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Kapitel 1
Einleitung

1.1 Magnetische Schichtsysteme

Grundlagenforschung und industrielle Entwicklung auf dem Gebiet des Magnetismus diinner
Filme haben in den vergangenen zehn Jahren einen beispiellosen Aufschwung erlebt. Dies ist
in erheblichem Ausmafl auf die Anwendung von Magnetowiderstandseffekten in magnetischen
Sensoren und Festplattenlesekopfen zuriickzufithren. 1988 entdeckten parallel zueinander die
Arbeitsgruppen um Peter Griinberg in Jiilich [1] und Albert Fert in Orsay [2], dass sich die
elektrische Leitfihigkeit von magnetischen Schichtsystemen, in denen ultradiinne magnetische
Filme durch nichtmagnetische Zwischenschichten getrennt sind, stark mit der relativen Orientie-
rung der Magnetisierungsrichtungen zueinander éndert. Dieser Effekt wurde unter dem Namen
Riesenmagnetowiderstandseffekt (GMR, giant magnetoresistance) bekannt. Eine schematische
Erlduterung zeigt Fig. 1.1. Der elektrische Widerstand durch ein Schichtsystem aus mindestens
zwei ferromagnetischen Schichten, die durch eine nichtmagnetische Zwischenschicht getrennt
sind, ist deutlich niedriger, wenn beide Schichten in die gleiche Richtung magnetisiert sind, als
wenn ihre Magnetisierungsrichtungen entgegengesetzt ausgerichtet sind. Es war sofort klar, dass
diese Entdeckung fiir Sensorikanwendungen von groflem Interesse sein wiirde. Da die fiir den
Effekt notige Dicke der Schichten nur wenige Atomlagen betrégt, war dies auch fiir Anwendun-
gen in der magnetischen Datenspeicherung hochst interessant. Durch einen massiven Einsatz

von Forschungs- und Entwicklungsressourcen weltweit—hervorzuheben ist hier die Gruppe um
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Abbildung 1.1: Schematische Darstellung des Riesen-Magnetowiderstands in ultradiinnen magnetischen
Schichtsystemen. Eine deutliche elektrische Widerstandsédnderung tritt auf, wenn die Magnetisierungs-
richtung in zwei ultradiinnen magnetischen Schichten relativ zueinander geéindert wird. Der Unterschied
zwischen Rjo,, und Ry, kann bei Raumtemperatur einige zehn Prozent betragen.

Stuart Parkin im IBM Forschungszentrum Almaden in San Jose [3]—wurde mit Hochdruck so-
wohl an den Grundlagen des Effekts als auch an der Optimierung und Integration in bestehende
Technologien gearbeitet. In weniger als zehn Jahren nach der Veréffentlichung des neuen Effekts
war die Marktreife fiir die ersten kommerziell erhéltlichen Produkte erzielt worden — ein neuer
Rekord! Abb. 1.2 zeigt als Beispiel ein Riesenmagnetowiderstandselement in einem IBM Fest-
plattenlesekopf, der seit 1997 in kommerziell erhéltlichen Festplattenlaufwerken eingesetzt wird.
Mittlerweile werden alle IBM Festplatten standardméflig mit solchen Kopfen ausgestattet. Im
oberen Bild ist der Halter des Kopfs und an dessem vorderen Ende der Gleiter zu erkennen, der
beim Betrieb dicht iiber der Festplattenoberfliche schwebt. Der eigentliche Schreib-/Lesekopf
ist ein winziges Plattchen, das auf der Stirnseite des Gleiters sitzt, wie mit einem Kreis und
Pfeil in Abb. 1.2 angedeutet. Im mittleren Bild ist dieser Kopf vergroflert dargestellt. Wahrend
der Schreibkopf mit Spule und Joch auf der Oberseite deutlich hervortritt, ist der eigentliche
Lesekopf nur ein kleines, in die Schichtstruktur des Aufbaus integriertes Plédttchen. Er ist unten
in Abb. 1.2 vereinfacht gezeichnet. Als funktionelle Elemente enthélt er zwei ultradiinne magne-
tische Schichten, von denen eine, die hartmagnetische Schicht, eine konstante Magnetisierungs-
richtung beibehéilt. Die zweite, weichmagnetische Schicht, éndert im Streufeld der magnetischen
Datenbits auf der Festplatte ihre Magnetisierungsrichtung. Eine Moglichkeit, die Magnetisie-
rungsrichtung der harten Schicht festzuhalten, ist die Kopplung zu einer antiferromagnetischen
Schicht [4]. Eine solche Situation ist in Abb. 1.2 unten schematisch dargestellt, bei der die obere

der beiden magnetischen Schichten die weiche Schicht darstellt.
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Abbildung 1.2: Aufbau eines Schreib-/Lesekopfs von Computerfestplatten. Oben: Triger und Glei-
ter. Mitte: Der eigentliche Schreib-/Lesekopf, der sich auf der Stirnseite des Gleiters befindet (Quel-
le: IBM). Unten: Vereinfachende schematische Darstellung des Lesesensors, der in die Stirnseite des
Schreib- /Lesekopfs integriert ist. Funktionelle Elemente sind zwei magnetische Schichten, von denen eine,
in der Abbildung die obere, ihre Magnetisierungsrichtung im Streufeld der Datenbits von der Festplatte
dndert, wihrend die andere durch den Kontakt mit einer antiferromagnetischen Schicht ihre Magnetisie-
rungsrichtung beibehiilt.

Durch die hohere Sensitivitit der den Riesenmagnetowiderstand ausniitzenden Elemente ge-
geniiber herkdmmlichen Sensoren war es moglich, mit niedrigeren magnetischen Streufeldern
auszukommen und die Speicherdichte entsprechend zu steigern. Weitere Anwendungen des Rie-
senmagnetowiderstandseffekts sind beriihrungsfreie Winkelsensoren, die zum Beispiel im Auto-
mobilbau zum Einsatz kommen [5]. Ein anderes Feld von geplanten Anwendungen nutzt aus,
dass man die in Abb. 1.1 gezeigten Widerstandswerte R;,,, und Rp;g, mit den Zusténden ,,0“ und
,»1“ eines Datenbits identifizieren kann. Da eine einmal eingestellte Magnetisierung der weichen

Schicht auch ohne Stromversorgung erhalten bleibt, bieten solche Elemente die Moglichkeit, Ar-
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beitsspeicherchips zu realisieren, deren Information nach Abschalten des Geréts erhalten wére.
Dazu miissten miniaturisierte Riesenmagnetowiderstandselemente in einer Matrix angeordnet
werden [6]. Fiir solche Datenspeicher (MRAM, magnetic random access memory) laufen be-
reits Entwicklungsarbeiten in mehreren Unternehmen. Noch nicht ganz so weit fortgeschritten
ist die Entwicklung der sogenannten Magnetoelektronik. Darunter versteht man die Integration
von magnetischen Schichten in Halbleiterstrukturen. Die zugrunde liegende Idee ist, in elek-
tronischen Bauteilen nicht nur die elektrische Ladung der Elektronen, sondern auch deren Spin
auszunutzen [7]. Denkbar wéren zum Beispiel magnetisch umprogrammierbare Logikschaltungen
oder magnetisch gesteuerte Transistoren. Ein Vorteil von metallischen Magnetfilmen gegeniiber
Halbleitern ist die groflere Schnelligkeit und niedrigere Dissipation, die prinzipiell eine stérkere

Miniaturisierung ermdoglicht.

Allen diesen gegenwértigen und zukiinftigen Anwendungen gemeinsam ist das bereits in Abb.
1.1 vereinfacht dargestellte Prinzip, ndmlich das Vorhandensein von mindestens zwei magneti-
schen Schichten, deren relative Magnetisierungsénderung Magnetowiderstandseffekte hervorruft.
Notwendig dazu ist die unabhiingige Kontrolle der Magnetisierungen beider Schichten, die die
Kenntnis und Beherrschung des Kopplungsmechanismus durch die dazwischenliegende nicht-
magnetische Schicht mit einschliet. Gleichzeitig wird die Gréfle solcher Elemente weiter stark
abnehmen, um mit der gegenwértig genutzten Halbleitertechnik konkurrenzfiahig zu sein. Zur Un-
tersuchung solcher Elemente ist folglich eine Technik gefordert, die einerseits in der Lage ist, mit
einer mikroskopischen Ortsauflosung Vorgénge zu untersuchen, die aufgrund der verkleinerten
Abmessungen eine Rolle spielen, andererseits aber vermag, die magnetischen Eigenschaften der
verschiedenen magnetischen Schichten getrennt zu untersuchen. Genau diese Vorraussetzungen
erfiillt die Photoelektronen-Emissionsmikroskopie (PEEM) in Verbindung mit dem zirkularen
magnetischen Dichroismus in der Réntgenabsorption (XMCD, x-ray magnetic circular dichro-
ism). In XMCD werden Ubergiinge aus atomaren Rumpfniveaus angeregt, um die Spinpolari-
sation der unbesetzen Zustédnde an der Fermikante zu untersuchen. Wegen der Elementselekti-
vitédt dieser Methode koénnen verschiedene magnetische Schichten, die unterschiedliche Elemente
enthalten, separat untersucht werden. Durch die Verwendung eines PEEMs zur Detektion der

Rontgenabsorption wird diese Information mikroskopisch ortsaufgelost gewonnen. Damit ist es
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zum Beispiel moglich, die magnetische Doménenstruktur in einem wie in Abb. 1.1 gezeigten
Mehrschichtsystem fiir beide magnetische Schichten getrennt abzubilden.

