitations of the�±

1 initial states. Thus, we expect additional maxima in the MLD spectra
with respect to those presented in figure 2.

In contrast to the case of s-polarized light, there is now an ESP component perpendicular
to the reaction plane (i.e. parallel to the magnetization) which is due to SOC (see [30] and
references therein) and therefore is present even at x = 0.5. The ‘general rule’ of MD states
that if in the non-magnetic case (x = 0.5) there is a non-zero ESP component and if in
the ferromagnetic case (x < 0.5) there is a magnetization component parallel to this ESP
component, then there will be MD in the ferromagnetic case.

In order to investigate the temperature dependence of the standard MLD for ultrathin films,
we performed the same calculations as in section 3.2 but with the light chosen in accordance
with the set-up described above. The photoemission spectra I (p±) for x = 0 are shown at the
top of figure 5. Besides changes in the intensities and the occurrence of the additional maximum
E which is due to a �1 initial state, the most important difference from the spectra in figure 2
is the dichroism. The maxima show the same general trends with increasing concentration x
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Figure 5. Magnetic linear dichroism (MLD) for 2 ML Co
on Cu(001) for normal emission (k‖ = 0). In the standard
set-up for MLD, p-polarized light with photon energy
45 eV impinges at a 45◦ polar angle onto the surface.
For concentrations x = 0.0, . . . , 0.5, the photoemission
intensities for incidence directions p+ (——) and p−
(- - - -) are shown, with zero abscissae marked by dotted
(· · · · · ·) lines. The maxima discussed in the text are
denoted as A–E; almost vertical lines serve as guides to
the eye. The Fermi energy is 0 eV.
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as in figure 2, in particular broadening and dispersion. Exceptions are features D and E which
remain sharp and show no dispersion, both hints of their Cu origin.

In figure 6, the contributions Pso and Pex to the ESP are shown. The exchange-induced
part Pex shows essentially the same global shape as in figure 3, and the spin–orbit-induced part
Pso does not vanish for x = 0.5. Since for 3d transition metals the spin–orbit interaction is
small compared to the exchange interaction, Pex is much larger in absolute value than Pso. At
energies less than −2.2 eV, Pso is virtually independent of x which can be attributed to the fact
that emissions in that energy range stem almost exclusively from the Cu substrate.
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Figure 6. Spin polarizations of the photocurrent from 2 ML Co on Cu(001) for normal emission,
as obtained from the theoretical spectra of figure 5. The exchange-related (Pex, (a)) and the
spin–orbit-related (Pso, (b)) spin polarizations are calculated according to (1) for concentrations
x = 0.0, . . . , 0.5, as indicated. Note the different ordinate scales. The Fermi energy is 0 eV.

We now discuss the x-dependence of the asymmetries which have been introduced in
section 2.2. In figure 7 the spin-averaged (Aun), the spin–orbit-related (Aso), and the exchange-
related (Aex) spin asymmetries are shown. Because the dichroism and Pso are comparably
small (both Aun and Pso are less than 10% in absolute value), Aex = Pex + PsoAun coincides
almost perfectly with Pex (cf. panel (a) in figure 6). As mentioned above, for x = 0.5 we
have Pex = Aex = 0 and thus Aso = Pso. Upon decreasing x, Pex becomes mixed into
Aso = Pso +PexAun. Therefore, one observes a rather strong effect on Aso at energies at which
Aun is changed considerably, for example at energies higher than ≈−2.5 eV and in particular
at −0.5 eV (note that this is the energy range of Co-related emissions). At lower energies, Aso

is virtually independent of x because in this energy range Aun is also very small.
We now briefly analyse our spin-resolved results with regard to relations between the spin

asymmetries and the ESPs. For example, at those energies whereAun = 0, bothAso andAex are
in general non-zero and show negative as well as positive values. Further, one could hope that
Aex would govern the behaviour of the other asymmetries. ButAex shows a general +/− shape
which is reflected neither in Aso nor in Aun. Summarizing briefly, we would like to emphasize
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Figure 7. Asymmetries of the photocurrent from 2 ML Co on Cu(001) for normal emission, as
obtained from the theoretical spectra of figure 5. The exchange-related (Aex, (a)), the spin–orbit-
related (Aso, (b)), and the spin-averaged (Aun, (c)) asymmetries are calculated according to (3)
for concentrations x = 0.0, . . . , 0.5, as indicated. Note the different ordinate scales. The Fermi
energy is 0 eV.

that MD and spin-resolved photoemission complement each other [50]. Therefore, it appears
desirable from our point of view to perform a more complete experiment or calculation, e.g. one
based on spin-resolved instead of spin-averaged MD.

Finally, the ‘critical exponents’ of the spin asymmetries are discussed very briefly. As for
Pex in the case of s-polarized light, we find a perfect linear dependence on x ofAun for maxima
D and E which again evidences the bulk origin of the respective initial states. For states A and
C the x-dependence is monotonic but cannot be fitted well with a power law.

4. Conclusions

For the prototypical system 2 ML Co on Cu(001) we carried out relativistic ab initio layer-KKR
calculations in order to investigate the temperature dependences of the electronic structure and
spin-resolved (dichroic) photoemission within the disordered local moment picture.

In particular, for quantum-well states in the Co film, our results show distinct dispersion,
broadening, and in some cases merging with temperature in the Bloch spectral function and
in the photocurrent. In contrast, Cu-derived maxima show no dispersion and significantly
different dependences of both the electron spin polarization and the magnetic linear dichroism.
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We would like to stress that this can be used in experiments to discriminate between Cu- and
Co-derived states. Further, the spin-resolved photoemission intensities compare well with
experimental data and other theoretical ones, the latter obtained within the fluctuating local
moment picture.

As an extension of the present study one might think of treating the spin–spin correlation
within the FLM picture, i.e. taking into account magnetic short-range order. This can be done
for example within the real-space KKR approach. We hope that the present study will prompt
experimental investigations of the temperature dependence of magnetic dichroism in valence
band photoemission.
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Abstract

We report on detailed calculations of quantum-size effects on the electronic structure of the valence-band regime and their
manifestation in photoemission. Model calculations reveal the basic features of photoemission from quantum-well states
(QWS). First, emission from QWS shows intensity variations with photon energy which is similar to that of semi-infinite
systems, despite the discrete binding energies of the QWS. Second, conservation of the wave-vector component normal to
the surface is directly related to the film thickness. Numerical calculations within the relativistic one-step model of
photoemission show that these effects should be observable in ‘real’ systems. This is demonstrated to be the case for Cu
films on fcc-Co(001).  1999 Elsevier Science B.V. All rights reserved.

Keywords: Angle-resolved photoemission; Ultra-thin films; Quantum-well states

1. Introduction behaviour is usually based on the very popular and
successful direct-transition approximation which re-

The availability of light sources with tunable lates the energy position of the intensity maxima to
photon energy, in particular synchrotron-radiation the bulk-band structure E(k). This relies on the
facilities, has had and still continues to have a great assumption that the wave-vector k is conserved in
impact on electronic structure investigations of solids the excitation process.
[1]. One of the most successful methods for the In the last years, ultra-thin films and multi-layers
analysis of electronic states in the valence regime is have become very popular because of their interest-
angle-resolved photoemission using VUV light (For ing and novel physical properties. In recent ex-
reviews on photoemission, see Refs. [2–5]). For perimental works on films with a few layer thick-
fixed photo-electron detection angles, the experimen- ness, the intensity maxima show dispersion – as in
tally obtained intensity maxima disperse in binding the bulk case – and can, surprisingly, be well
energy with photon energy. The interpretation of this described within the direct-transition model using

bulk-band structures. This leads to the conclusion
that even ultra-thin films ‘show a (bulk) band¨*Corresponding author. Present address: Max-Planck-Institut fur
structure’ [6,7].Mikrostrukturphysik, Weinberg 2, D-06120 Halle (Saale), Ger-

many. Regarding the dispersion, the experimental ob-

0368-2048/99/$ – see front matter  1999 Elsevier Science B.V. All rights reserved.
PI I : S0368-2048( 99 )00034-1
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servations become even more puzzling when films accurate as possible. As a system we choose Cu
with identical number of layers but different crystal- films on fcc-Co(001). Experimental [10–14] and
lographic orientation on the same substrate material theoretical [15] papers dealing with this system have
were observed to show different behaviour. Hansen focused mainly on the properties of the quantum-
and co-workers [8] found for 14 layers Cu on fcc- well states (e.g. binding energy and spin polarization)
Co(111) a bulk-like dispersion in the Cu-sp states, as a function of the film thickness. Usually such
but three quantized states with fixed energy for analyses were performed at a fixed photon energy.
fcc-Co(100) and fcc-Co(110) substrates. This finding Here, we focus on a few film thicknesses, but extend
was explained by the Co-band structure: only in the the analysis to variable photon energy in order to
latter two cases do the effective band gaps lead to a work out the manifestation of quantum-size effects in
confinement of the valence electrons to the Cu films photoemission.
and thus to so-called quantum-well states [9]. Fur- This paper is organized as follows. In Section 2
ther, it was observed that for the (100)- and (110)- we focus on a simple model for photoemission from
films the photoemission intensity from the quantum- ultra-thin films, in particular on basic features of
well states shows a behaviour similar to that of quantum-well states and their appearance in photo-
semi-infinite Cu(100) or Cu(110), respectively. A emission. In Section 3 we turn to more sophisticated
closer inspection at the intensity variation may give calculations for Cu films on fcc-Co(001). Conclud-
hints, however, that the maxima show more structure ing remarks are given in Section 4.
in their dependence on both the binding energy and
the photon energy (see Fig. 1 in Ref. [8]).

From a strict theoretical point of view, our state-
2. Simple theory of photoemission from ultra-ment above, namely that ‘ultra-thin films show a
thin filmsband structure’, appears to be questionable. A sur-

face or an interface break the translational invariance
There are two limits in which valence electrons innormal to the layers which implies that the normal

a film can be described (For recent work on quan-component k of the wave-vector is not a good'

tized electronic states see for example Refs.quantum number. Further, due to the confinement of
[9,13,16–18]): (i) In a plane-wave representation,the valence electrons to the film, the binding energies
free electrons can be confined to a quantum well. Orof the valence electrons become quantized: instead of
(ii) in a tight-binding description, electrons are onlya band structure one finds a series of quantum-well
allowed to hop within a finite number of layers. Thestates, i.e. maxima in the Bloch spectral function, at
prototypical realization of the latter model are rare-discrete energies E . Thus, there should be noi

gas layers on a (metal) substrate [19]. In this paper,dispersion of the photoemission maxima. This means
we apply a simple tight-binding model, the details ofin turn that the direct-transition model cannot be
which are given below.applied – at least not in principle. This leaves the

The film is represented by a linear chain orientedquestions, (i) why there is an intensity variation like
along the z axis (perpendicular to the surface) with nthe one for semi-infinite solids and, (ii) whether this
equidistant sites i, i 5 1, . . . ,n, with one orbitalvariation shows more structure, in particular addi-
F(r 2 iae ) per site, a denoting the inter-site distancetional maxima. So it appears necessary to solve the z

[20–22]. The substrate is completely neglected.above discrepancy: the successful interpretation of
(n)Thus, the elements of the Hamiltonian matrix Hexperimental data using bulk-band structures versus

readits theoretical denial.
In the present paper, valence-band photoemission

(n)H 5 ed 1 td , i, j 5 1, . . . ,n, (1)from ultra-thin films is analyzed using model calcu- ij ij ui2j u,1

lations in order to reveal basic effects. Further,
(n)sophisticated calculations within the one-step model with on-site energies e 5 kF(r 2 iae )uH uF(r 2z

of photoemission based on multiple-scattering theory iae )l and hopping energies t 5 kF(r 2z
(n)were performed in order to mimic the experiments as iae )uH uF(r 2 (i 1 1)ae )l. The overlap betweenz z
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orbitals located on different sites is assumed as zero. states due to the choice of the tight-binding parame-
(n)The eigenvalues of H can be written as ters at the surfaces [20].

The photo-electron state C can crudely be approx-f(n) (n)
l 5 e 1 2tcos k a , i 5 1, . . . ,n, (2)s di i imated by a single plane wave, C (r) 5 exp(ik ? r), asf f

is often done in the interpretation of experimental(n)with k 5 pi / [a(n 1 1)]. For n 5 1, we have thei data. This way, quantum-size effects in the upper(1)case of a single site with l 5 e. In the limit n → `,1 band structure are ignored [23]. The wave vector k(n) (n) fk a is dense in [0,p] and, thus, the eigenvalues li i is determined by both the position of the detector and
represent the bulk-band structure E(k) 5 e 1 2the energy of the photo-electron, E | k . The photo-(n) (n) f f2tcos(ka), cf. Fig. 1. An eigenfunction C of H (n)i current I at photon energy hn from the initial-state(n) iwith energy l can be written as (n)i C is given by the ‘golden rule’i

n
2(n) (n) (n)(n) (n) I ~ukC uE ? ruC lu d E 2 hn 2 l . (6)s dC (r) 5Oc F(r 2 jae ), i 5 1, . . . ,n, (3) i i f f ii ij z

j51

Inserting the above expressions for the wave func-(n)the coefficients c of which can be calculatedij tions and defining the Fourier-transformed atomic
w 3recursively by wave function F(k) by F(k) 5 eF (r) exp(ik ? r) d r,

we obtain eventually(n) (n) (n) (n)c 5 2 cos k a c 2 c , j 5 2, . . . ,n, (4)s dij i i, j21 i, j22
(n) 2 2 (n) 2 (n)I ~uE ? k u uF(k )u uD (k )u d(E 2 hn 2 l ).i f f i fz f i(n) (n)with c 5 0 and c 5 1. The additional equationi0 i1 (7)

(n) (n) (n) (n)2 cos k a c 5 c (5)s di i,n i,n21 The function D (k), defined byi

n(n)ensures that k has to be chosen properly. Strictly (n) (n)i D (k) 5Oc exp(ikja), (8)(n) i ijspeaking, k is not a wave number as it is in the j51i

case of Bloch functions because there is no transla-
determines considerably the dependence of thetional symmetry and therefore no periodicity. Due to

(n) photocurrent on the photon energy and, thus, shouldthe inversion symmetry, the eigenstates C show (n)i be discussed in more detail. Obviously, D isithe expected even–odd alternation and the number of (n) (n)
(n) periodic, i.e. D (k) 5 D (k 1 2pm /a), m integer. Ini inodes increases with uk u. There are no surface (1)i the case of a single site, n 5 1, we have uD (k)u 5 1

and the photon-energy dependence of the photo-
current is determined by F(k ) alone. In the bulkf

case, n 5 `, we obtain the well-known strict wave-
(`)vector conservation, D (k ) 5 d(k 2 k), i.e. thefz fz

direct-transition model.
(n)Setting all c 5 1, leads to a geometrical seriesij

(n)for D which can be easily summed up,

n for k 5 0(n)
D (k) 5 n , (9)H(q 2 1) /(q 2 1) otherwise

(n)with q 5 exp(ika). Obviously, D shows n 2 1
zeroes in [0,2p] at k 5 2pi /n with i 5 1, . . . ,n 2 1.

Fig. 1. Tight-binding electronic structure of linear chains. The Its absolute value increases with n in the vicinity of
tight-binding parameters are e and t, cf. Eq. (1). (a) Eigen- k 5 0 while it decreases in the interior of the interval(n)energies l (dots; cf. Eq. (2)) of chains with n 5 1, . . . ,10 sites (n)i [0,2p]. In short, D is an approximation to Dirac’s(left). (b) Density of states (DOS) of the infinite chain (middle).

d-functional (Fig. 2). The main intensity comes from(c) Band-structure E(k) 5 e 1 2tcos(ka) (right) of the infinite
(n)

chain. the region around k 5 0 (i.e. k 5 k ), but addition-fz i
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(n) 2Fig. 2. The ‘k-conservation’ function uD u , as defined in Eq. (9),
in dependence of complex wave number k for linear chains with
n 5 8 (a, bottom) and n 5 4 (b, top) sites.

Fig. 3. Photoemission from linear chains with lengths ten (a,
al intensity maxima, which are due to oscillatory bottom) and five sites (b, top), respectively. The intensity I is(n)

(n)behaviour of D , should occur. shown for each initial state at energy l (cf. Eq. (2) fori

So far, we have considered only the case of final-state wave numbers k ranging from 0 to 2p /a andfz

Im(k a) 5 0. The initial-state band structure E(k) 5 e 1 2tcos(ka)infinite life-time of the photo-electron. Introducing a fz

(dashed) is shown at the bottom of each box. Intensities are scaledfinite life-time leads to a complex wave-number [24]
to the same maximum in each box.which results in an additional weakening of k-con-

(n)servation, as is also shown in Fig. 2. D decreases
rapidly around k 5 0 with increasing Im(k) (as is (cf. Fig. 2). Further, the main maxima for n 5 5 (Fig.
evident from the geometrical series), but the oscillat- 3b) are much broader than those for n 5 10 (Fig. 3a)
ory behaviour is still visible, except for very strong due to the weakening of the k-conservation for
damping, e.g. Im(ka) 5 0.5 in Fig. 2b. shorter chains.

In Fig. 3, we compare photoemission from chains The finite photo-electron life-time can be modeled
with length of five and ten sites. The intensities were using complex energies [24] which leads to complex

2 2obtained from Eq. (7) with uE ? k u uF(k )u set to 1, final-state wave numbers k . Its effect is addressedf f fz
(n) (n)but D calculated with the coefficients c obtained for a ten-site chain in Fig. 4. For a rather largei ij

from Eq. (4). At the bottom of each box, the initial- life-time (Im(k a) 5 0.2, Fig. 4b) there are stillfz

state band structure E(k ) is shown (Note that k is oscillations with k in the photoemission intensitiesfz fz fz
2 (n)related to the photon energy hn by k | l 1 hn). from the individual initial states. These becomef i

The individual photoemission intensities show main smeared out for decreasing life time (e.g. Im(k a) 5fz
(n) (n)maxima at wave numbers k , i.e. E(k ) 5 l . In 0.5 in Fig. 4a). However, the intensities follow thei fz i

other words, we obtain approximate k-conservation. bulk-band structure in both cases. For a fixed photon
However, the intensities show oscillatory behaviour energy – or a fixed Re(k ), for example Re(k ) 5 0fz fz
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3. Application to (001)-films of Cu on fcc-
Co(001)

In this Section, we investigate if the properties of
photoemission from ultra-thin films – which have
been obtained within a simple tight-binding model –
can be found in more sophisticated calculations, the
results of which can directly be compared to ex-
perimental results. The numerical photoemission
results presented in the following have been obtained
within the relativistic one-step model of photo-
emission [25,26] as formulated within the layer–
KKR scheme. Details of the computational proce-
dures can be found elsewhere [27].

As a prototypical example we chose normal
emission from Cu(001) films on fcc-Co(001) [8] and
p-polarized light which impinges with 458 polar
angle onto the surface. Surface emission which is
due to the strong variation of the electromagnetic
field at the surface [28,29] leads to asymmetric
shapes of the sp-band derived spectral features [30].
In our theory, this effect is neglected and we
therefore obtain rather symmetric maxima. However,
Fresnel’s equations and Snell’s law are taken into
account. Dielectric constants were taken from Ref.

Fig. 4. Same as Fig. 3, but for photoemission from chains with [31].
ten sites for Im(k a) 5 0.5 (a, bottom) and Im(k a) 5 0.2 (b, top),fz fz We used the Cu lattice constant for both film and
respectively.

substrate and neglected any possible tetragonal dis-
tortion (fcc parent lattice). In experiment, the Cu/

– the energy distribution becomes broader with Co(001) system is typically realized as a trilayer
increasing Im(k ), which is due to the smearing out (Cu-film/Co-film/Cu(001)-substrate). Thus, the fctfz

of the individual maxima and not to the uncertainty distortion is mainly found in the Co layers. The band
in k . structure of fct-Co differs slightly from that of fcc-fz

In summary, we found the following properties of Co [32]; in particular the effective band gaps which
photoemission from ultra-short chains. (i) The con- are responsible for the quantum-well states in the Cu
finement of the valence electrons to the chain leads film. The general properties of photoemission from
to a weakening of the wave-number conservation: ultra-thin films on which we focus in the present
the shorter the chain, the broader the photoemission paper remain unchanged.
maxima in k . (ii) Besides the periodicity with In order to distinguish between surface states,fz

2p /a, individual photoemission intensities show interface states and quantum-well states, we calcu-
oscillations with k , the number of which is propor- lated the layer-resolved density of states (LDOS) forfz

tional to the chain length. These oscillations become k 5 0 in the whole Cu film and the subsequent Coi

smaller in intensity with decreasing photo-electron layers. Surface and interface states, the energies of
life-time (increasing Im(k )). (iii) Even for very which may also lie in a band gap of the substrate, arefz

small lengths, the main maxima in the photoemission localized at the respective boundary (vacuum/Cu
intensity follow the initial-state bulk-band structure, and Cu/Co). This means that the corresponding
despite the fact that the initial-state energies are maxima in the LDOS decrease with distance from
discrete. the boundary. Quantum-well states however show
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maxima in the whole Cu film but decreasing maxima
in the Co substrate (due to the band gap in the
Co-band structure). Further, the energetic position of
surface and interface state is expected not to depend
significantly on the number of Cu layers, whereas
quantum-well states should show the typical disper-
sion with film thickness [9].

Before turning to the photoemission results we
analyze briefly the electronic structure of Cu films on

]
fcc-Co(001) at G which is relevant for normal
emission (k 5 0, G 2D2X in the bulk Brillouini

zone). The Cu-sp band belongs to the double-group
representation D , the related wave functions show a6

1prominent D single-group (spatial) contribution. In
order to confine these electrons completely within
the Cu film, the Co-substrate has to have a gap in the

1
D bands. This is the case for minority electrons
below 2 0.65 eV (light gray area in Fig. 5), for
majority electrons below 2 2.09 eV (dark gray area
in Fig. 5). The Bloch spectral density for a 14 ML
Cu film indeed shows two sharp maxima (cf. quan-
tum-well states A and B in Fig. 5b) of minority spin
character [10,11] with energies 2 1.52 and 2 0.80
eV, respectively. The latter agree reasonably well
with those obtained experimentally by Hansen and
co-workers [8] ( 2 1.5 and 2 0.9 eV). Above 2 0.65

Fig. 5. Spin-resolved relativistic electronic structure of 14 ML Cu
]eV, the Bloch spectral functions show weak maxima

on fcc-Co(001) for G (k 5 0, G 2D2X in the bulk Brillouiniwhich may also be associated with quantum-well zone). (a) Band structure of fcc-Co(001) along G 2D2X. The
states but lack the complete confinement due to the sliding gray scale of the bands indicates dominant majority

(minority) spin orientation with black (light gray). (b) Density ofweak reflection at the Cu/Co interface at these
states of 14 ML Cu on fcc-Co(001) for the outermost (S) and aenergies [33]. There is no even–odd alternation of
central (S 2 6) layer with black (light gray) lines indicatingthe quantum-well states, as found in the tight-binding
minority (majority) spin orientation. (c) As bottom panel a, but for

model (Section 2), due to the lack of inversion Cu(001). Gray areas indicate gaps in the Co-band structure: dark
symmetry in the Cu film. gray for both majority and minority electrons, light gray for

1minority electrons with prominent D spatial symmetry. The latterWe have, in addition, calculated the electronic
leads to confinement of minority electrons in the Cu film, seestructure of 9 ML Cu on Co(001) and find good
maxima A and B in panel b. For C, see text. The Fermi energy isagreement with the results of van Gelderen et al. [15]
at 0 eV.

The Cu-band structure obtained from the central-
layer potential agrees very well with that of bulk Cu.
Further, the quantum-well dispersion with layer at 17 eV photon energy is due to emission from the
thickness agrees well with experimental and other Cu-sp band (cf. Fig. 5c). The direct transition model
theoretical results (see for example Ref. [12]). can be used to explain the width of these maxima:

In Fig. 6, photoemission from semi-infinite the sp-band and the final-state band are almost
Cu(001) is compared to that of 14 ML Cu on parallel in the band structure and, thus, there is a
fcc-Co(001). For the former (Fig. 6a), the intensity at certain energy range where the difference of the
energies below 2 2 eV stems from the d-band respective k is rather small [34]. The slightly'

regime. The maximum which disperses from the weakened k selection results therefore in a broad'

Fermi energy at 10 eV photon energy down to 22 eV maximum. For the 14 ML Cu film on fcc-Co(001)
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hand A and B and on the other C is further
established in the photo-electron spin polarization. A
and B show strong minority polarization (P ¯ 2

0.75), whereas C is weakly spin-polarized (P ¯ 2

0.05), as expected from the LDOS.
The intensity variation with photon energy of

maxima A and B is similar to that found for semi-
infinite Cu(001) at the respective binding energies, a
finding which confirms nicely both the simple theory
of Section 2 and experiment [8]. At this point,
quantum-size effects seem to occur only in the width
of the intensity maxima which are associated with
quantum-well states [35]. This feature should be
observable with high-resolution photoemission tech-
niques [36] (However, hints about this behaviour
may be seen, for example, in the work by Hansen
and co-workers [8]).