Dariiberhinaus bietet XMCD auch quantitative Informationen iiber die atomaren magne-
tischen Momente. Durch Verwendung von Summenregeln kénnen die Momente getrennt nach
Spin- und Bahnanteil quantitativ erfasst werden. Auch diese Gréflen lassen sich ortsaufgelost
bestimmen, indem das PEEM nicht nur zur Abbildung von Doméinenmustern, sondern zum
Aufnehmen kompletter ortsaufgeloster Absorptionsspektren verwendet wird. Dies wird hier als
»Abbildende magnetische Mikrospektroskopie* bezeichnet. Im Folgenden wird dargelegt, welche
Schwierigkeiten dabei auftreten und wie man sie bewéltigen kann. Zunéchst wird in den beiden
néchsten Abschnitten eine Einfiihrung in die zugrundeliegenden Techniken XMCD und PEEM
gegeben. Kap. 2 befasst sich mit der Durchfiihrung der Experimente und der Auswertung der
Daten. Verweise auf ausgewéhlte Ergebnisse im Anhang und deren Diskussion ist der Inhalt
von Kap. 3. Zuletzt wird in Kap. 4 ein Ausblick iiber die in diesem Gebiet in naher Zukunft zu

erwartenden methodischen Neuheiten und Verbesserungen gegeben.

1.2 Magnetischer Zirkulardichroismus in der Rontgenabsorption

,Dichroismus“ kommt aus dem Griechischen und bedeutet , Zweifarbigkeit“. Unter ,, Magneti-
schem Dichroismus“ versteht man allgemein die Abhéngigkeit spektroskopischer Eigenschaften
von der Magnetisierung der Probe. Diese kénnen genau dann auftreten, wenn durch die Mag-
netisierung die Symmetrie des Experiments erniedrigt wird [8]. In der winkelaufgelosten Pho-
toelektronenspektroskopie ist die Symmetrie des Experiments durch die Einfallsrichtung und
Polarisation der anregenden Strahlung sowie durch die Richtung der detektierten Photoelek-
tronen relativ zur Probe gegeben. Eine Anderung der Photoelektronenspektren bei einfacher
Ummagnetisierung der Probe, d.h. Anderung der Magnetisierungsrichtung um 180°, lisst sich
am einfachsten mit zirkular polarisierter Strahlung erreichen. Man spricht dann von ,,Zirkulardi-
chroismus“. Magnetischer Zirkulardichroismus in der Valenzband-Photoelektronenspektroskopie
wurde in den vergangen Jahren als Untersuchungsmethode zur Bestimmung der elektronischen
Struktur magnetischer Metalle etabliert [9-11], und liefert eine Vielzahl von Informationen iiber

magnetische Proben [12]. Wegen der doppelten Energiemonochromatisierung sowohl der anre-
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genden Strahlung als auch der detektierten Photoelektronen jedoch ist die Elektronenintensitét,
die bei der Verwendung von Photoelektronenspektroskopie zur abbildenden magnetischen Mi-
krospektroskopie zur Verfiigung stehen wiirde, relativ gering.

In der Rontgenabsorptionsspektroskopie ist zur Detektion des Signals keine Energiemono-
chromatisierung von Elektronen notwendig, was den Einsatz zur abbildenden magnetischen Mi-
krospektroskopie vereinfacht. Hier ist die Symmetrie des Experiments durch die Richtung und
Polarisation der einfallenden Strahlung relativ zur Probe gegeben. Ein Zirkulardichroismus bei
Magnetisierungsumkehr kann auftreten, wenn der Helizitéitsvektor der anregenden Strahlung
eine Komponente entlang der Magnetisierungsachse besitzt. Seit seiner experimentellen Entde-
ckung 1987 [13] hat sich der magnetische Zirkulardichroismus in der Rontgenabsorption (XMCD)
zu einer verbreiteten Standardmethode zur Untersuchung von diinnen magnetischen Schichten
entwickelt. Die Griinde dafiir liegen zum einen in der bereits im vorigen Abschnitt erwahn-
ten Elementselektivitét, die Untersuchungen von komplizierteren Schichtstrukturen ermoglicht.
Zusétzlichen Auftrieb erhielt die Methode, als 1992 und 1993 die sogenannten Summenregeln
veroffentlicht wurden [14, 15]. Diese Summenregeln geben an, wie durch Auswertung der Ab-
sorptionsspektren das magnetische Moment, getrennt nach Spin- und Bahnanteil, quantitativ
ermittelt werden kann. Ein weiterer Grund fiir die Verbreitung von XMCD liegt in der stei-
genden Verfiigharkeit von monochromatisiertem Roéntgenlicht in Form von Synchrotronstrah-
lung. Die gemessenen Effekte sind grof, und das eigentliche Experiment, wenn das Synchrotron
und ein entsprechendes Strahlrohr bereits vorhanden sind, ldsst sich verhiltnisméflig einfach
durchfithren. Die Absorption der einfallenden Rontgenstrahlung an einer Probe kann im ein-
fachsten Fall bereits {iber den abflieBenden Probenstrom gemessen werden. So ist es nicht ver-
wunderlich, dass eine Literaturrecherche im Juli 2001 914 Zitate fiir ,,x-ray magnetic circular

dichroism*“ ergab, wovon alleine 690 aus den Jahren seit 1995 stammten [16]!

1.2.1 Rontgenabsorptionsspektroskopie

Der XMCD-Effekt beruht auf dem Abfragen der Spin- und Bahnpolarisation der unbesetzten
Valenzbandzusténde dicht iiber der Fermikante durch elektronische Uberginge aus Rumpfnive-

aus. Die Intensitét der Absorption von Photonen der Energie fiw durch Anregung elektronischer
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Ubergiinge wird durch Fermis Goldene Regel beschrieben:

I(hw) oc Y / d*k M3 6 (Ey(k) — Ei(k) — hw) F(Ei(k)) [L—F(Esk))]. (1.1)
I Bz

Dabei wurde der Impulsiibertrag durch das Photon vernachléssigt. Die Summe lduft iiber alle
Anfangs- und Endzusténde ¢ und f, das Integral iiber die gesamte Brillouinzone. Die Deltafunk-
tion gibt die Energieerhaltung bei der Absorption wieder, und die Fermifunktion F trigt der Tat-
sache Rechnung, dass Ubergiinge von besetzten Anfangszustinden 4 in unbesetzte Endzustéinde
f angeregt werden. Das Ubergangsmatrixelement M]%Z lautet in Dipolnéherung |(f |A - p| 2>\2
Die Polarisation der anregenden Rontgenstrahlung ist dabei im elektrischen Feldvektor A ent-
halten, wobei die Verwendung von zirkularer Polarisation im allgemeinen zu spinpolarisiertern

Ubergiingen fiihrt, wie im nachfolgenden Abschnitt 1.2.2 erliutert.
Lésst man diese Polarisationseffekte zunéchst aufler acht, so beschreibt die doppelte Sum-
me {iber ¢ und f in Gleichung 1.1 nach Ausfithrung der Integration iiber die Brillouinzone eine

Faltung der besetzten Zustandsdichte unterhalb der Fermienergie EFr mit der unbesetzten Zu-