We now address the more pronounced mani-
festation of quantum-size effects in the photo-
emission intensities, i.e. the intensity oscillations
with photon energy due to electron confinement.
These can be observed in constant initial-state (CIS)
photoemission: the initial-state energy is chosen as
that of a quantum-well state and the photon energy is
varied while keeping k fixed [37]. The results fori

semi-infinite Cu(001) and 14 ML on fcc-Co(001) are
shown in Fig. 7 where the initial-state energies were
chosen as those of features A, B, and C.

For semi-infinite Cu(001) (Fig. 7a), we observe
for each initial-state energy a dominating maximum
and a few smaller maxima and shoulders. The formerFig. 6. Photoemission for k 5 0 with p-polarized light incident ati
directly reflects the k -selection, the latter can easily458 off-normal from Cu(001) (panel a, bottom) and 14 ML Cu on '

be explained by the final-state band structure. Fur-fcc-Co(001) (panel b, top). The photon energy hn ranges from 9
eV (bottom spectra) to 17 eV (top spectra), as indicated on the ther, because the wave function of the initial state
right. Gray areas in panel b indicate gaps in the Co-band structure does not change rapidly with energy – as is evident
as in Fig. 5. A, B, and C refer to quantum-well states (see text and

from the band structure – the three CIS spectra showFig. 5). The Fermi energy is at 0 eV.
almost the same shape which appears only shifted in
photon energy (see inset in Fig. 7a). In other words,

(Fig. 6b), the energies of the quantum-well states are the CIS-spectral shapes are governed by the final-
obviously discrete and lead to narrow maxima [35]. states. The fine-structure for the energy of state C is
The two sharp peaks, A and B, correspond to those slightly more pronounced when compared to that for
found in the density of states (Fig. 5b). The intensity A and B because of the larger photo-electron life-
distribution of structure C, however, agrees with that time which increases with kinetic energy. But the
found for Cu(001) which can be also explained by most important observation is the absence of signifi-
the density of states: near the Fermi energy, there are cant oscillations with photon energy.
no strictly confined electronic states in the Cu film For the 14 ML film (Fig. 7b), we find a similar
because the reflection at the Cu/Co interface is too behaviour regarding the overall CIS-intensity dis-
small. This qualitative difference between on one tribution. In particular, the relative heights of the
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due to the quantum-size induced oscillations of the
CIS intensity. We regard these findings as direct
evidence of the different confinements of the corre-
sponding initial states: strict confinement for A and
B, less confinement for C. It is worth mentioning that
feature C shows a dominating maximum in intensity
at about 10 eV. The next maximum is at about 15 eV,
a finding which corresponds well with the ex-
perimental observations (see Fig. 1 in Ref. [8]).

At last, we address the dependence of the oscillat-
ory behaviour on film thickness. Following the
simple photoemission theory of Section 2, the period
should decrease with increasing film thickness. For
quantum-well state A of the 14 ML film and the
corresponding states for films with thicknesses of 9
ML, 19 ML, 24 ML, and 29 ML, the energy
positions are almost identical (energy differences for
both A and B less than 0.1 eV). This means that hole
and photo-electron life-times are also almost identi-
cal, and the main differences in the CIS spectra can
unambiguously be attributed to the difference in film
thickness. Note that all these quantum-well states are
strictly confined to the Cu film. The CIS spectra for
the various film thicknesses are shown in Fig. 8.
Both, the width of the main maximum and the
oscillation period decrease with film thickness,

Fig. 7. Constant initial-state photoemission for k 5 0 with p-i which is visualized by guide lines in Fig. 8. Further,polarized light incident at 458 off-normal from Cu(001) (panel a,
the intensity at higher photon energies decreases withbottom) and 14 ML Cu on fcc-Co(001) (panel b, top). The
film thickness which is also evident from the ana-initial-state energies are chosen as those of quantum-well states A

(solid lines), B (dotted lines), and C (dashed lines); see text as well lytical considerations of Section 2, particularly from
as Figs. 5 and 6. Insets show the logarithm of the intensities which Fig. 2. The double-peak structure which was men-
are normalized to 1 and shifted in energy such that the maximum

tioned above can clearly be attributed to the quan-intensity is at 13 eV (relative photon energy). Vertical lines in the
tum-size induced oscillations: for the Cu film, theinset of panel b indicate intensity minima of state A.
main intensity maximum is broadened with respect
to the semi-infinite case due to the weakening of the

main maxima for A, B, and C are close to their wave-vector conservation, as is evident from Fig. 8.
counterparts of Cu(001). The main differences are This maximum is ‘divided’ into two due to the
distinct intensity oscillations which become clearly intensity oscillations (cf. the dash-dotted guide line
visible in the insets showing the logarithm of the in Fig. 8). With increasing film thickness, the double-
intensities. In particular, A and B show almost the peak structure disappears.
same oscillation period which is indicated by vertical To conclude, we like to mention results for a
lines in the inset of Fig. 7b. The period for C, 4-ML film. The variation with photon energy of
however, differs significantly from that of A and B. photoemission intensities which stem from the quan-
Further, the spectral shapes of A and B are nearly tum-well states follow the general trends, as for
identical and differ from that of C, in particular the example presented in Fig. 8; in other words, ‘they
double-peak structure near the maximum intensity show a band structure’. Due to the small number of
occurs for both A and B but is missing for C. As we Cu layers, the spectra also exhibit Co-related struc-
will show below, this double-peak structure is clearly tures in the energy range of the Cu-sp-band.
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the prototypical example of 14 ML Cu on Co(001),
our investigations show that the electronic state with
the lowest binding energy, C, is not strictly confined
to the Cu film although it shows no (or very small)
dispersion [8]. The next states, A and B, are com-
pletely confined to the films. This work implies
further that the intensity oscillations with photon
energy in the CIS spectra might be used to conclude
on the film thickness, particularly in the range of a
few ML where the changes are most significant (cf.
Fig. 8). Because photoemission samples a consider-
able area of the surface, these oscillations may help
to conclude on film quality, e.g. distribution of
thickness or steps [35]. We hope that this work will
stimulate new experiments.
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The spectrum of a photoexcited electron pair carries detailed information on the electron-electron
interaction in metals. This is deduced from the results of a theoretical model presented here for the
treatment of the double-photoelectron emission from surfaces. Main features in the two-particle spectra
are assigned to (a) the exchange-correlation interaction, (b) the electronic band structure, (c) the photo-
electron diffraction, and (d) the specific experimental setup. Comparison with experiments is made and
common features and differences to the atomic case are pointed out.
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In recent years, angular and spin-resolved ultraviolet
(UV) single-photoelectron spectroscopy [1] has witnessed
an impressive refinement in resolution, allowing for a yet
more detailed study of material properties. Currently this
technique is intensively applied to unravel features gov-
erned by many-body effects, such as superconductivity
[2,3], correlated excitations in low-dimensional systems
[4–6], and the influence of electronic correlation on the
spectrum [7,8]. Single-particle techniques have, however, a
principle limitation in exposing the details of electronic
correlation: An external perturbation introduced to probe
the sample may excite simultaneously many degrees of
freedom of the specimen; e.g., interacting electrons share
the energy of a UV photon and the compound as a whole is
then excited. Resolving the excited state of one of the
electrons, as in single-photoelectron emission (SPE),
yields integral information on the influence of the coupling
to the surrounding medium. Obviously, more details are
revealed on how and whether the particles are interacting if
the states of two photoexcited particles are measured. For
example, the double-photoelectron emission (DPE) is for-
bidden in the absence of correlation [9]; in case the DPE
reaction may take place, the measured two-particle spectra
provide direct insight into the energy and the angular
dependence of the pair-correlation functions (cf. below).

In atomic and molecular physics, this kind of correlation
spectroscopy has recently been realized and is currently
under intensive experimental and theoretical research (cf.
[10–12] for earlier references). While electronic correla-
tion has some striking manifestations in solids [13], it is
only recently that fully resolved DPE measurements from
surfaces have been conducted [14]. The main experimental
obstacle in this case are the low-counting coincidence rates
of two correlated electrons as compared to the large
amount of (background) uncorrelated secondary electrons.
With the development of a new generation of detectors
[15], it is, however, conceivable that the DPE technique for
solids will undergo major advances in the near future.

On the theoretical side, an adequate treatment of elec-
tronic correlation, in particular, of the interaction between
the photoexcited electron pair, is a prerequisite for the
description of DPE [9,16,17]. An important step in this

direction is the recent development of a version of the
density-functional theory (DFT) that describes the ground
state in terms of correlated many-particle densities [18,19].
For the calculation of DPE spectra, one needs, however, in
addition to the correlated ground state, an expression for
the correlated two-particle state.

This Letter provides the first theory for DPE from solids
with a realistic ab initio calculation of the (single-particle)
electronic structure of the sample. Correlated two-particle
states are generated upon the coupling of two single-
particle states via a model potential of the screened
Coulomb type. The goals of this work are (i) the calcula-
tion of both SPE and DPE spectra within the same ap-
proach to contrast conclusively the information obtained
from both techniques and to assess the reliability of the
single-particle part of the DPE theory, (ii) the analysis of
how the electron-electron interaction manifests itself in the
DPE spectra, (iii) the study of the DPE surface sensitivity
(compared to SPE) and of the dependence of DPE on the
photoelectron energies and emission angles, (iv) the com-
parison of theory with available experiments, and (v) the
analysis of differences and similarities to DPE from single
atoms.

Theory.—Within the one-step model of SPE, the current
J�1� [20] of photoelectrons emitted with a surface-parallel
wave vector kk and an energy �, upon the absorption of a
UV photon with energy !, is given by

J�1� / �Imh��1�j�gr���!��yj��1�i: (1)

The final state j��1�i 
 gajkk; �i is obtained by propagat-
ing (back) the detector state jkk; �i using the advanced
Green function ga. The photohole state is described by
the retarded Green function gr, and � is the dipole operator
of the incident radiation. In the one-step DPE process, one
photon ejects two electrons with wave vectors k1k and k2k
and energies E1 and E2 from the occupied states of a metal
surface. The double-photoelectron current J�2� can be ap-
proximated by [16]

J�2� /
Z EF

Emin

h��2�j�Imgr���Imgr�E�!� ���yj��2�id�;

(2)
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where EF is the Fermi energy, E 
 E1 � E2, and Emin 

E�!� EF. The correlated two-particle final state
j��2�i 
 Gajk1k; E1; k2k; E2i is obtained from the uncorre-
lated detector states jk1k; E1; k2k; E2i 
 jk1k; E1i �
jk2k; E2i via the two-particle Green function Ga. The oc-
cupied nonlocal density related to electron j is determined
by Imgr�kjk; �j�, j 
 1; 2.

To elucidate the features of DPE as compared to SPE,
we employ a calculational scheme for the currents J�1� and
J�2� in which the single-particle states are evaluated simul-
taneously. The ground-state single-particle electronic
structure is obtained from an ab initio linear muffin-tin
orbital method based on the local density approximation of
DFT. For the photoemission calculations, we utilize the
layer Korringa-Kohn-Rostoker (LKKR) method [21].

The explicit incorporation of the mutual interaction U
between the two excited photoelectrons is indispensable
for an adequate description of DPE [9]. Here, this is
achieved as follows: For a nearly free electron metal, U
is screened with a screening length � dependent on the
density of states N�EF� [� 
 1=

�������������������
4�N�EF�

p
; for Cu, � 

2:66 Bohr]. In the long-wavelength limit, U depends only
on the coordinate difference r1 � r2, namely, U�r1; r2� 

e��jr1�r2j=��=jr1 � r2j. To determine the two-particle state
j��2�i, we first employ the LKKR method and obtain the
single-particle states j j�kj�i 
 grjkjk; �ji, j 
 1; 2.
Using the procedure developed in [22], j 1�k1�i and
j 2�k2�i are then coupled to each other via U to determine
the state j��2�i [and subsequently the current J�2�, Eq. (2)].
In this way, single-particle and two-particle photocurrents
are calculated within the same scheme allowing a sensible
comparison. From the functional form of U, it is clear that
J�2� depends not only on the energies and emission direc-
tions of the photoelectrons, as in the SPE case, but also on
the mutual angle between the photoelectrons: If the elec-
trons are close to each other, U provides a strong coupling,
whereas U (and, hence, the DPE signal [9]) is strongly
suppressed when the photoelectrons are separated at dis-
tances larger than �. This general statement is quantified
below by numerical results.