Zustands-
dichte

2p1/2 ‘ @

Zustands-

2
dichte P3/2

-a— d-Zustande

s,p-Zustande

—

Energie l Er Energie

L3
Absorption Lo
-«— Absorptionsspektrum

Photonenenergie=
Abbildung 1.3: Schematische Erklarung der Entstehung eines Réntgenabsorptiosnspektrums im Bereich
der 2p — 3d-Ubergiinge. Das unten gezeigte Absorptionsspektrum enststeht als Faltung der besetzten
Zustandsdichte der 2p-Rumpfzustinde (links oben) und der unbesetzten Zustandsdichte oberhalb der
Fermienergie Er (rechts oben, schraffiert). Der Beitrag der d-Zusténde fithrt zu charakteristischen Peaks
im Absorptionsspektrum, der der s,p-Zustdnde zu einem Untergrund, der {iblicherweise durch Stufen-
funktionen angenéhert und abgezogen wird.
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standsdichte oberhalb Er. Dies ist schematisch in Abb. 1.3 dargestellt. Hier wird am Beispiel
von 2p — 3d-Ubergéingen die Entstehung eines Rontgenabsorptionsspektrums gezeigt. Links
oben ist die Zustandsdichte der 2p; /o und 2p3/, Rumpfniveaus schematisch durch Deltafunk-
tionen dargestellt, deren Hohe die Besetzung mit 2 bzw. 4 Elektronen wiedergibt. Wichtig ist
dabei die energetische Trennung zwischen 2p; jo- und 2p3/o-Zusténden von typischerweise 10-15
eV durch die Spin-Bahn-Kopplung. Rechts oben ist eine schematische Zustandsdichte der Va-
lenzbénder um den Bereich der Fermikante Er abgebildet. Die fiir Ubergiinge aus Rumpfniveaus
verfiigharen unbesetzten Zusténde oberhalb Er sind schraffiert gekennzeichent. Bei einem Scan
der Photonenenergie beobachtet man eine starke Absorption genau dann, wenn die Photonen-
energie dem energetischen Abstand einer hohen besetzten Rumpfniveauzustandsdichte und einer
hohen unbesetzten Valenzelektronen-Zustandsdichte entspricht. Die untere Graphik in Abb. 1.3
zeigt die Faltung dieser beiden Zustandsdichten, wobei auch noch eine Verbreiterung durch die
experimentelle Energieauflosung in Betracht gezogen wurde. Die beiden Peaks stammen dabei
von Ubergiingen von 2ps /2~ und 2p; jp-Elektronen in unbesetzte 3d-Zusténde, die ein scharfes
Maximum direkt oberhalb der Fermikante aufweisen. Die iibliche Nomenklatur dabei ist, die
durch 2py /o — 3d-Ubergiinge erzeugte Absorptionskante mit Lo, die durch 2ps /2 — 3d-Ubergiinge
erzeugte Kante mit L3 zu bezeichnen. Der stufenartige Untergrund im Absorptionsspektrum ist
die Folge von Ubergingen in s, p-artige Zustinde, die energetisch breiter verteilt sind. Da die
interessierenden unbesetzten Zusténde die 3d-Zustidnde sind, weil diese den Hauptanteil der mag-
netischen Momente in den Ubergangsmetallen ausmachen, wird der Beitrag der s, p-Elektronen
iiblicherweise durch Stufenfunktionen angenihert und abgezogen, wie im unteren Bild von Abb.

1.3 angedeutet.

1.2.2 Magnetischer Zirkulardichroismus als Folge spinpolarisierter Uberginge

Wenn nun zirkular polarisierte Rontgenstrahlung fiir die Réntgenabsorptionsspektroskopie ver-
wendet wird, so sind auch die elektronischen Ubergéinge polarisiert, sowohl was den Spin als auch
das Bahnmoment betrifft. Dies wird in Abb. 1.4 erldutert. Am unteren Ende sind die 2p3/,- und
2py jo-Zusténde, aufgeteilt nach den Quantenzahlen m;, dargestellt. Wihrend es fir m; = —3 /2

und m; = +3/2 jeweils nur eine Kombination von my+mg = m; gibt, kann man sich m; = +1/2
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Imf,ms>

rechts-zirkular:

Am, = +1

Amg= 0

7.5%, 60%

Im[,ms>
-1,-1/2> -1,1/2>, 10,-1/2> 10,1/2>, 11,-1/2> 1,1/2> -1,1/2>, 10,-1/2> 0,1/2>, 11,-1/2>
mj =-3/2 \1/2\ / s o2 e \ / "
2p3/2 / 2p1/2
orb. pol. = 3/4 orb. pol. = 3/4
spinpol.=1/4 | | <¢>=32 <o>=1/8] spinpol.=—1/2 | [ <r>=3p2 <o>=-1/4|
L3 L2

Abbildung 1.4: Aufteilung der 2p — 3d-Ubergiinge bei Anregung mit rechts zirkular polarisiertem Licht
nach Quantenzahlen |my, mg). Die Ubergiinge miissen die Bedingungen Amg = 0 und Am, = +1 erfiillen.
Die Ubergangswahrscheinlichkeiten, die sich aus den entsprechenden Drehimpuls-Matrixelementen erge-
ben, sind durch die unterschiedlichen Pfeilstirken angedeutet und zusétzlich in Prozent, getrennt nach
2p3/o- und 2ps3/o-Anfangszustéinden, angegeben. Man erhélt eine Polarisation der Ubergiinge sowohl
beziiglich des Spins (,,spin pol.“) als auch des Bahndrehimpulses (,,orb. pol.“).

als Kombination von my = 1, mg = —1/2 und my = 0, mg = +1/2 vorstellen. Analoges gilt
fir mj; = —1/2. In Abb. 1.4 sind alle diese Kombinationen von my und mg aufgefithrt. Am
oberen Ende der Abbildung sind die entsprechenden | my, mg)-Kombinationen der 3d-Zustéinde
aufgelistet. Der Ubersichtlichkeit wegen wurde hier auf eine Sortierung nach m; verzichtet.
Uberginge mit rechts zirkular polarisiertem Licht sind nun durch die Bedingungen Amg = 0 und
Amy = +1 gekennzeichnet, d.h. die Spinquantenzahl &ndert sich nicht, wihrend die Bahnquan-
tenzahl um eins zunimmt. Letzteres ist die direkte Konsequenz der Bahndrehimpulserhaltung
bei der Absorption eines zirkular polarisierten Lichtquants, fiir die bei rechts-zirkularer Polarisa-
tion my = +1 gilt. Die fiir diese Bedingungen moglichen Ubergéinge sind in Abb. 1.4 durch Pfeile

gekennzeichnet. Die Ubergangswahrscheinlichkeit der einzelnen Ubergénge erhilt man aus den



10 KAPITEL 1. EINLEITUNG

entsprechenden Drehimpuls-Matrixelementen [17]. Gemé8 den Koeffizienten fiir die Drehimpul-
saddition, den Clebsch-Gordon-Koeffizienten, verhalten sich die aufsummierten Wahrscheinlich-
keiten der Ubergénge fiir my von 1 —2 : 0—1 : —1—0 wie 60 : 30 : 10. Die resultierenden
Ubergangswahrscheinlichkeiten der einzelnen Ubergiinge, getrennt nach Ubergingen von 2p; /2-
und 2p3/p-Zustinden, sind in Abb. 1.4 angegeben und durch unterschiedliche Dicke der Pfei-
le graphisch kenntlich gemacht. Aus diesen Ubergangswahrscheinlichkeiten 1i8t sich direkt die
Spinpolarisation der Uberginge ablesen, indem man den Erwartungswert der Spinquantenzahl
der erreichten Endzustdnde errechnet. Zur einfacheren Unterscheidung sind 3d-Zustdnde mit
mg = +1/2 durch ein rechteckiges Symbol, solche mit mg = —1/2 durch eine Ellipse gekenn-
zeichnet. Betrachtet man zunichst nur Uberginge aus 2p, /2 Niveaus, so erreicht man mit 5%
der Ubergiinge 3d-Zustéinde mit mg = —1/2 und nur mit 25% der Ubergiinge Zustinde mit
mg = +1/2. Der Erwartungswert des Spinoperators ist daher < o >= —1/4, was einer Spin-
polarisation von —1/2 entspricht. Analog erhilt man von den Ubergéngen aus 2ps /2-Zusténden
einen Erwartungswert (o) = +1/8 bzw. eine Spinpolarisation von +1/4. Fiir links zirkular pola-
risiertes Licht sind alle oben gemachten Betrachtungen identisch bei umgekehrtem Vorzeichen.
Wichtig ist die energetische Trennung von 2p;/o- und 2p3/,-Anfangszustdnden, da sich sonst
die Gesamtspinpolarisation zu Null mitteln wiirde. Weitere Subniveauaufspaltungen sind fiir die
prinzipielle Beschreibung des XMCD und der Summenregeln nicht wichtig, so dass alle anderen

Energienieveaus als jeweils entartet betrachtet werden koénnen.

Mit diesen spinpolarisierten Ubergéngen wird nun die Spinpolarisation der unbesetzten 3d-
Zustiinde gepriift. Die Spinpolarisation der Uberginge hiingt dabei von der Helizitét der anre-
genden Strahlung, also der Lichtpolarisation ab, wiahrend die Spinpolarisation der unbesetzten
3d-Zusténde von der Magnetisierungsrichtung in der Probe bestimmt wird. Wenn beide Spinpo-
larisationen iibereinstimmen, erhilt man eine hohe Zahl von méglichen Ubergiingen, also eine
hohe Absorption. Dreht man entweder die Magnetisierungsrichtung oder die Lichthelizitat um,
so stimmt die Polarisation der unbesetzten Zustdnde nicht mehr mit der durch die Zirkularitét
des Lichts bevorzugten Polarisationsrichtung der Ubergiinge iiberein, so dass man eine geringere
Absorption erhilt. Da das Vorzeichen der Spinpolarisation fiir Ubergéinge von 2p; /2~ und 2p3 /9~

Elektronen entgegengesetzt ist, resultiert auch das umgekehrte Verhalten fiir die beiden Linien.



1.2. MAGNETISCHER ZIRKULARDICHROISMUS IN DER RONTGENABSORPTION 11

[ T 1
L (a)

— rechtszirkular
------ linkszirkular

Absorption

Differenz

0.0 | | W

1 1 |
760 780 800 820

Photonenenergie (eV)

Abbildung 1.5: Beispiel eines XMCD-Spektrums. (a): Absorptionsspektren eines diinnen Co-Films auf
Cu(001) fiir rechts-zirkular (durchgezogen) und linkszirkular (gestrichelt) polarisierte Rontgenstrahlung.
Man erkennt den magnetischen Dichroismus als Unterschied in der Absorption an den Co-L3- und Lo-
Kanten. (b): Differenz der beiden Absoptionsspektren. Aufgrund der entgegengesetzten Spinpolarisation
von 2pzp — 3d- und 2p; /5 — 3d-Ubergingen ist das Vorzeichen des Dichroismus an der Ls- und der
Lo-Kante entgegengesetzt.

Schematisch dargestellt ist dies in Abb. 1.5. Die obere Kurve zeigt Absorptionsspektren an der
Co-Ls 3-Kante eines diinnen Co-Films auf Cu(001) fiir rechts- bzw. linkspolarisiertes Licht. Fiir
eine feststehende Magnetisierungsrichtung der Probe ist je nach Lichthelizitéit entweder die Ab-
sorption an der L3- oder der Lo-Kante gegeniiber einer nichtmagnetischen Probe erhcht oder
erniedrigt. In Abb. 1.5 (b) ist die Differenz aus den beiden Absorptionsspektren dargestellt. Sie
zeigt den Dichroismus an den Absorptionsmaxima, der an den beiden Kanten ein umgekehrtes

Vorzeichen hat.

1.2.3 Die Summenregeln

AuBer der eben besprochenen Spinpolarisation sind 2p — 3d-Ubergéinge auch beziiglich der
Drehimpulsquantenzahl, also des Bahnmoments, polarisiert. Aus Abb. 1.4 entnimmt man als
Erwartungswert fiir my (¢) = 3/2, sowohl fiir 2p3 /5 — 3d- als auch fiir 2p3 /5 — 3d-Uberginge.
Bezogen auf ¢ = 2 fiir 3d-Zusténde bedeutet dies eine Bahnmomentpolarisation von 3/4. Im

Gegensatz zur Spinpolarisation tritt die Bahnmomentpolarisation jedoch mit gleichem Vorzei-
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chen an der L3- und der Lo-Kante auf. Analog zu den obigen Betrachtungen kann man mit
diesen Ubergéingen also auch die Bahnpolarisation der unbesetzten 3d-Zusténde priifen. Sche-
matisch ist dies in Abb. 1.6 dargestellt. Abb. 1.6 (a) zeigt den Fall einer hypothetischen Probe,
deren magnetisches Moment ausschliefilich durch Spinpolarisation der Valenzzustéinde hervorge-
rufen ist, wihrend die Bahnmomentpolarisation, also das Bahnmoment py Null ist. Durch die
Spinpolarisation der Uberginge wird die Spinpolarisation der Valenzzustéinde, also das Spinmo-
ment pg, gemessen. Wie oben beschrieben, ergibt sich ein umgekehrtes Vorzeichen an der Lo-
und der Ls-Kante. Die Drehimpulspolarisation der Ubergéinge ist hier irrelevant. Beriicksichtigt
man, dass Ubergéinge aus 2p, /2-Zusténden eine doppelt so hohe Spinpolarisation wie Ubergiinge
aus 2p3o-Zustéinden haben, aber nur halb so viele Elektronen zur Verfiigung stehen, so erhlt
man die in Abb. 1.6 (a) schematisch dargestellte Situation mit gleich hohen Dichroismuspeaks

umgekehrten Vorzeichens an der L3- und Lo-Kante.

Im mittleren Graph, Abb. 1.6 (b), ist der hypothetische Fall einer Probe dargestellt, de-
ren magnetisches Moment ausschliellich aus einem Bahnmoment besteht, bei der also keine
Spinpolarisation der unbesetzten Valenzzustédnde, sondern nur eine Bahnmomentpolarisation
vorliegt. Da die Bahnmomentpolarisation der Uberginge an der Lo- und der Lz-Kante mit dem-
selben Vorzeichen auftritt, ergibt sich ein Differenzspektrum wie in Abb. 1.6 (b) gezeigt. Durch
die identische Bahnmomentpolarisation, aber unterschiedliche Besetzungszahlen von 2p; /5 und

2p3/9 ergibt sich hier ein doppelt so grofier Peak an der L3-Kante als an der Lo-Kante.

In Wirklichkeit wird eine Probe sowohl ein Spin- als auch ein Bahnmoment besitzen, wobei
in Festkorpern das Spinmoment sehr viel grofler ist. Das gemessene Differenzspektrum wird also
eine lineare Kombination aus den in (a) und (b) gezeigten hypothetischen Féllen sein. Dies ist
in Abb. 1.6 (c) schematisch dargestellt. Ein Beispiel einer realen Probe wurde bereits in Abb.
1.5 gezeigt. Fiir die Summenregeln wird nun ausgenutzt, dass die in Abb. 1.6 (a) und (b) gezeig-
ten Grenzfiille eine linear unabhiingige Basis fiir das gemessene Spektrum in (c¢) bilden. Durch
Auswertung der unter den Differenzpeaks an der Ls- und der Ls-Kante liegenden Flichen und
Beriicksichtigung der aus Abb. 1.4 erhaltenen Spin- und Drehimpulspolarisation der Ubergéinge
kann man also eindeutig die Beitrdge von Spin- und Bahnmoment zum magnetischen Moment

trennen und quantitativ bestimmen [14,15]. Bezeichnet man wie in Abb. 1.6 (c¢) die Fliche unter
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dem Lgs-Differenzpeak mit A und die Fliche unter dem Lo-Differenzpeak mit B, wobei in Abb.
1.6 (c¢) B negativ wire, so erhilt man unter Beriicksichtigung der Spin- und Bahnpolarisation

der einzelnen Ubergéinge sowie der Besetzungszahlen fiir die Spin- und Bahnmomente pg und

mr
1
ps = — 5 (A-2B) pp (1.2)
2
HL = 35 (A+B) psp - (1.3)

Diese Gleichungen werden als erste und zweite Summenregel bezeichnet. Den Proportionalitéts-
faktor C miisste man im Prinzip aus einer Messung einer Referenzprobe mit bekannten Momen-
ten bestimmen. Gebrauchlicher ist es aber, zur Bestimmung dieses Faktors den Zusammenhang

zwischen der helizititsgemittelten Gesamtfliche unter der Absorptionskurve und der Zahl der
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Abbildung 1.6: Graphische Erklirung der XMCD-Summenregeln. Dargestellt ist die Zerlegung eines
gemessenen Differenzspektrums (c) in die Anteile, die vom Spinmoment pg (a) und dem Bahnmoment
pr (b) der Probe hervorgerufen werden. Da die Spektren in (a) und (b) eine linear unabhéngige Basis
bilden, ist diese Zerlegung eindeutig.
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Locher im Valenzband nj, heranzuziehen. Dies wird manchmal auch als ,,Nullte Summenregel

bezeichnet:

ny, = é (I(Ls) + I(Ls)). (1.4)

Hierbei sind I(L2) und I(L3) die Fldchen unter den Lo- und L3-Peaks in der Absorptionskurve,
nachdem der von Ubergiéingen in s, p-artige Zusténde hervorgerufene Untergrund wie in Abb.
1.3 gezeigt abgezogen wurde.

Der Herleitung der Summenregeln liegen einige vereinfachende Annahmen zugrunde. So
wurden Uberginge zwischen Zustinden von freien Atomen angenommen, eine véllige energe-
tische Trennung zwischen 2p; /- und 2p3/,-Zustinden vorausgesetzt sowie Vielteilcheneffekte
vernachléssigt. Zur Giiltigkeit der Summenregeln sind bereits zahlreiche Untersuchungen durch-
gefithrt worden. Es scheint sich aber herauszustellen, dass trotz der vereinfachenden Annahmen
zumindest fiir die 3d-Ubergangsmetalle sinnvolle Werte fiir Spin- und Bahnmomente erhalten
werden [18-22]. Insgesamt kann man sagen, dass sich das Potenzial von XMCD zur elements-
elektiven Bestimmung von magnetischen Momenten in der breiten Verwendung zeigt, die diese

Methode erfihrt.