Reliability of the SPE part.—Figure 1(a) shows a meas-
ured angular distribution of the SPE intensity from
Cu(001) [23]. Our calculations for J�1� [Fig. 1(b)] agrees
with the experiments which indicates an adequate treat-
ment of the single-particle part of the problem.

Symmetry of the angular distribution.—The SPE angu-
lar distributions reflect the 4mm symmetry of the Cu(001)
surface [Figs. 1(a) and 1(b)]. In contrast, the presence of a
second photoelectron in DPE dictates a different symmetry
of the angular distribution. In Figs. 1(c) and 1(d), the DPE
current is depicted as a function of kk of one electron,
while kk of the other electron is fixed. If this ‘‘fixed’’
electron is detected in off-normal emission, the symmetry
is reduced [tom in Fig. 1(d)]. However, if the fixed electron
is detected with kk 
 0, the distributions of DPE and SPE
show the same symmetry [4mm in Fig. 1(c)].

Exchange-correlation hole.—The most notable struc-
ture in the DPE angular distributions is the intensity mini-
mum centered at kk of the fixed electron [Figs. 1(c) and
1(d)]. This ‘‘hole’’ is a direct manifestation of exchange
and correlation between the two photoelectrons. The for-
mer is accounted for by the antisymmetry of the two-
particle state, whereas the latter is mediated by the poten-
tial U. The high intensity surrounding the hole can be
explained by the competition of two factors: (i) the elec-
tron-electron repulsion and the exchange interaction pre-
vent the two electrons from escaping with comparable
wave vectors within a proximity determined by the screen-
ing length. Therefore, the extent of the hole is a qualitative
measure of the strength of the electron-electron interaction
[for specified (k1k; E1; k2k; E2)]. (ii) If the two electrons are
well separated from each other, the electron-electron inter-
action U becomes negligible and the DPE signal dimin-
ishes, for the DPE process is forbidden in the absence of U
[9]. Combining these two effects, the distribution of the
intensity around the direction of the fixed electron becomes
comprehensible.

Both the shape and the extent of the correlation hole
depend on the photoelectron energies: At low energies, it is
large and dominates the distribution, whereas at higher

FIG. 1 (color online). Angular distribution of photoemission
from the Fermi level of Cu(001). (a) Experimental single-photo-
electron emission (SPE) intensity vs surface-parallel wave vector
kk 
 �kxk; kyk�. The photon energy of the unpolarized light is
! 
 21:2 eV. (b) Theoretical results corresponding to case (a)
with light incident normally to the surface. (c) and (d) Double-
photoemission (DPE) intensities for photoelectrons having equal
energies of 16 eVand! 
 42:4 eV. One electron is detected at a
fixed direction marked by the white dot [at 0� (c) and 30� (d)
polar angle]. The DPE intensity is then scanned as a function of
kk of the other photoelectron.
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ones, it is limited to a small region [cf. Figs. 1(d) and 2(d)].
This behavior can be understood from the properties of U
as reflected in the transition-matrix elements [Eq. (2)].

In those regions where the two electrons are far away
from each other (U is then weak), one observes a remote
reminiscence of the DPE spectra to the corresponding SPE
distributions; e.g., the influence of the single-electron dif-
fraction is observable, slightly distorted due to the presence
of the second (fixed) electron (Fig. 2).

Surface sensitivity.—Since two electrons have to escape
the surface, DPE is expected to be more surface sensitive
than SPE. In a crude model, the escape probability p for
a single electron decays exponentially with the distance
from the surface, p� exp��z=‘�, where ‘ is the escape
depth. The escape probability for two electrons is then
exp��2z=‘�; i.e., the escape depth is effectively halved.
Hence, in SPE theory one has to sum up contributions from
deep layers (typically from the first 15 surface layers) to
obtain J�1�, as is evident from Figs. 2(a) and 2(c). In DPE,
both the shape and the magnitude of the photocurrent are
determined by including contributions from the first two to
four surface layers [Figs. 2(b) and 2(d)].

Photoelectron diffraction.—DPE experiments from
crystal surfaces reported in Refs. [14] show pronounced
features in the distributions of the electron-pair total en-
ergy (E 
 E1 � E2) between the two electrons [Fig. 3(a)].
To uncover the origin of structures occurring in the corre-
sponding theoretical spectra [Fig. 3(b)], it is constructive to
contrast with the results of the present theory for the double
photoionization of the ground state [He�1Se�] of the helium
atom [Fig. 3(c)]. For the ‘‘single-site’’ DPE from atomic
He, the cross section vanishes if k1 � k2 is perpendicular to

the polarization vector of the incoming photon [12], which
occurs in Fig. 3(c) at E1 
 E2. This propensity rule holds
for solids, too, but in the absence of photoelectron diffrac-
tion [9]. Indeed, we argue here that the photoelectron
diffraction is the reason for the finite photocurrent J�2� at
E1 
 E2 found for Ni(001) in Figs. 3(a) and 3(b): For a
periodic surface, the electronic states are eigenstates of the
lattice translations; i.e., they can be expanded into plane
waves. Hence, the effect of the lattice can be investigated
by varying the number n of plane waves included in the
expansion of the photoelectron states. The inset of Fig. 3(b)
shows the DPE current for E1 
 E2 and �1 
 �2 vs n.
Indeed, J�2� decreases rapidly with decreasing n and
saturates at about n  20. This behavior corroborates
both the propensity rule and the explanation of the finite
DPE photocurrent at E1 
 E2.

FIG. 2 (color online). Surface sensitivity of SPE [(a) and (c)]
and DPE [(b) and (d)] from Cu(001). The setups are chosen as in
Figs. 1(b) and 1(d), respectively, but the photoelectron energies
are increased to 36 eV. The photon energy is 41 eV for SPE and
82 eV for DPE. In (a) and (b) [(c) and (d)] the contributions to
the photocurrent from the two (five) outermost surface layers are
depicted.

FIG. 3 (color online). (a) Experimental DPE intensity from
Ni(001) [14]. The wave vectors k1 and k2 of the emitted
electrons and the linear polarization vector of the light êe are
coplanar (cf. inset). The total energy of the electron-pair is fixed
as E 
 E1 � E2 
 34� 1 eV with ! 
 45 eV. The DPE cur-
rent is scanned as a function of the energy sharing �E1 � E2�=E.
The electron detectors are fixed at symmetric positions (40�

polar angle) and have an angular resolution of �15�.
(b) Theoretical results corresponding to case (a), with account
for the experimental angular resolution. Inset: DPE current J�2�

(at E1 
 E2) vs number n of plane waves included in the
expansion of the photoelectron wave. (c) As in (b), but for a
single He atom in state 1Se; ! is adjusted to compensate for the
double ionization threshold of He. For the ground state the two-
electron wave function of Ref. [24] is employed. (d) As in (a),
but for Cu(111). (e)–(g) Theoretical results corresponding to (d)
but with varying escape angles �1 
 � 
 �2 [� 
 50� (e), � 

40� (f), � 
 30� (g)].
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Density-of-states effect.—Assuming parabolic disper-
sion of the photoelectron states in the vacuum (which
means dEj 
 kj dkj; j 
 1; 2), one obtains for the
fully resolved DPE current in spherical coordinates
J�2���1; ’1; E1; �2; ’2; E2� 
 CJ�2��k1; k2�, where C 

k1k2, and ’1 as well as ’2 are azimuthal angles [9,12].
In the atomic case, the density of states (DOS) for one
photoelectron in the field of the residual ion behaves as
1=kj for kj ! 0 (and ki � kj) [25]; i.e., for one electron
the DOS diverges at the ionization threshold. This DOS
effect combined with the kinematical factor C 
 k1k2
leads, in general, to a finite DPE current from atoms
when the energy of one of the electrons diminishes. In
contrast, for surfaces, the DOS is finite at the vacuum level
(kj  0) and, hence, the DPE current [k1 k2 J�2��k1;k2�]
vanishes if E1 or E2 is very small. This profound difference
between atoms and solids is confirmed by our calculations:
In contrast to DPE from surfaces (Fig. 3), for He�1Se� the
DPE current is finite for E1 ! 0 or E2 ! 0 [Fig. 3(c)].

Band-structure effect.—In Fig. 3, both the photon en-
ergy ! and the electron-pair energy E 
 E1 � E2 are
fixed. This specifies the initial binding energy of the elec-
tron pair as � 
 !� E. For atoms, � pins down the initial
state to a specific, discrete level. For surfaces, the elec-
tronic structure is dependent not only on the energy �i, but
also on the Bloch wave vectors qik. When varying �E1 �
E2�=E (for fixed E, !, and hence fixed �), one scans
through different kik [Figs. 3(e)–3(g)]. Therefore, the rele-
vant qik and the associated electronic levels appear as sharp
peaks in J�2� at certain �E1 � E2�=E [16]. A similar effect
arises due to the energy integration in Eq. (2) which
involves several single-particle levels. In consequence,
the structure of the initial-state spectral density is reflected
as pronounced maxima and minima in the DPE spectra. In
contrast, the smooth spectral density of the jellium model
results in smooth DPE spectra [9].

Concerning the comparison with experiments, it should
be remarked that the shape of the DPE spectrum changes
substantially within the experimental angular resolution
[Figs. 3(e)–3(g)]. This is due to the fact that, with increas-
ing polar angles, the allowed range for the initial kik is
stretched and different initial states contribute to the photo-
current. For �! 0, the DPE current vanishes at E1 
 E2

due to the electron-electron repulsion, whereas for �!
�=2, it decreases due to the weakening of the electron-
electron interaction [cf. also Figs. 1(c) and 1(d)].

In conclusion, we present pilot results to highlight the
general aspects and the power of DPE from surfaces as a
novel tool for electronic-correlation imaging.
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Integration over two-dimensional Brillouin zones by adaptive mesh refinement
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Adaptive mesh-refinement~AMR! schemes for integration over two-dimensional Brillouin zones are pre-
sented and their properties are investigated in detail. A salient feature of these integration techniques is that the
grid of sampling points is automatically adapted to the integrand in such a way that regions with high accuracy
demand are sampled with high density, while the other regions are sampled with low density. This adaptation
may save a sizable amount of computation time in comparison with those integration methods without mesh
refinement. Several AMR schemes for one- and two-dimensional integration are introduced. As an application,
the spin-dependent conductance of electronic tunneling through planar junctions is investigated and discussed
with regard to Brillouin zone integration.

DOI: 10.1103/PhysRevB.64.035412 PACS number~s!: 71.15.Dx, 73.40.Gk, 02.60.Jh

I. INTRODUCTION

The computation of physical quantities often requires in-
tegration over the Brillouin zone~BZ!. Standard methods to
obtain BZ integrals are special-point~SP! schemes1 and tet-
rahedron methods.2 Since both methods rely on equally
spaced grid points, they may be regarded as inefficient if
there are small regions in the BZ that give a sizable contri-
bution to the integral, while large regions give almost no
contribution: Either the number of grid points may be too
small to sample the ‘‘important regions’’ with high accuracy,
or the number of grid points may be too high and the ‘‘un-
important regions’’ are sampled with a dispensable high ac-
curacy, thus leading to an unnecessarily large computation
time. An integration method that automatically adapts the
grid to the integrand’s structure would overcome this prob-
lem. Such an adaptive mesh refinement~AMR! would find
the important regions with high accuracy demand and
sample them with high resolution, while the unimportant re-
gions with low accuracy demand are sampled by a few
points. Consequently, discretization on a very fine grid cov-
ering the entire BZ is avoided.

Bruno and Ginatempo proposed as an AMR scheme for
n-dimensional integrals a cascade of adaptive integration
techniques for one-dimensional integrals.3 In this paper, fur-
ther adaptive integration schemes based on the partitioning
of the integration domain by simplexes will be introduced
and investigated, with a focus on the computation of physical
quantities of layered systems, e.g., the magnetic anisotropy
energies of ultrathin films~see Refs. 4 and 5! and magnetore-
sistances of planar tunnel junctions~for a few recent publi-
cations see Refs. 6–9!.