1.3 Photoelektronen-Emissionsmikroskopie

1.3.1 Geschichte

Das Photoelektronen-Emissionsmikroskop (PEEM) gehort zu den dltesten Elektronenmikrosko-
pen, die realisiert wurden [23,24]. Das Wort ,,Photoelektron“ im Namen ist dabei historisch be-
dingt und fiir den hier beschriebenen Einsatz mit Synchrotronstrahlung sogar etwas irrefithrend.
Es stammt von den bei Anregung mit Quecksilberdampflampen knapp oberhalb des Vakuum-
niveaus emittierten Photoelektronen, mit denen PEEM iiber lange Zeit und in verschiedenen
Anwendungsbereichen betrieben wurde. Wegen des in Schwellenphotoemission hohen Austritts-
arbeitskontrasts zwischen verschieden orientierten Kristalliten fand PEEM zuné&chst eine Ver-
wendung in der Metallurgie [25]. Nach dem Aufkommen der Ultrahochvakuumtechnologie und
der Entwicklung entsprechender Mikroskope [26,27] wurde PEEM mit grofem Erfolg in zahlrei-

chen Studien von Oberflachen und Oberflichenreaktionen eingesetzt [28-31]. Eine Modifikation,
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bei der die Anregung durch Elektronen erfolgt, die {iber einen magnetostatischen Strahlteiler in
den Strahlengang eingelenkt werden, stellt das LEEM (low energy electron microscope) dar, das

zusétzliche Information iiber die Morphologie und Struktur der Oberflache liefert [32,33].

Mit der Zunahme der Zahl von Synchrotronstrahlungsquellen und der damit verbunde-
nen Verfiigbarkeit von durchstimmbarer monochromatischer Ultraviolett- und Rontgenstrahlung
wurde bald das Potenzial von PEEM als Mikroskopiemethode in Verbindung mit Réntgenab-
sorptionsspektroskopie offenbar [34]. Bei dieser Anwendung wird das Bild nicht, wie der Name
Photoelektronen-Emissionsmikroskopie vermuten lassen wiirde, von Photoelektronen, sondern
iiberwiegend von niederenergetischen Sekundirelektronen erzeugt. Da die Zahl der emittierten
Sekundarelektronen, wie in Abschnitt 1.2.1 beschrieben, von der Stiarke der Rontgenabsorption
durch Rumpfniveauiibergéinge abhéngt, ist der Vorteil bei der Verwendung von Synchrotron-
strahlung ein Elementkontrast, der es erlaubt, die mikroskopische Verteilung unterschiedlicher

Elemente auf einer Probe abzubilden [35-37].

Bei Anregung mit zirkular polarisierter Rontgenstrahlung erhélt man zusétzlich noch den
Vorteil eines rein magnetischen Kontrasts. Dabei wird ausgeniitzt, dass die Absorption an
elementspezifischen Absorptionskanten wegen des in Abschnitt 1.2.2 beschriebenen magnetischen
Zirkulardichroismus von der relativen Orientierung der Magnetisierung beziiglich der Lichtein-
fallsrichtung abhéngt. Damit wurden in den letzten Jahren erfolgreich Untersuchungen mag-

netischer Doménen in diinnen Filmen und mikrostrukturierten Proben durchgefiihrt [38-46].

Bei diesen Untersuchungen muss PEEM allerdings mit einer Vielzahl von anderen magne-
tischen Mikroskopiemethoden konkurrieren, die zum Teil Vorteile beziiglich der Ortsauflésung
oder der Unempfindlichkeit gegeniiber #uferen Magnetfeldern aufweisen. Einen guten Uberblick
iiber magnetische Mikroskopie findet man in Ref. [47]. Die eigentliche Stirke von PEEM zur
magnetischen Doménenabbildung liegt jedoch in der Elementselektivitét von XMCD, die diesen
Mechanismus einzigartig macht. Damit ist es moglich, in einer aus verschiedenen magnetischen
Schichten bestehenden Probe diese Schichten separat abzubilden, sofern sie verschiedene Ele-
mente enthalten. Ein Beispiel ist in Abb. 1.7 gezeigt. Dort werden magnetische Domé&nenbilder

von einem Dreilagensystem gezeigt, bestehend aus 15 atomaren Monolagen (ML) Ni und 3 ML
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Abbildung 1.7: Beispiel einer elementaufgeldsten Doménenabbildung mit PEEM. Dargestellt sind lagen-
aufgeloste Doménenbilder einer 3 ML Co/6.5 ML Cu/15 ML Ni/Cu(001)-Probe. Links: Das Doménenbild,
aufgenommen an der Ni Ls-Kante, gibt die Doménen der Ni-Schicht wieder. Aufgrund von magnetischen
Anisotropien ist die Magnetisierung hier senkrecht zur Filmebene, wie im Bild angedeutet. Rechts: Das
Doménenbild, aufgenommen an der Co Ls-Kante, gibt die Doménen der Co-Schicht wieder. Die Mag-
netisierung ist hier entlang der vier kristallographischen (110)-Richtungen in der Filmebene, wie durch
Pfeile angedeutet. Trotz der orthogonalen Ausrichtung von Ni- und Co-Magnetisierung erkennt man ei-
ne gewisse Korrelation zwischen den Domé&nenmustern. Zur Verdeutlichung markieren kleine Striche am
Rand der Bilder identische Positionen.

Co, die durch 6.5 ML nichtmagnetisches Cu voneinander getrennt sind. Alle drei Schichten wur-
den durch Molekularstrahlepitaxie auf einer Cu(001)-Einkristalloberfliche aufgewachsen, und
das ohne Einwirkung eines dufleren Magnetfelds entstandene Doménenmuster abgebildet. Das
linke Bild zeigt die magnetischen Doménen der Ni-Schicht, das rechte Bild die Doménen der Co-
Schicht an exakt derselben Stelle der Probe. Die beiden magnetischen Schichten sind durch indi-
rekte Austauschwechselwirkung [48,49] iiber die Cu-Schicht nur schwach gekoppelt. Da Ni und

Co auf Cu(001) eine unterschiedliche Vorzugsrichtung der Magnetisierung aufweisen, stellt sich
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im Fall schwacher Kopplung eine nichtkollineare Konfiguration ein [45,46]: W&hrend die Magne-
tisierung der Co-Schicht entlang kristallographischer (110)-Richtungen in der Filmebene liegt, ist
die Ni-Schicht senkrecht zur Filmebene magnetisiert. Dies ist schematisch in Abb. 1.7 unten dar-
gestellt. Die links abgebildeten Doménen der Ni-Schicht zeigen das fiir senkrecht magnetisierte
Filme typische Streifenmuster [47]. Durch die Bildung von abwechselnd auf- und abwérts ma-
gnetisierten Doménen kann nédmlich die im Falle senkrechter Magnetisierung ungiinstige Streu-
feldenergie erniedrigt werden [50, 51]. Im Doménenbild der Co-Schicht auf der rechten Seite
erkennt man deutlich mehr verschiedene Doménen, die entlang einer der vier (110)-Richtungen
in der Filmebene magnetisiert sind. Fiir diese orthogonale Magnetisierungsausrichtung der bei-
den magnetischen Schichten zueinander wiirde man nicht notwendigerweise mit einer Korrela-
tion zwischen den beiden Domé&nenmustern rechnen. Es ist jedoch eine gewisse Korrelation in
den Domé&nenbildern zu erkennen. Um dies zu verdeutlichen, sind an beiden Bildern jeweils am
Rand Striche angebracht, die identische Positionen markieren. Man sieht deutlich, dass sich iiber
beinahe der Hilfte der Doménenwénde der Ni-Schicht auch Doménenwénde in der Co-Schicht
befinden. Die wahrscheinlichste Erkldrung fiir diese Korrelation sind magnetische Streufelder
von den Doménenwénden, die in der unmittelbaren Néhe der Doménenwéinde so stark werden
konnen, dass sie mit einer anderen magnetischen Schicht wechselwirken. Solche mikromagne-
tischen Kopplungseffekte sind fiir Anwendungen von magnetischen Mehrschichtsystemen von
grofler Bedeutung. Deren Erforschung ist daher von héchstem grundlegendem und anwendungs-
bezogenem Interesse. Hier kann die elementaufgeloste Doménenabbildung mit PEEM wichtige
Beitriage leisten. Untersuchungen wie die in Abb. 1.7 gezeigten stehen an vorderster Front der

aktuellen Forschung auf diesem Gebiet.