Coherent tunneling of electrons through planar magnetic
junctions provides a test for the proposed AMR’s. The com-
putation of the spin-dependent conductance requires the in-
tegration of the transmission of Bloch electrons through the
junction over the two-dimensional BZ. This transmission can
depend strongly onki ~cf. Ref. 10!. First, for increasing
spacer thickness, the transmission at largeukiu becomes sup-
pressed, leaving a sizable contribution to the conductance
only near the BZ center. Second, electronic states localized
at the lead/spacer interfaces can dominate the transmission in

very small regions of the BZ~‘‘hot spots’’!, not necessarily
near the BZ center. In both cases, the regions with high ac-
curacy demand are small in comparison with the area of the
BZ and their locations area priori unknown. While special-
point schemes appear inefficient, an AMR provides a method
of choice since it can efficiently treat both large- and small-
scale variations of the integrand.

This paper is organized as follows. After having illus-
trated the basic idea and the main features of AMR’s by
means of one-dimensional integration~Sec. II!, adaptive
mesh refinements for two-dimensional integration are intro-
duced in Sec. III. Exemplary results for the spin-dependent
tunneling conductance for planar junctions are presented in
Sec. IV in order to show the properties of the various pro-
posed AMR’s.

II. ADAPTIVE MESH REFINEMENT FOR
ONE-DIMENSIONAL INTEGRALS

Adaptive mesh refinements aim to integrate numerically a
function f (x):R→R over the interval@xi ,xf# with a given
accuracye but with the numbern(e) of function evaluations
as small as possible. They rely on three main ingredients:11

~i! a crude approximationI ap(xi ,xf) to the exact integral
I ex(xi ,xf)5*xi

xf f (x)dx @gray area in Fig. 1~a!# that uses only

the interval boundariesxi and xf , ~ii ! a fine approximation
I ap8(xi ,xf) that uses~at least! one inner pointxm in addition,
and ~iii ! a refinement rule that in dependence onI ap, I ap8 ,
ande determines whether the interval has to be refined.

A crude approximationI ap(xi ,xf) is for example given by
the trapezoidal rule@the area hatched with thin lines in Fig.
1~a!#.12 For a fine approximationI ap8(xi ,xf), f (x) is inte-
grated by Simpson’s rule, which uses the inner point
xm5(xi1xf)/2. Instead, one could also use the simpler but
less accurateI ap9(xi ,xf)5I ap(xi ,xm)1I ap(xm,xf) @the area
hatched with thick lines in Fig. 1~a!#. The refinement rule
states thatI ap8(xi ,xf) is accepted as an approximation for
I ex(xi ,xf) if uI ap8(xi ,xf)2I ap(xi ,xf)u,e ~absolute error!
or uI ap8(xi ,xf)2I ap(xi ,xf)u,euI ap8(xi ,xf)u ~relative error!.
Otherwise the mesh is refined by applying the above scheme
to the intervals@xi ,xm# and @xm,xf# @an analog can be for-
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mulated withI ap9(xi ,xf) instead ofI ap8(xi ,xf)#.
The main properties of this AMR are revealed by consid-

ering the function f (x)5exp(22uxu) with I ex(2`,`)51
@see Fig. 1~b!#. It has been integrated numerically via the
above AMR ~using trapezoidal and Simpson’s rules! from
220.15 to 19.85 with an initial grid of 11 points.~The large
interval @220.15,19.85# is first partitioned into 10 equally
large subintervals which are then treated by the AMR. This
initial partitioning determines the large-scale resolution of
the adaptive scheme. The small-scale resolution is deter-
mined bye.! Whether the AMR is able to recognize the cusp
can be tested by choosing the interval asymmetrical with
respect tox50. In this case, the cusp is not hit directly by
the initial grid and its first refinement. For largeuxu, f (x) is
rather flat and henceI ap and I ap8 do not differ significantly.
In this unimportant region the demand of accuracy is low
and therefore a coarse grid can be maintained. The cusp,
however, represents an important region with high accuracy
demand and thus requires a fine grid@see the inset in
Fig. 1~b!#.

In Fig. 2, the numbersn(e) of grid points are shown
~diamonds!. An increase of accuracy by one order of magni-
tude requires an increase ofn(e) by a factor of about 2.15.
The integration errorDI (e)5uI (e)2I exu ~circles! is always
less thane. The efficiency of the AMR becomes evident if
one considers the integralsI ap8„n(e)… of f (x) by Simpson’s
rule with the same numbern(e) of grid points as used by the
AMR. For comparably largen(e), the integration error
DI ap8„n(e)…5uI ap8„n(e)…2I exu ~squares! is about four orders
of magnitude larger thanDI (e). Thus, in order to achieve an
accuracy ofe51029 in the Simpson integration, a grid of
about 32 000 points is needed. This corresponds to an in-
crease in speed by a factor of about 5 in favor of the AMR.

III. ADAPTIVE MESH REFINEMENTS FOR
TWO-DIMENSIONAL INTEGRALS

An obvious generalization of the above AMR to integra-
tion in n dimensions was proposed by Bruno and
Ginatempo.3 The integral I ex

(n)5* [xi ,xf]
f (x) dnx of f (x):Rn

→R over the interval@xi ,xf# is decomposed into successive
one-dimensional integrals, the AMR of Sec. II being applied
to each of them. In a computer program, one would deal with
a cascade of AMR’s for linear meshes, and hence the name
cascading linear mesh refinement, CLMR(n) wheren indi-
cates the dimension. To give an explicit example, e.g., a
CLMR~2! scheme, for the integralI ex

(2)5*BZf (ki) d2ki of the
function f (ki):R2→R, ki5(kx,ky), over the two-
dimensional BZ @ki

i ,kf
i#, the cascade is given byI ex

(2)

5*
k

i
y

kf
y

I ex
(1)(ky) dky, I ex

(1)(ky)5*
k

i
x

kf
x

f (kx,ky) dkx.

Another type of AMR is based on the refinement of sim-
plexes. A simplex inRn is a geometrical object that consists
of n11 points and all its constituents~which are themselves
simplexes! with dimensionsm (0<m,n), e.g., corners (m
50), line segments (m51), triangular surfaces (m52),
etc. Since a simplex is uniquely defined by its
corners x1 ,x2 , . . . ,xn ,xn11 it can for short be denoted
^1 2•••n (n11)&. The central point of a simplex, i.e.,
( i 51

n11xi /(n11), will be denoted aŝ1•••(n11)&. For ex-
ample, the centerx45(x11x21x3)/3 of a triangle^1 2 3&
can be written aŝ 4&5^1 2 3&. Further, lengths, areas, or
volumes will be written asu^1•••n&u.

FIG. 1. Adaptive mesh refinement for one-dimensional inte-
grals. ~a! The integral of the functionf (x) ~thick line! over the
interval @xi ,xf# is given by the gray area. A crude approximation
uses onlyxi andxf and results in the area hatched with thin lines. A
fine approximation usesxm in addition and leads to the area hatched
with thick lines. ~b! Adapted meshes@x, f (x)# ~dots! of f (x)
5exp(22uxu) for absolute accuraciese ranging from 100 down to
1025 ~bottom to top, as indicated on the left of each curve!. The
inset shows the same data but in a small interval aroundx50 for
e51022, . . . ,1026 ~bottom to top!. The curves are shifted with
respect to each other for clarity. Vertical dashed lines emphasize the
mirror symmetry off (x) at x50.

FIG. 2. Numbersn(e) of mesh points~diamonds! and integra-
tion errors DI (e) ~circles! of the AMR for f (x)5exp(22uxu) in
dependence on the absolute accuracye. Squares give errors
DI ap8„n(e)… of a Simpson integration with the same numbersn(e)
of points as determined by the AMR.
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Any simplex can be partitioned into smaller simplexes by
adding points that are the centers of them-dimensional con-
stituents of the initial simplex (1<m<n). These new points
in conjunction with the initial points serve as corners of the
new ~smaller! simplexes, which have to be disjunct and
space filling. Consequently, the simplex mesh refinements
introduced below can be labeled SMR(n,m).

Suppose we want to integrate numerically a function
f (x):R2→R over a trianglê 1 2 3&. A crude approximation
to the exact integralI ex(^123&) is the volumeI ap(^1 2 3&)
5@ f (^1&)1 f (^2&)1 f (^3&)#u^1 2 3&u/3 of the prism. For
the mesh refinement SMR~2,2! the center^4&5^1 2 3& is
chosen as an additional point~see Fig. 3!, and thus
I ap8(^1 2 3&)5I ap(^1 2 4&)1I ap(^2 3 4&)1I ap(^3 1 4&) is
taken as a fine approximation. Or one might utilize for
SMR~2,1! the edge centerŝ4&5^1 2&, ^5&5^2 3&, and
^6&5^3 1& with the fine approximation I ap9(^1 2 3&)
5I ap(^1 4 6&)1I ap(^2 5 4&)1I ap(^3 6 5&)1I ap(^4 5 6&).

As for one-dimensional integration,I ap8(^1 2 3&) is ac-
cepted in the case of SMR~2,2! if uI ap8(^1 2 3&)
2I ap(^1 2 3&)u,e ~absolute error! or uI ap8(^1 2 3&)
2I ap(^1 2 3&)u,e uI ap8(^1 2 3&)u ~relative error!. Otherwise
the AMR is applied to the refined triangles, namely, to
^1 2 4&, ^2 3 4&, and ^3 1 4&. An analog can be formulated
for the SMR~2,1! scheme.

It is straightforward to extend the above mesh refinements
to three-dimensional integrals~Fig. 3!. Using the center of
the initial tetrahedron@SMR~3,3!# the centers of its four sur-
faces@SMR~3,2!# or the centers of its six edges@SMR~3,1!#
yield 4, 11, or 8 small tetrahedra, respectively.

Note that the accuracye is directly related to the integrals
over a simplex but only indirectly related to the accuracy of
the integral over the complete domain@xi ,xf#. In the case of

the refinement rule based on absolute accuracy, the total ab-
solute error can roughly be estimated ase N(e) whereN(e)
is the number of simplexes used in the evaluation of the
integral over the domain.

The AMR schemes are not restricted to integration of
real-valued functions. Even matrix-valued functions
f (x):Rn→Rr 3c can be integrated, the integrals being them-
selves matrices. As a distance in matrix spaceRr 3c one
could use the matrix normuuAuu5Atr(AA†). An example for
operating with matrix-valued functions is a multiple-
scattering calculation which takes into account substitutional
disorder within the coherent potential approximation.13

There, one has to average the scattering-path operator
t(E,k) over the BZ, the latter being represented in angular-
momentum space.14

IV. APPLICATION TO THE SPIN-DEPENDENT
CONDUCTANCE OF PLANAR TUNNEL JUNCTIONS

We now apply the AMR schemes for two-dimensional
integration to the computation of the spin-dependent conduc-
tance of planar tunnel junctions.9 The conductance is calcu-
lated for parallel or antiparallel alignment of the magnetic
moments of the semi-infinite ferromagnetic leads which are
separated by an insulating spacer. If the layer unit cells of the
leads and the spacer are commensurable, the in-plane wave
vectorki5(kx,ky) is conserved in the scattering process~co-
herent tunneling!. According to Landauer and Bu¨ettiker,15

the conductanceG at the Fermi energy can then be expressed
as G5(e2/h)*BZT(ki) d2ki. The transmission is given by
T(ki)5(m,nuSmL→nR

(ki)u2, whereS is the scattering matrix
of the spacer expressed in terms of lead Bloch states. The
sums run over all incoming Bloch statesmL of leadL which
are scattered into those outgoing in leadR (nR). Computa-
tion of the conductance by means of a layer Korringa-Kohn-

FIG. 3. Simplex mesh refinements SMR(n,m) for triangular
(n52, top row! and tetrahedral (n53, bottom row! grids. The
mesh refinements are illustrated by dashed lines. Top row: The
initial triangle ^1 2 3& is refined using as additional points the cen-
ter of the trianglê 4& @left, SMR~2,2!# or the edge centerŝ4&, ^5&,
and ^6& @right, SMR~2,1!#. Bottom row: The initial tetrahedron
^1 2 3 4&, with corner^3& lying behind the front surfacê1 2 4&, is
refined using the central point@left, SMR~3,3!#, the centers of the
surfaces@middle, SMR~3,2!#, or the edge centers@right, SMR~3,1!#.

FIG. 4. TransmissionT(ki) of Ni~001!/vacuum/Ni~001! for
three spacer layers of vacuum and parallel alignment of the lead
magnetizations. In the gray-scale contour plot covering one-quarter
of the Brillouin zone, zero transmission corresponds to black, while
maximum transmission (0.036) corresponds to light gray. Equally
spaced contour lines are displayed in white„ki5(kx,ky) with re-

spect to@110# and @ 1̄10#, respectively….
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Rostoker ~KKR! calculation closely follows the work by
MacLaren and co-workers.10

For the purpose of this paper, we focus in the following
on the system Ni~001!/vacuum/Ni~001! with the magnetic
moments in the leads aligned along the@001# direction. Be-
causeT(ki) shows the symmetry of the point group 4mm, it
is sufficient to present results for a quarter of the two-
dimensional BZ. The wave vector componentskx andky are
chosen with respect to@110# and @ 1̄10#, respectively.

Due to the insulating spacer, the conductanceG decreases
exponentially with spacer thickness. Further, the transmis-
sion T(ki) gets focused at the BZ center. For three spacer
layers of vacuum and parallel alignment of the lead magne-
tizations, most of the contributions toG come from the re-

gion with rather smallukiu, say,ukiu,0.25a0
21 ~Fig. 4!. Note

that due to the band structure of NiT(ki) has a plateau-
shaped local minimum atki5(0,0) which is surrounded by
small ‘‘ridges.’’

Adapted meshes obtained by the CLMR~2!, SMR~2,2!,
and SMR~2,1! schemes for selected absolute accuraciese are
shown in Fig. 5. The quarter of the BZ was initially parti-
tioned by a 10310 grid for all three schemes. As expected,
the density of mesh points is rather low for smalle ~bottom
row in Fig. 5!. A decrease ofe leads to a high sampling
density of the region with smallukiu, in accordance with the
transmission shown in Fig. 4. A slightly increased point den-
sity is observed atukiu'0.1a0

21, just where the above-
mentioned plateau has its boundary. The local minimum at

FIG. 5. Adapted meshes~dots! obtained by the CLMR~2! ~left column!, SMR~2,2! ~middle!, and SMR~2,1! ~right! schemes for the
transmission shown in Fig. 4. In the top right corner of each panel, the absolute accuracye and the numbern(e) of mesh points in the entire
Brillouin zone are given. The transmission is displayed in addition by gray contour lines.
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the BZ center requires a lower density than the surrounding
ridge, as can be seen best for SMR~2,1!. In other words, the
meshes are adapted to the integrandT(ki).

The convergence behavior of the conductanceG with de-
creasing e, and hence increasing numbern(e) of mesh
points, is displayed in Fig. 6~a!. For smalln(e), the conduc-
tance is far from being converged since it shows a significant
variation for the CLMR~2! and SMR~2,2! schemes. The
SMR~2,1! scheme instead appears to converge faster. For
grids of about 5000 to 10 000 points, however, the conduc-
tances obtained by all three schemes are almost converged. A
further increase ofn(e) reveals that the AMR’s are robust,
i.e., the conductance shows no considerable oscillations.
Since the transmission shows a shape rather similar to that of
the function f (x)5exp(22uxu) one finds a similar general
convergence behavior~cf. Sec. II!. The AMR’s have been
investigated for both a variety of test functions and conduc-
tances of other systems~changing lead and spacer materials
as well as spacer thicknesses!: in all cases, these adap-
tive integration methods were robust and led to rapid
convergence.

In addition to the AMR schemes, the conductance has
been calculated with a special-point scheme.16 The number
of mesh points in the entire BZ ranged from 2500 up to
160 000. The conductanceG` obtained from the largest
number of points represents the converged value ofG and
can hence be regarded as a reference. For all calculated val-
ues, the errorDG5uG„n(e)…2G`u of the AMR’s is less
than that of the SP scheme, i.e., the AMR points lie within
the gray area in Fig. 6~b!. Thus, AMR schemes can outper-
form SP schemes if the integrand shows unimportant regions
of considerable size~here,ukiu.0.3a0

21).
A particularly interesting case is tunneling through one

spacer layer for antiparallel alignment of the magnetizations.
The transmission for this system decays smoothly with in-
creasingukiu, thus leading to a rather large region with al-
most zero contribution to the conductance@say ukiu
.0.5a0

21; black area in Fig. 7~a!#. Consequently, the adapted
mesh@Fig. 7~b!# as obtained by SMR~2,1! with e51026 and
a 10310 initial grid is coarse in this area. However, interface
resonances produce ‘‘hot ridges’’ with a large transmission
~see Sec. I; cf. also Fig. 5 in Ref. 10!. The AMR leads to a
fine mesh right at these ridges@similar meshes were obtained
by both the CLMR~2! and the SMR~2,2! schemes#. This
clearly proves that the AMR’s discussed in this paper are
capable of finding even tiny important regions and therefore
may considerably reduce the computation time.

V. CONCLUDING REMARKS

Adaptive mesh-refinement schemes for Brillouin zone in-
tegration provide robust numerical methods which automati-
cally find regions with a high accuracy demand. These re-
gions are sampled with high density, while the other regions
are sampled with low density. This salient feature may save
a considerable amount of computational time as compared to
integration methods that rely on equally spaced mesh points,

FIG. 6. ConductanceG of Ni~001!/vacuum/Ni~001! for three
spacer layers of vacuum and parallel alignment of the lead magne-
tizations in dependence on the numbern(e) of mesh points.~a!
Conductance as obtained by the three adaptive mesh refinements
CLMR~2! ~squares, solid lines!, SMR~2,2! ~triangles, dashed lines!,
and SMR~2,1! ~triangles, dash-dotted lines!, as well as by a special-
point scheme~SP, circles, dotted lines!. The arrows mark the con-
verged value of the conductanceG` . ~b! Same data as in~a!, but
displayed as the absolute deviation fromG` , DG5uG„n(e)…
2G`u.

FIG. 7. TransmissionT(ki) of Ni~001!/vacuum/Ni~001! for one
vacuum layer as spacer and antiparallel alignment of the lead mag-
netizations.~a! T(ki) is shown as gray-scale contour, with black for
zero transmission and light gray for maximum transmission
(0.857). Equally spaced contour lines are displayed in white.~b!
Adapted mesh~dots! as obtained by the SMR~2,1! scheme. The
contour lines of~a! are shown in gray.
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regardless of the particular AMR used~cascading linear or
simplex mesh refinement!.

In our computer code for electron spectroscopies which is
based on the layer-KKR method, a special-point scheme as
well as three AMR’s~the cascading linear and two simplex
mesh refinements! for integration over the two-dimensional
Brillouin zone were implemented. Since it is written inC11,
the recursive algorithms of the AMR’s could easily be imple-
mented. The nesting is terminated if either the integration
error is smaller than the prescribed accuracy or a maximum

recursion level is reached. One minor disadvantage of the
AMR’s might be that the execution time of a calculation is
hard to estimate since the number of mesh points is unknown
a priori.

Adaptive mesh-refinement schemes, like other grid tech-
niques, are of course not restricted to Brillouin zone integra-
tions ~for application of grid techniques in density-functional
theory see Ref. 17!. We suggest considering the implemen-
tation of AMR’s in computer codes for electronic-structure
calculations.
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Publikation 12

Absence of Zero-Bias Anomaly in Spin-Polarized Vacuum Tunneling in Co(0001)

H. F. Ding, W. Wulfhekel, J. Henk, P. Bruno, and J. Kirschner
Max-Planck Institut für Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

(Received 23 September 2002; published 20 March 2003)

In a joint experimental and theoretical study, we investigate the bias-voltage dependence of the tunnel
magnetoresistance (TMR) through a vacuum barrier. The TMR observed by spin-polarized scanning
tunneling microscopy between an amorphous magnetic tip and a Co(0001) sample is almost independent
of the bias voltage at large tip-sample separations. Whereas qualitative understanding is achieved by
means of the electronic surface structure of Co, the experimental findings are compared quantitatively
with bias-voltage dependent first-principles calculations for ballistic tunneling. At small tip-sample
separations, a pronounced minimum in the experimental TMR was found at �200 mV bias.

DOI: 10.1103/PhysRevLett.90.116603 PACS numbers: 72.25.Mk, 68.37.Ef, 85.75.–d

Nowadays, spin-polarized tunneling (SPT) is of par-
ticular interest due to its applications in magnetic tunnel
devices and in magnetic imaging [1–3]. The field of
SPT was opened in the early 1970s, when Tedrow and
Meservey studied electron tunneling between a ferromag-
net and a superconductor through an amorphous barrier
[4] and Müller et al. analyzed the spin polarization of
field-emitted electrons from EuS coated W tips through
vacuum [5]. After Jullière had found the tunnel magneto-
resistance (TMR) effect, i.e., the dependence of the
tunneling resistance on the relative orientation of the
lead magnetizations [6], SPT was studied intensively.
Recently, magnetic tunnel junctions with reproducible
characteristics at room temperature were fabricated, al-
lowing one to elucidate the underlying physical mecha-
nisms [3,7–15].

However, SPT is still far from being completely under-
stood. Because of its importance for applications, a large
number of studies were devoted to the so-called zero-bias
anomaly, i.e., the decrease of the TMR with increasing
bias voltage in planar junctions [9,16–21]. Junctions made
of the same electrodes but with different insulating spacer
materials or even with identical but differently prepared
insulators vary considerably concerning the voltage de-
pendence of the TMR [6,7,12,20]. With the advances in
sample preparation, especially of the barriers, the bias
voltage which is sufficient to halve the TMR increased
from 3 mV [6] to 500–700 mV [12,20].

To explain this still puzzling behavior, several models
were proposed, which have in common that they relate
the TMR to the spin polarization. First, biasing of the
metal-insulator-metal junctions at finite temperature
leads to elastic tunneling of electrons mostly from the
Fermi energy of the negative electrode into unoccupied
states of the positive electrode [22,23]. The energy de-
pendence of the density of states (DOS) in the positive
electrode causes variations of the spin polarization that
translate into TMR variations [24]. This DOS effect was
observed in crystalline junctions [10]. Second, hot elec-
trons from the positive electrode might be scattered in a
spin-dependent way by local magnetic moments at the

interfaces [9] or might create magnons [17]. Both effects
reduce the spin polarization and, consequently, lower the
TMR. Finally, Zhang and White suggested that incoher-
ent tunneling due to scattering at impurities or defects
located in the barrier reduces the spin polarization be-
cause the electrons tunnel via trap states [16]. This model
was supported by both experiment and theory [12,18,21].

Until now, a consistent picture of the zero-bias anomaly
has not been achieved. The difficulties are partly related
to the complex structure of the tunnel junctions which
often comprise poorly characterized amorphous barriers
that bring about higher-order SPT effects [16,19,20] and
complicate the theoretical treatment. However, by replac-
ing the insulator barrier by vacuum, one can rule out
defects in the spacer. Because the DOS effect, spin scat-
tering at the interfaces, and magnon creation remain, SPT
through a vacuum barrier allows one to identify the
responsible mechanisms for the bias-voltage dependence.

In this Letter, we report on a joint experimental and
theoretical investigation of the TMR between a Co(0001)
sample and an amorphous CoFeSiB tip through a vacuum
barrier as a function of bias voltage. By means of a spin-
polarized STM (SP-STM), a strong drop of the experi-
mental TMR with bias voltage is not found. To explain
qualitatively this absence of the zero-bias anomaly, we
performed first-principles calculations of the electronic
structure of semi-infinite Co(0001). Calculations for bal-
listic tunneling through planar Co(0001) junctions, which
take into account the bias voltage, corroborate our exper-
imental findings quantitatively. To summarize at this
point, the zero-bias anomaly can be attributed to scatter-
ing of electrons at defects in amorphous barriers. Magnon
creation appears to be less important.

Experimental.—All experiments were performed in
an ultrahigh vacuum chamber (p � 5� 10�11 mbar)
equipped with a SP-STM and standard surface character-
ization techniques [2,25,26]. The single-crystalline
Co(0001) sample and the magnetic tip were cleaned in
situ by Ar� sputtering. During scanning, the longitudinal
magnetization of the tip was switched periodically.
The resulting variations of the tunneling current were
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detected with a phase-sensitive lock-in amplifier, allow-
ing one to map the magnetic structure of the sample.
Measuring this way the average tunneling current and
its modulation between opposite tip magnetizations, the
TMR was determined directly, in analogy to the experi-
ments by Jullière. This approach differs from recent
SP-STM experiments by Bode et al. [1], in which the
differential conductance was measured. Their dI=dV
spectra contain information on the spin polarization as
well as on the local DOS and stress the role of spin-
polarized surface states in vacuum tunneling.