Eine relativ neue Entwicklung ist auch die magnetische Abbildung mit linear polarisierter
Rontgenstrahlung. Dabei wird die durch die Magnetisierung hervorgerufene raumliche Anisotro-
pie der Ladungsverteilung ausgeniitzt. Da im Gegensatz zur zirkularen Lichtpolarisation bei der
linearen Polarisation keine Richtung, sondern nur ein Achse ausgezeichnet ist, kann dieser Me-
chanismus verwendet werden, um die Spinachse in kollinearen Antiferromagneten experimentell
zu bestimmen. Es wurde gezeigt, dass dieser Mechanismus in oxidischen Proben wie zum Beispiel

NiO zu einem messbaren Effekt fiihrt [52]. Nachfolgend wurde damit mit Hilfe von PEEM erfolg-
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reich eine Abbildung von Doménen in antiferromagnetischem NiO [53,54] und LaFeOgs [55, 56]
durchgefiihrt.

In allen eben erwidhnten Untersuchungen wird zur Abbildung ausgenutzt, dass sich bei einer
bestimmten Energie im Absorptionsspektrum der gewiinschte Kontrast einstellt. Der Oberbegriff
fiir diese Art von mikroskopischer Abbildung ist ,, Spektromikroskopie“, womit eine Mikrosko-
piemethode gemeint ist, die spektroskopische Eigenschaften zur Kontrastbildung ausnutzt. In
der vorliegenden Arbeit wird nun die Erweiterung zur vollsténdigen Fusion von Spektroskopie
und Mikroskopie aufgezeigt. Wie bereits am Ende von Kapitel 1.1 erwéhnt, ist es prinzipiell
moglich, die in XMCD-Spektren enthaltene Information mit Hilfe eines PEEM auch raumlich
aufgelost zu messen. Dazu ist es n6tig, nicht nur bei den Photonenenergien, bei denen der Kon-
trasteffekt maximal ist, Bilder aufzunehmen, sondern eine Energieserie von Bildern zu erstellen,
bei denen die Bilddatensdtze dann als komplette Energiespektren vorliegen. Damit existiert
zu jedem Bildpunkt ein komplettes XMCD-Absorptionsspektrum. Dies wird hier ,, Abbildende
Mikrospektroskopie“ genannt. Der Begriff ,, Mikrospektroskopie“ bezeichnete bis dato tiblicher-
weise Untersuchungen, bei denen Spektroskopie an einer mikroskopisch kleinen Stelle der Probe
durchgefithrt wird. Im Grenzfall der in dieser Arbeit beschriebenen Verkniipfung von spektro-
skopischer und mikroskopischer Information verliert die Unterscheidung zwischen ,,Spektromi-
kroskopie“ und ,, Mikrospektroskopie“ ihren Sinn, weil in diesem Fall beide Begriffe dasselbe
meinen. Zur Bezeichnung wurde hier der Begriff ,, Abbildende Mikrospektroskopie* gewéhlt.

Die im Folgenden gezeigten Beispiele befassen sich mit XMCD-Spektroskopie, d.h. mit zirku-
lar polarisierter Rontgenstrahlung. Prinzipiell liee sich alles Angefiihrte genauso auf den Fall der
Anregung mit linearer Polarisation {ibertragen. Ein Vorteil bei der Verwendung von zirkularer
Polarisation liegt aber in den in Abschnitt 1.2.3 beschriebenen Summenregeln, die es erlauben,
aus XMCD-Spektren die Spin- und Bahnmomente elementaufgelost quantitativ zu bestimmen.

Ahnliche Summenregeln wurden fiir lineare Polarisation bisher noch nicht formuliert.

1.3.2 Prinzip

In einem PEEM wird die Elektronenintensitétsverteilung an der Probenoberfliche auf einem

Leuchtschirm vergrofiert abgebildet. Dies geschieht durch eine parallel abbildende Elektronen-
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Abbildung 1.8: Schematische Darstellung des verwendeten elektrostatischen PEEMs. Von der nach
Anregung mit hv an der Probenoberfliche vorhandenen Elektronenintensitéitsverteilung wird mit der
Objektivlinse ein Zwischenbild am Ort der Irisblende erzeugt. Dieses Bild wird mit einer zweistufigen
Projektionsoptik nachvergréfiert und auf einem Fluoreszenzschirm sichtbar gemacht.

optik. In Abb. 1.8 ist schematisch der Aufbau des hier verwendeten PEEMs gezeigt. Es handelt
sich dabei um eine nur leicht modifizierte Version eines kommerziell erhéltlichen elektrostati-
schen Instruments [57]. Die ausschlieflliche Verwendung von elektrostatischen Elektronenlinsen
hat gegeniiber magnetostatischen Linsen den Vorteil, dass bei der Untersuchung von magne-
tischen Proben diese nicht durch magnetische Streufelder von der Elektronenoptik beeinflufit

werden konnen.

In Abb. 1.8 zeigt die Probenseite des Mikroskops nach unten. Die anregende Réntgentstrah-
lung fillt in der Zeichnung von links auf die Probe, wie mit ,,hv* angedeutet. Der Einfallswinkel
betréigt dabei konstruktionsbedingt 30° zur Probenoberfliche, was bei der spéteren Diskussi-

on der Ergebnisse bei der Anwendung der Summenregeln hinsichtlich von S#ttigungseffekten
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beriicksichtigt werden muss. Die eigentliche Abbildung der Probenoberfliche in die Ebene, an
der sich die Irisblende befindet, wird durch eine beschleunigende dreiteilige Kathodenlinse als
Objektivlinse bewerkstelligt. Die Elektronen von der Probe werden dabei in einem elektrischen
Feld von 10-15 kV von der Probe weg beschleunigt. Die Probe ist somit selbst Teil der Objek-

tivoptik, was gewisse Anforderungen beziiglich der Ebenheit der Oberfliche stellt.

In der Brennebene der Objektivlinse befindet sich die sogenannte Kontrastblende. Da die
fiir die Abbildung verwendeten Elektronen keinen wohldefinierten Startwinkel und keine scharfe
Startenergie besitzen, ist die Kontrastblende zur Beschrankung chromatischer Bildfehler und zur
Erzielung einer guten Aufldsung nétig. Dies wird durch Winkel- und Energieselektion der Elek-
tronen in der Brennebene durch eine kreisférmige Blende von 30-150 pm Durchmesser erreicht.
In dem hier beschriebenen Instrument befinden sich mehrere Blenden verschiedenen Durchmes-
sers auf einem Blendentréiger, die durch Verschieben in zwei Richtungen in der Brennebene
ausgewéhlt und justiert werden kénnen. Dabei geht eine bessere Ortsauflosung zu Lasten einer

hohen Intensitédt und umgekehrt.

Der Stigmator/Deflektor besteht aus einer Oktupollinse, mit der eine unter Umsténden vor-
handene Verkippung der Probe sowie ein axialer Astigmatismus aufgrund von Linsenfehlern
ausgeglichen werden kénnen. Mit der Irisblende kann das Gesichtsfeld zur Unterdriickung von
Streuelektronen eingeschrankt werden. Das in der Bildebene entstandene Bild wird weiterhin
mit Hilfe von zwei Projektivlinsen nachvergrofiert und auf die Riickseite der Kanalplatte pro-
jiziert. Die Kanalplatte selbst ist ein ortsempfindlicher Elektronenvervielfacher, der die fiir die
Sichtbarkeit auf dem Fluoreszenzschirm notige Elektronenintensitéit liefert. Das dort entstande-
ne Bild wird schliellich von einer auflerhalb der Vakuumapparatur befindlichen CCD-Kamera

aufgenommen und an einen Computer weitergeleitet.

Mit dem hier beschriebenen PEEM wurden in Schwellenphotoemission Auflésungen von 20
nm erzielt [58]. Bei Anregung mit Synchrotronstrahlung ist jedoch der chromatische Bildfehler
durch die breitere energetische Verteilung der zur Abbildung verwendeten Elektronen deutlich
grofler, was sich nachteilhaft auf die Auflésung auswirkt. Die normalerweise erzielte Auflésung
bei Anregung mit Rontgenstrahlung ist daher um etwa eine Gréflenordnung schlechter als in

Schwellenphotoemission. Beim Einsatz eines PEEMs zur abbildenden Mikrospektroskopie ist es
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auBlerdem wichtig, ausreichend Intensitdt zur Abbildung zur Verfiigung zu haben, damit sich die
Messzeiten zur Aufnahme der groffen Menge an Energie-/Ortsdaten in verniinftigen Grenzen
halten. Fiir die hier beschriebenen Messungen wurde als Kompromiss eine Ortsauflésung von

500 nm gewéhlt.
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KAPITEL 1. EINLEITUNG



Kapitel 2

Von der magnetischen
Domiéinenabbildung zur abbildenden

Mikrospektroskopie

Messungen der Rontgenabsorption sind im Prinzip mit relativ geringem experimentellem Auf-
wand durchzufiihren. Da die Zahl der ausgelosten Elektronen der Stéirke der Absorption pro-
portional ist, kann der abflieSende Probenstrom zur Messung der Absorption verwendet werden.
Die Informationstiefe ist dabei durch die Austrittstiefe der Elektronen bestimmt, die durch die
mittlere freie Weglénge der inelastisch gestreuten Sekundérelektronen dominiert wird. Typische
Werte fiir die Tiefe, bei der das Signal auf 1/e abgefallen ist, liegen bei den 3d-Ubergangsme-
tallen um etwa 2 nm [59]. Im einfachsten Fall reicht bereits ein empfindliches Strommessgeriit,
um so die Absorption der einfallenden Strahlung als Funktion der Photonenenergie zu bestim-
men. Voraussetzung fiir quantitative Messungen ist lediglich die entsprechende Genauigkeit und
Stabilitdt. Dariiber hinaus ist es zusétzlich notig, die Intensitét der einfallenden Strahlung zu
kennen. Fiir magnetische Dichroismusmessungen ist dies um so wichtiger, da hier das eigentliche
magnetische Messergebnis als kleine Differenz von grofien Signalen vorliegt. Bei der quantita-
tiven Auswertung mit den in Abschnitt 1.2.3 beschriebenen Summenregeln wird zudem das

Differenzspektrum iiber die Energiebereiche der L3- und Lo-Absorptionskanten integriert. Da-

23
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bei kann ein kleiner experimenteller Artefakt, der die Lage der Nulllinie leicht verfilscht, einen
gravierenden Einflufl auf das Ergebnis haben. Um die Summenregeln verniinftig anwenden zu
koénnen, muss daher sorgfiltig und unter konstanten Bedingungen der Probenstrom und das
Signal eines Intensitétsmonitors gemessen werden. Hier muss beriicksichtigt werden, dass bei
Verwendung von Synchrotronstrahlung die einfallende Intensitét auch zeitlichen Schwankungen,
zum Beispiel durch die Abnahme des Elektronenstroms im Speicherring oder durch Strahllage-
schwankungen, unterworfen ist. Magnetfelder am Ort der Probe kénnen ebenfalls einen Einfluss
auf das gemessene Probenstromsignal haben, da es dadurch zum Wiedereintritt eines Teils der
emittierten Elektronen kommen kann, der dann {iber die Probenstrommessung nicht erfasst wird.

All das eben gesagte gilt natiirlich in gleichem Mafle auch fiir die Durchfiihrung von abbilden-
der XMCD-Mikrospektroskopie. Zusétzlich miissen hier noch die folgenden, fiir die abbildende
Mikrospektroskopie spezifischen Erfordernisse beachtet werden: Die Normierung auf die lokale
einfallende Intensitét, das eventuelle Vorhandensein einer Energiedispersion iiber den Bildbe-
reich, sowie die erhthten Anforderungen an die Stabilitit der Abbildung und die Linearitét
des Bildaufnahmesystems. Im folgenden Abschnitt wird kurz beschrieben, wie sich diese Effekte

auswirken, und was man tun kann, um deren Einfluss moglichst gering zu halten.

2.1 Experimentelle Erfordernisse

Der gravierendste Unterschied zwischen abbildender XMCD-Mikrospektroskopie und gewthn-
licher, rdumlich mittelnder XMCD-Spektroskopie liegt in der Normierung auf die einfallende
Intensitét. Bei integrierenden XMCD-Messungen triagt die gesamte auf der Probe einfallende
Intensitdt zum gemessenen Signal bei, egal wie grofl der Messfleck auf der Probe ist. Es ist daher
relativ leicht, die Intensitdt der einfallenden Strahlung zu bestimmen. Dazu wird iiblicherwei-
se der Photostrom eines Strahlmonitors verwendet. Dieser kann entweder ein im Strahlengang
befindliches Netz aus Gold oder einem anderen inerten Material sein, oder ein optisches Ele-
ment des Strahlrohrs selbst, das elektrisch isoliert aufgehéngt ist. Da bei beiden Messungen,
sowohl der Messung der Absorption auf der Probe als auch der Bestimmung der Intensitéit der
einfallenden Strahlung iiber den gesamten Photonenstrahl integriert wird, kann die Normierung

durch einfache Division des Probensignals und des Monitorsignals erfolgen. Anders bei der abbil-
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denden Mikrospektroskopie: Da hier das Probensignal ortsaufgelost gemessen wird, miisste zur
Normierung gleichzeitig die Intensitéit der einfallenden Strahlung ebenso ortsaufgelost gemessen

werden. Dies ist allerdings nicht ohne weiteres maoglich.

Das Ziel ist es daher, das Experiment so durchzufiihren, dass die einfallende Intensitéit an
jeder Stelle des Bilds fiir alle Photonenenergien und Helizitédten immer proportional zur inte-
grierten Intensitédt des einfallenden Rontgenstrahls ist. In diesem Fall, wenn also die laterale
rdumliche Verteilung der einfallenden Intensitét konstant wére, kénnte man durch Normierung
auf das integrale Monitorsignal die Energieabhéingigkeit und den zeitlichen Verlauf des Photonen-
flusses herauskorrigieren. Die Unterschiede im lokalen Photonenfluss, die bei dieser Normierung
natiirlich nicht erfasst werden, kénnen dann iiber die Intensitét der lokalen helizitédtsgemittelten

XMCD-Mikrospektren ermittelt werden.

Das Problem bei der Verwendung von Synchrotronstrahlung ist, dass bei den in Synchrotron-
strahlungsquellen der dritten Generation verwendeten Insertion Devices die Intensitdtsverteilung
im Photonenstrahl energieabhéingig ist. Abb. 2.1 zeigt schematisch das Prinzip eines solchen In-
sertion Devices, eines sogenannten Undulators. Die Elektronen im Speicherring werden durch
eine periodische Anordnung von Permanentmagneten auf eine wellenférmige Bahn gezwungen.

Die an jedem Wellenbauch emittierte elektromagnetische Strahlung iiberlagert sich kohérent.

Abbildung 2.1: Schematische Darstellung eines Undulators zur Erzeugung von hochbrillanter Synchro-
tronstrahlung. Elektronenpakete werden durch periodische Anordnung von Permanentmagneten auf eine
wellenférmige Bahn gezwungen. Die Emission von elektromagnetischer Strahlung von jedem der Wel-
lenb#uche verstérkt sich bei bestimmten Photonenenergien kohérent. (Quelle: SPring-8).
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Bei bestimmten Photonenenergien, den sogenannten Undulatorharmonischen, fithrt dies zu ei-
ner Verstarkung der Intensitdt. Durch Verstellung des vertikalen Abstands zwischen unterer
und oberer Magnettriagerleiste, des sogenannten Undulatorgaps, kann die Stérke der Magnetfel-
der am Ort des Elektronenstrahls und somit die energetische Lage der Undulatorharmonischen

verandert werden.

Die in den folgenden Kapiteln beschriebenen Messungen wurden an der Synchrotronstrah-
lungsquelle SPring-8 in Japan durchgefiihrt. Durch die Auslegung des Elektronenspeicherrings
auf hohe Energien—bei SPring-8 sind es 8 GeV Elektronenenergie—besteht ein Undulator fiir
weiche Rontgenstrahlung aus relativ wenigen und dafiir langen Magnetfeldperioden [60]. Die re-
sultierende Harmonische ist daher vergleichsweise breitbandig. Bei Synchrotronstrahlungsquel-
len, die speziell fiir weiche Rontgenstrahlung ausgelegt sind, erhélt man durch die héhere Zahl
von Perioden im Undulator eine entsprechend hohere Intensitéit, aber auch eine schmalbandigere
Energieverteilung. Abb. 2.2 zeigt das gemessene Energiespektrum des verwendeten Undulators
bei SPring-8. Die Komplikation fiir Mikrospektroskopie liegt darin, dass sich iiber das Energie-

spektrum der Undulatorharmonischen die laterale Verteilung der Intensitdt im Photonenstrahl
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Abbildung 2.2: Die Messkurve zeigt ein typisches gemessenes Intensitéitsspektrum der Undulatorhar-
monischen des BL25SU-Undulators bei SPring-8. Die beiden dreidimensionalen Plots stellen schematisch
und iibertrieben die unterschiedliche laterale Intensitétsverteilung auf der hoher- und niederenergetischen
Seite der Harmonischen dar. Dies ist eines der Hauptprobleme bei der Normierung des lokalen Photonen-
flusses in abbildender Mikrospektroskopie.
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dndert. Dies ist in Abb. 2.2 schematisch iibertrieben mit Hilfe der beiden dreidimensionalen
Plots dargestellt. Auf der hoherenergetischen Seite der Harmonischen, in Abb. 2.2 rechts, ist die
Intensitét stdarker in der Mitte des Lichtflecks konzentriert, wihrend auf der niederenergetischen
Seite mehr Intensitdt auch auflerhalb der Mitte vorliegt. Bei einem Energiescan iiber die Undu-
latorharmonische verschiebt sich also die Intensititsverteilung iiber das Bildfeld, ohne dass dies

aus dem integralen Monitorsignal erkennbar wére.