Tunneling images of both the topography and the
magnetic structure were recorded simultaneously at
room temperature. The typical dendriticlike perpendicu-
lar domain pattern of Co(0001) was observed, similar to
that seen with standard magnetic-imaging techniques
[27–29]. Applying an external magnetic field, the domain
pattern could be displaced while the topography image
did not move, thus proving the magnetic origin of the
contrast. Magnetic contrast due to mechanisms similar to
magnetic force microscopy was ruled out [28] and
changes of the tip-sample distance due to magnetostric-
tion were experimentally and theoretically shown to be
less than 0.1 pm [30]. Exposure of a few Langmuir of
oxygen or deposition of a few monolayers of Au on
Co(0001) caused a fading of the magnetic contrast, as
was observed for SPT in Au seeded planar tunnel junc-
tions [31].

To study the TMR as a function of the applied bias
voltage, we zoomed into a small area and recorded the
magnetic contrast (which is proportional to the TMR). In
each pixel of the images, the feedback loop was opened
for a short time such that the tip position was fixed. The
bias-voltage U was ramped while measuring the averaged
and the modulated tunneling currents It�U� and �I�U�,
respectively. The TMR, defined as the asymmetry �
of the tunneling currents for opposite tip magnetizations
( " and # ), was calculated from the ratio of these two
currents averaged over about 1000 pixels,

��U� �
I"�U� � I#�U�

I"�U� � I#�U�
�

�I�U�

2It�U�
: (1)

Since the TMR is proportional to the scalar product of the
tip and the sample magnetizations [32,33], the relative
change of the magnetic contrast in small-scale images
fully reflects the TMR obtained from parallel (P) and
antiparallel (AP) magnetic configurations, although the
sample magnetization is oriented only slightly out of the
surface plane (typically 10	) [27,29].

Theoretical.—To explain qualitatively and quantita-
tively the experimental results, we performed first-
principles relativistic Korringa-Kohn-Rostoker (KKR)
calculations for bulk Co and semi-infinite Co(0001).
Besides band structures and layer-resolved spectral den-
sities that provide qualitative insight, we obtained quan-

titative support by TMR calculations for a planar junction
of two Co(0001) surfaces. Conductances G for P and AP
magnetic configurations were computed within the layer-
KKR scheme of tunneling proposed by MacLaren and
co-workers [34]. The time-consuming Brillouin-zone in-
tegration of the transmission was carried out by adaptive
mesh refinement [35]. In order to treat a bias voltage
between the leads in a simple model, the inner potentials
of the leads were kept fixed but differed by the voltage
drop �E. The potential of the tunnel barrier was taken as
a superposition of two surface barriers [36]. Hence, this
barrier interpolates smoothly between the respective sur-
faces. Note that the height of the tunnel barrier is deter-
mined by the distance d between the leads and by the
bias-voltage �E. This model should be valid in first
approximation for small �E and for large d. The TMR
is defined in analogy to Eq. (1) in terms of the averaged
conductances Gav �

R
�E G�E�dE=�E. Note that the the-

oretical TMR is symmetric with respect to the bias
voltage due to identical leads, in contrast to the experi-
ment (surface vs STM tip).

Results and discussion.—The measured TMR [37]
[Fig. 1(a)] obtained with the tip stabilized at 1 V, 1 nA ( 

7 �A above the sample surface) appears to be almost con-
stant for bias voltages up to �1 V. This absence of the
zero-bias anomaly is in clear contrast to the case of planar
tunnel junctions with insulating spacers. If spin-depend-
ent scattering at the interface magnetic moments and at
magnons were the prominent mechanisms for the de-
crease of the TMR, the latter should also be present in
our case. Its absence, however, indicates that these mech-
anisms are not dominant.

The probability for an electron to tunnel coherently
through a barrier with height Vb is proportional
to exp��2d

�������������������
2Vb � ~kk2

k

q
� [23,38]. Because it decays

stronger with tip-sample distance d for large transverse
crystal momentum ~kkk than for a small one, it gets ‘‘fo-
cused’’ at the Brillouin-zone center for large d. Therefore,
we concentrate in the following on the electronic
structure of the �–�–A direction ( ~kkk � 0). The band
structure [Fig. 2(a)] shows two very close but spin-orbit

FIG. 1. Tunnel magnetoresistance � and its error of a clean
Co(0001) surface vs bias voltage U, obtained with a magnetic
tip stabilized at 1 V, 1 nA (a) and at 100 mV, 1 nA (b).
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split minority bands (white) ranging from slightly below
the Fermi energy (0 eV) up to about 1 eV. Since their spin
polarization P is almost constant (P 
 �0:99 with
variation less than 0.01), an almost constant TMR is
expected, in agreement with the experimental findings.
For negative bias, the TMR is expected constant as
well because the electrons tunnel into the amorphous
tip, the spectral density of which should possess no sharp
features. Summarizing, the bulk electronic structure
corroborates qualitatively our experimental findings for
large d.

To support quantitatively the experimental finding, we
present in Fig. 3(a) the calculated averaged tunneling
conductances Gav integrated over the whole Brillouin
zone. As expected for a symmetric junction, these are
larger for the P than for the AP configuration. Further,
they decrease by almost 2 orders of magnitude when
increasing d from 2d0 � 4:07 �A to 3d0 � 6:11 �A (d0 �
2:035 �A, the Co interlayer distance). In agreement with
the preceding arguments, the TMR is almost constant
[Fig. 3(b)].

The TMR can be considerably changed for small bar-
rier widths because electronic states with large ~kkk can
contribute significantly to the tunneling current (cf. the
argument above) and tunneling via surface states can
become important also (for STM experiments, see, e.g.,
Ref. [38]). Figure 1(b) presents the experimental TMR
vs bias voltage obtained with the same tip as used for
large separations, but at a smaller tip-sample separation
( 
 5 �A; feedback conditions: 100 mV, 1 nA). In this case,
the bias voltage was limited to a smaller range (from

�600 mV up to �600 mV) to avoid saturation of the I�V�
spectra. For negative bias, a constant TMR was still
observed, in agreement with the expected tip electronic
structure. For positive bias, however, the TMR showed a
strong minimum at 200 mV and was reduced above
400 mV. As the bulk states along the �–�–A direction
( ~kkk � 0) are mostly of minority character, one can spec-
ulate whether the dip is related to majority states with
large ~kkk or to a majority surface state reducing the TMR.
Indeed, inverse photoemission measurements revealed a
surface state in Co(0001) at about 200 meV [39,40] which
is also found in our calculations [black arrow in Fig. 2(b)]
[41]. At small tip-sample separations, the tunneling prob-
ability through this surface state might be enhanced, so
as to decrease significantly the TMR. This mechanism
could qualitatively explain the constant TMR for large
tip-sample separations and the minimum at small tip-
sample separations. Our tunneling calculations cannot
provide direct support because surface states lie in a
bulk band gap and, therefore, do not contribute to the
ballistic conductance. Nevertheless, it is conceivable that
the surface state contributes via scattering at steps or
other defects at the surface which breaks the ~kkk conser-
vation in ballistic tunneling [42] and by this reduce the
TMR. We note in passing that the TMR dip reported here
is not related to a drop in the TMR asymmetry between
forward and backward biasing observed by LeClair
et al. for a Co tunnel junction with insulating spacer
[43]. That feature was related to bulk states and not to a

FIG. 2. (a) Spin-resolved relativistic band structure of bulk
hcp Co along the �–�–A direction (i.e., ~kkk � 0). The slid-
ing grey scale of the filled circles reflects the spin polarization
P: ‘‘majority’’ (P 
 1) black; ‘‘minority’’ (P 
 �1) white.
(b) Spin- and layer-resolved spectral density of Co(0001) at
~kkk � 0 for the first four surface layers (S, S-1, . . ., S-3) and a
bulk layer (B). The arrows mark surface states.

FIG. 3. Theoretical spin-dependent tunneling through
Co(0001) planar junctions. (a) Averaged conductances Gav in
logarithmic scale for P (solid lines) and AP (dashed) config-
urations at various barrier widths d (triangles: d � 2d0,
squares: d � 3d0; in units of the Co interlayer distance d0) vs
bias voltage. (b) Tunnel magnetoresistance � obtained from the
data shown in (a).
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surface state. Eventually, the minority surface state
at about �430 meV which accounted for a consider-
able increase of the TMR in spin-polarized scanning
tunneling spectroscopy [44] is not expected to change
significantly the TMR of the total tunneling current
because its spin polarization is similar to that in the
bulk states [white arrow in Fig. 2(b)]. This is a striking
difference to the surface state at 200 meV.

Conclusions.—Investigating the electron tunneling be-
tween a Co(0001) surface and an amorphous tip across a
vacuum barrier with a spin-polarized STM, we observed
an almost constant tunneling magnetoresistance with
bias voltage for large tip-sample separations, i.e., no
zero-bias anomaly. Thus, the zero-bias anomaly in planar
tunnel junctions with insulator barriers can be attributed
to defect scattering in the barrier, rather than to magnon
creation or spin excitations at the interfaces. First-princi-
ples calculations for the electronic structure and for bal-
listic tunneling including the bias voltage corroborate our
experimental finding qualitatively and quantitatively. For
small barrier width, a drop in the TMR occurred at
�200 mV bias voltage, which is likely related to a ma-
jority surface state of Co(0001).
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Spin motion of photoelectrons
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Ab initio and model calculations demonstrate that the spin motion of electrons transmitted above the vacuum
energy through ferromagnetic films can be investigated by means of angle- and spin-resolved core-level
photoelectron spectroscopy. The motion of the photoelectron spin polarization can be regarded as a combina-
tion of a precession around and a relaxation towards the magnetization direction. For ultrathin Fe films on
Pd~001!, its dependence on the Fe film thickness and on the Fe electronic structure is studied systematically. In
addition to elastic and inelastic scattering, the effect of band gaps on the spin motion is addressed in particular.

DOI: 10.1103/PhysRevB.68.052403 PACS number~s!: 75.70.Ak, 79.60.2i, 73.40.Gk, 75.50.Bb

Taking advantage of the spin in electronic devices, in or-
der to form new ‘‘spintronic’’ devices, is currently in
progress worldwide. This goal challenges both applied and
basic physics, the latter being mostly concerned with model
systems of spin-dependent transport.1 Aiming at very small
devices, the properties of magnetic nanostructures become
increasingly important. In particular, spin-dependent scatter-
ing in ultrathin films and at interfaces may have a profound
effect on the transport properties2,3: the electronic spins start
to precess and the spin current applies a spin-transfer torque
on the magnetization in the ferromagnet. To understand in
detail the spin motion in electron transmission through mag-
netic films, one obviously needs a microscopic probe.

Ferromagnetic resonance, used successfully to study the
magnetic properties of multilayer systems,4 cannot deal with
electron transmission. However, spin- and time-resolved
photoelectron spectroscopy was employed to investigate di-
rectly spin filtering in the time domain.5 Spin motion, which
can be regarded as a combination of a precession of the
electron spin polarization~ESP! PW around the magnetization
direction and as relaxation ofPW towards the magnetization
MW , is interesting in its own right.6,7 A successful method
which addresses the spin motion of electrons above the
vacuum level is the transmission of spin-polarized electrons
~usually produced with a GaAs source! through freestanding
ferromagnetic films.8 Further, spin motion was recently ob-
served in spin-resolved low-energy electron diffraction
~SPLEED!.9

The purpose of this paper is twofold. First, we propose to
apply angle- and spin-resolved photoelectron spectroscopy
from core levels to access directly the spin motion of elec-
trons transmitted through an ultrathin ferromagnetic film
~Fig. 1!. Therefore, it is proved by means ofab initio calcu-
lations that precession and relaxation can be observed in ex-
periments. We are not aware of other first-principles investi-
gations of spin motion in electron transmission. Beyond that,
it is shown that spin motion can serve as a tool for obtaining
information on the electronic and magnetic structure of the
system.

Our approach relies in particular on the possibility to ori-
ent the spin polarization of the incoming photoelectrons by
the incident light, an effect due to spin-orbit coupling. In the
following, the basic ideas are described for the chosen sys-
temsn monolayer~ML ! Fe/Pd~001!, n51, . . . ,6~for details,
see Ref. 10!.

~i! The incident light excites electrons from Pd 3d3/2 core
levels of the Pd~001! substrate into a state above the vacuum
level Evac.

~ii ! Choosing linearlyp-polarized light with incidence di-
rection given byqph545° polar angle and variable azimuth
wph, the ESP in the substrate can be aligned to any desired
direction in thexy surface plane~Cartesian coordinates are
defined in Fig. 1!. It was theoretically and experimentally
shown for nonmagnetic layered systems with fourfold rota-
tional symmetry that an ESP perpendicular to the scattering
plane~spanned by the surface normal and the incidence di-
rection; see Ref. 11 and references therein! is produced:PW in

}(2sinwph,coswph,0). For wph50° and 180°,PW in is per-
pendicular to the magnetizationMW ~which is parallel tox).
Hence, the commonly used external GaAs source for spin-
polarized electrons is, so to speak, replaced by an internal
one, with the advantage of easy orientation ofPW in.

~iii ! During the transmission through the Fe film, the pho-
toelectron is subject to elastic and inelastic scattering pro-
cesses. Both can simply be modeled by spin-dependent scat-
tering at an asymmetric quantum well which comprises the
substrate-film and film-vacuum interfaces. The transmitted
ESPPW tr reads

PW tr}S uT↑u22uT↓u21Px
in~ uT↑u21uT↓u2!

Py
inRe~T↑!T↓!2Pz

inIm~T↑!T↓!

Pz
inRe~T↑!T↓!1Py

inIm~T↑!T↓!
D , ~1!

where the spin-dependent transmission coefficientsT↑(↓)

take into account multiple reflection. Considering elastic
scattering, the dependence ofPW tr on the film thicknessd
shows two oscillation periods. The precession of the trans-
versal componentsPy

tr and Pz
tr aroundMW ~Refs. 12 and 13!

has a longer period with wavelength 2p/(kz
↑2kz

↓), kz
↑(↓) be-

ing the electron wave numbers in the film. Multiple reflec-
tion at the interfaces results in a short-period oscillation with
wavelength 2p/(kz

↑1kz
↓) and much smaller amplitude. The

longitudinal componentPx
tr remains constant on average.

Inelastic scattering leads to spin-dependent attenuation
within the film. Simulated by multiplying the propagators
between the interfaces by exp(2d/l↑(↓)), this spin-filter effect
relaxesPW tr towardsMW ~i.e., limd→`Px

tr51 for l↑.l↓). It
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was successfully used to determine the attenuation lengths
l↑(↓) ~Refs. 14 and 15! and to obtain the spin-resolved elec-
tronic structure of Fe.16 There is no spin motion in nonmag-
netic regions~e.g., vacuum!.

~iv! The photoelectrons are eventually detected as spin
resolved in normal emission (kW i50). The electron energies
are considerably larger than those in spin-dependent trans-
port measurements. To come closer to the Fermi level one
might use threshold photoemission~PE! or deposit a work-
function-reducing adlayer onto the surface.

The small photoelectron escape depth17,18 restrictsd to a
few ML. This implies for ultrathin films that the short-period
oscillation might dominate the spin motion, a complete pre-
cession cannot be observed, and the relaxation limit (PW iMW )
cannot be reached in practice. The present approach is not
restricted to linearly polarized light. Spectra for circularly
polarized light~not reported here!, for which one can pro-
ducePW in with a component along the surface normal,19 agree
qualitatively with those discussed here.

Theoretical.To obtain reliable results, we rely on a com-
putational scheme which proved to be successful in describ-
ing qualitatively and quantitatively PE from nonmagnetic
and ferromagnetic surfaces in the valence-band and core-
level regimes~Ref. 20 and references therein!. Starting from
first-principles electronic-structure calculations for 0–6 ML
fcc Fe/Pd~001! @Ref. 10, local spin-density approximation of
density-functional theory, screened Korringa-Kohn-Rostoker
~KKR! method; for details, see Ref. 21#, spin- and angle-
resolved constant-initial-state PE spectra were computed
within the relativistic one-step model~layer-KKR method;
cf. Ref. 22!. The latter describes PE correctly as a coherent
process~in contrast to the three-step model which treats ex-
citation, propagation towards the surface, and transmission

into the vacuum separately!. The applicability of the initial-
state picture of core-level PE~see, e.g., Ref. 20! was checked
by comparing theoretical with experimental spectra. Here, a
poor description would affect mainly the size of the incom-
ing ESP. The general results on spin motion, however, would
still be valid. Within the KKR method, the semi-infinite sys-
tems ~Pd substrate/Fe film/vacuum! were treated with the
correct boundary conditions. Reasonable values were chosen
for the free parameters10; e.g., the first 30 layers contributed
to the photocurrent.

The structure of Fe on Pd~001! depends on the prepara-
tion conditions and can show disorder and imperfections at
the surface.23 Since the present investigation focuses on the
basic spin-motion effects, we deliberately choose ideal fcc
Fe films instead. Consequently, a perfect agreement with fu-
ture experiments is not expected.

We choose Fe/Pd~001! due to the large magnetic moment
of Fe and the strong spin-orbit coupling in Pd which results
in a sizablePW in. The covering Fe induces a magnetic moment
of about 0.24mB in the Pd layer close to the Fe/Pd
interface.10 Hence,PW in originates from the induced exchange
splitting and from spin-orbit coupling. That the spin motion
is dominantly due to the Fe magnetism was checked by con-
sidering several ‘‘artificial’’ magnetic configurations and by
variation of the azimuth of light incidence. Further, changing
the inverse photoelectron lifetime in the Fe film allowed us
to differentiate between elastic~precession aroundMW ) and
inelastic processes~relaxation towardsMW ).

Elastic and inelastic processes.Inelastic processes can be
simulated in calculations by adding an imaginary self-energy
to the potential~see, e.g., Ref. 24!. To unveil the influence of
these processes, the inverse photoelectron lifetime in the Fe
film was reduced to 0.001 eV~‘‘elastic’’ case!, as compared
to the otherwise chosen 1.8 eV~‘‘inelastic’’ case!. Being
rather small and almost constant in the elastic case,Px

tr in-

FIG. 1. Spin motion in electron transmission through a ferro-
magnetic film accessed by photoelectron spectroscopy. Left: a core
electron is excited by the incident radiation~wavy line, photon en-
ergy v) in the Pd substrate~light gray!. The spin polarization~ar-
row! of the photoelectron~solid circle! is oriented due to spin-orbit
interaction. During the transmission through the magnetic Fe film
~dark gray!, the spin polarization rotates further~spin motion! but
stops rotating in the vacuum.EF andEvac are the Fermi and vacuum
levels, respectively. Right: setup of normal photoemission from a
ferromagnetic surface~with magnetization alongx) andp-polarized
light incident in thexz plane.

FIG. 2. ~Color! Elastic and inelastic effects in spin motion for
0–6 ML Fe on Pd~001! at 17.5 eV kinetic energy and azimuth of
light incidencewph50°. The transmitted electron-spin polarization

PW tr is shown vs Fe-film thicknessn ~in ML ! for the inelastic~blue!
and elastic~red! cases. The inset shows corresponding results of a
model calculation.
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creases with Fe coverage in the inelastic case~Fig. 2!, i.e.,

PW tr starts to relax towardsMW . Because the short-period os-

cillation is relevant for ultrathin films, the precession ofPW tr

around MW ~which shows the long wavelength! cannot be
clearly observed. To corroborate these findings, we calcu-
latedPW tr within the quantum-well model sketched preceding,
with parameters obtained from the Pd and Fe bulk-band
structures~inset in Fig. 2!. The resulting wavelengths of
about 200 ML~precession! and 3.9 ML~multiple reflection!
lead to reasonable agreement concerningPx

tr and Pz
tr . How-

ever,Py
tr does not show such a pronounced minimum at 3–4

ML. The differences between model andab initio calcula-
tions can be attributed to the number of transmission chan-
nels: a single one in the model but several channels~with
different wavelengths! in the ab initio calculations.

Effects of the electronic structure.To show how the spin
motion depends on details of the electronic structure, we
address constant-initial-state PE spectra. In contrast to

SPLEED experiments in whichPW in is typically parallel or
antiparallel to the magnetization,25,26 a transversePW in (wph
50°) is chosen. For clarity reasons, the following discussion
rests upon the complex bulk-band structure, rather than on
layer-resolved spectral densities. The ‘‘pure’’ effect is
worked out by a model calculation, rather than complicating
the discussion by complex-band structures.

The spin-averaged intensities@Fig. 3~a!# decrease signifi-
cantly with Fe coverage, caused by the small photoelectron
escape depth. The global shape of the spectra, however, re-
mains almost unaffected. Changes of the slopes, best to be
seen for 1 ML Fe but present for all Fe-film thicknesses, can
be traced back to the Fe electronic structure~not shown!: an
increase of the slope is associated with the onset of addi-
tional transmission channels, i.e., dispersive Fe bands. In
particular, one pair of spin-split bands provides efficient
transmission, which leads to the intensity increase at about
15 eV. A Pd-band gap, which reduces the number of channels
in the substrate, causes the pronounced minimum at about 34
eV kinetic energy.

At low energies where the number of transmission chan-
nels is small, the evolution ofPW tr with Fe coverage is almost
monotonous@Figs. 3~b!–3~d!#. The most significant struc-
tures show up between 12 eV and 16 eV~gray area!: Px

tr and
Py

tr display 2/1 and 1/2 modulations, respectively, ac-
companied by a maximum inPz

tr . A detailed analysis cor-
roborates their relation to the Fe electronic structure, in par-
ticular to exchange-split band gaps in conjunction with the
onset of additional transmission channels in that particular
energy range.

To provide direct evidence that band gaps manifest them-
selves pronounced in spin motion, the ESP is calculated in an
inelastic three-band nearly-free-electron model. The sub-
strate is taken as semi-infinite free space~with zero poten-
tial!, whereas a nonzero scattering potential in the magnetic
film gives rise to exchange-split band gaps@Figs. 4~a! and
4~b!#. There, the transmission of one spin channel is reduced

FIG. 3. ~Color! Energy dependence of the spin motion for 1–6
ML Fe on Pd~001!. ~a! Spin-averaged constant-initial-state photo-
emission intensitiesI vs kinetic energyEkin of the photoelectrons.

~b!–~d! Transmitted electron-spin polarizationPW tr. The Fe-film
thicknessn ~in ML ! is indicated by numbers and color coding. The
gray area highlights a prominent feature discussed in the text.

FIG. 4. ~Color! Effect of exchange-split band gaps in the film
electronic structure on the spin motion.~a! and ~b! Complex band
structure of the substrate~‘‘inc.,’’ black ! and the magnetic film~ma-
jority, ‘‘maj.,’’ magenta; minority, ‘‘min.,’’ cyan! in the extended
zone scheme.~c! Electron spin polarization of the transmitted elec-
trons. Vertical dash-dotted lines serve as guides to the eye.
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due to evanescent states@nonzero Im(kz) in Fig. 4~b!#. Since
incoming transverse spinors are weighted sums of spin-up
~‘‘maj.’’ ! and spin-down ~‘‘min.’’ ! Pauli spinors (Py

in

550%), Px
tr andPy

tr show a2/1 and a small1/2 modu-
lation, respectively, whereasPz

tr increases in the band-gap
middle @Fig. 4~c!#. Although the Fe-band structure is much
more complicated, the structures in the model calculation
have counterparts in Figs. 3~b!–3~d! ~gray area!. Distinct
band-gap related features do not show up at higher kinetic
energies due to the onset of several efficient transmission
channels just at about 15 eV.

Conclusions.First-principles ‘‘theoretical experiments’’
demonstrate that the spin motion in electron transmission

through ferromagnetic films can be analyzed in detail by
angle- and spin-resolved photoelectron spectroscopy. Calcu-
lations for Fe films on Pd~001!, which are to be confirmed
experimentally, suggest promising analyses of spin-
dependent transport through magnetic layers. In particular,
information on the electronic and magnetic film structure is
obtained since intensities and spin polarizations depend sig-
nificantly on the film thickness. Beyond that, one can specu-
late to use the approach for investigating magnetic configu-
rations, with the possibility of analyzing noncollinear
magnetism. The main advantages appear to be that the prepa-
ration of freestanding films is avoided and that the spin po-
larization of the incoming electrons can easily be oriented.
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