Im Experiment muss man versuchen, diesen Effekt zu minimieren, indem man zum einen
den Lichtfleck méglichst mittig zu dem vom Mikroskop abgebildeten Bildfeld justiert. Dort ist
der Unterschied bei Variation der Photonenenergie am geringsten. Zum anderen muss man ver-
suchen, den im Intensitdtsmonitor gemessenen integralen Photonenfluss moglichst gut an das
Bildfeld anzupassen. Dazu wird die beleuchtete Fliache auf der Probe durch geeignete Blenden im
Strahlrohr soweit reduziert, dass auflerhalb des Bildfelds moglichst wenig Photonenfluss auf die
Probe trifft. Damit erreicht man, dass der vom Monitor gemessene integrale Photonenfluss des
Lichtstrahls dem iiber das Bildfeld gemittelten Photonenfluss nahe kommt und nicht durch au-
Berhalb des Bildfelds liegende energieabhéngige Intensititsverteilung zusétzlich verfilscht wird.
Durch sorgfiltige Durchfithrung dieser beiden Mafinahmen konnte bei den in den nachfolgenden
Kapiteln vorgestellten Messungen der durch die Energieabhéingigkeit der Photonenflussvertei-
lung hervorgerufene Fehler auf unter 7% reduziert werden. Im Falle von schmalbandigeren Har-
monischen kommt man aber nicht umhin, zusétzlich zur Photonenenergie des Monochromators
auch die Position der Undulatorharmonischen durch synchrones Bewegen des Undulatorgaps zu
verdndern, um so relativ zum Energiemaximum der Undulatorharmonischen immer an derselben

Stelle zu messen.

Abb. 2.3 zeigt den Einfluss dieser energieabhéingigen Intensitéitsverteilung auf XMCD-Mikro-
spektren am Beispiel eines 3 x 3 ym? grofien Bildpunkts eines diinnen Eisenfilms. In Bild (a) sind
gemessene Rohdaten der Fe-Ls 3-Absorption vor der Normierung dargestellt. Absorptionsspek-
tren fiir positive Lichthelizitét sind als durchgezogene Linien, Spektren fiir negative Helizitét als
gestrichelte Linien gezeichnet. Das zugehorige Monitorsignal, das den integralen Photonenfluss
als Funktion der Photonenenergie wiedergibt, ist in Bild (b) abgebildet. Dieses Monitorsignal

ist fiir alle Mikrospektren identisch. Man erkennt, dass die einfallende Intensitét fiir negative
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Abbildung 2.3: Beispiel fiir den Einfluss der energieabhiingigen lateralen Intensititsverteilung auf
XMCD-Mikrospektren und dessen Korrektur. Gezeigt sind XMCD-Mikrospektren an der Fe-L, 3-Kante
eines 3 x 3 yum? grofien Bildpunkts von 10 ML Fe/6 ML Co/Cu(001). Absorptionsspektren fiir positive
Lichthelizitdt sind als durchgezogene Linien, Spektren fiir negative Helizitét als gestrichelte Linien ge-
zeichnet. (a): gemessene Rohdaten ohne Normierung. (b): Monitorsignal, gibt integralen Photonenfluss
als Funktion der Photonenenergie wieder. (c): Absorptionsspektren nach Normierung auf Monitorsignal.
Am unteren Bildrand ist das Differenzspektrum dargestellt. Unterhalb von 704 eV Photonenenergie sind
die Spektren um einen Faktor 10 vergréfert wiedergegeben. (d): Quotient aus den beiden Absorpti-
onsspektren aus (c). Die gerade Linie zeigt das Ergebnis eines linearen Fits an diese Daten, wobei die
Peakregionen der Fe-Absorptionspeaks beim Fit ausgenommen wurden. Im Idealfall sollte diese Linie
bei 1.0 verlaufen. Abweichungen davon sind das Resultat der unterschiedlichen lokalen Energeiabhéngig-
keit der Intensitétsverteilung bei positiver und negativer Helizitdt, das im integralen Monitorsignal nicht
enthalten ist. (e): Spektren aus (c), nachdem die Kurve fiir negative Helizitéit mit der Geraden aus (d)
multipliziert wurde. Das entsprechende Differenzspektrum ist am unteren Bildrand abgebildet. Unter-
halb von 704 eV Photonenenergie sind die Spektren wieder um einen Faktor 10 vergroflert dargestellt.

Im Vergleich zu (c¢) erkennt man hier die bessere Ubereinstimmung der Spektren in der Vorkantenregion.
(Aus [61].)
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Helizitéit um etwa 20-25% hoher ist als die fiir positive Helizitéit. Das liegt daran, dass fiir die
unterschiedlichen Helizitdten verschiedene, hintereinander angeordnete Undulatoren verwendet
wurden. Dabei befand sich der fiir negative Helizitét verwendete Undulator néher an der Loch-
blende, die den Lichtstrahl in das Strahlrohr ausblendet. Man erkennt auch, dass trotz nominell
identischer Einstellung der beiden Undulatoren eine Energieverschiebung des Maximums der

Undulatorharmonischen um etwa 4 eV zwischen den beiden Helizitaten auftrat.

Bild (c) zeigt die Daten aus (a) nach der Normierung auf dieses Monitorsignal. Am unteren
Bildrand ist das zugehorige Differenzspektrum dargestellt. Unterhalb von 704 eV Photonenener-
gie sind die Spektren um einen Faktor 10 vergréBert wiedergegeben, um die Ubereinstimmung
der Spektren in der Vorkantenregion besser beurteilen zu kénnen. Die Linien bei etwa 4.5 auf der
y-Achse sind dabei die vergroflerten Absorptionsspektren. Man erkennt, dass die beiden Spek-
tren nicht genau deckungsgleich sind, wie man das in der Vorkantenregion eigentlich erwartet.
Das Signal fiir positive Helizitét liegt etwas hoher als das fiir negative Helizitét. Dies ist der Ein-
fluss der oben beschriebenen Energieabhingigkeit der lateralen Intensitétsverteilung, der nach
Optimierung von Ausleuchtung und Mittigkeit des Bildfelds noch als kleiner Resteffekt in den

Spektren zu sehen ist.

Zur Korrektur wurde die folgende Prozedur verwendet: Zunéchst wurde der Quotient aus den
beiden Absorptionsspektren von Bild (c) gebildet. Dieser ist in Bild (d) dargestellt, in dem das
Verhéltnis von Absorption bei positiver Helizitdt zu Absorption bei negativer Helizitéit gezeigt
wird. Anschliefend wurde daran numerisch eine Gerade angepasst, wobei die beiden Peakregio-
nen der Fe-Absorptionspeaks bei der Anpassung ausgenommen wurden. Die gerade Linie in Bild
(d) ist das Ergebnis einer solchen Anpassung. Im Idealfall sollte diese Linie horizontal bei 1.0
verlaufen. Abweichungen davon sind das Resultat der unterschiedlichen lokalen Energeiabhéngig-
keit der Intensitatsverteilung bei positiver und negativer Helizitédt. Fiir den gezeigten Bildpunkt
betragen diese Abweichungen +7% am niederenergetischen Ende und —2% am hochenergeti-
schen Ende des Spektrums. Zur Korrektur wurde schliellich die Kurve fiir negative Helizitét aus
Bild (c¢) mit dieser Geraden multipliziert. Die entsprechend korrigierten Absorptionsspektren
samt zugehorigem Differenzspektrum sind in Bild (e) dargestellt. Unterhalb von 704 eV Pho-

tonenenergie sind die Spektren wieder um einen Faktor 10 vergrofert abgebildet. Im Vergleich
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zu (c) erkennt man jetzt die vollige Ubereinstimmung der Spektren in der Vorkantenregion.
Solange die Abweichungen wie hier nur wenige Prozent betragen, kann der Effekt als linear in
der Energie angenommen und wie beschrieben korrigiert werden, ohne dass es zu merklichen
Verénderungen der nachfolgenden Auswertung mit den Summenregeln kommt. Bei hoheren Ab-
weichungen muss man versuchen, die Justage des Strahlrohrs zu verbessern, oder das Bildfeld

und die Ausleuchtung auf der Probe weiter zu reduzieren.

Bei einem verbreiteten Typ von Strahlrohroptik wird der Austrittsspalt mit einem Refokus-
sierspiegel auf die Probe abgebildet. Mit der Grofle des Austrittsspalts stellt man bei lateral
integrierenden Messungen die gewiinschte Energieauflésung ein, wobei eine geringere Auflésung
zu einer hoheren Intensitéit und umgekehrt fiihrt. Im Bild des Austrittsspalts liegt dabei senk-
recht zum Spalt die vom Monochromator erzeugte Energiedispersion vor. Ein Offnen des Spalts
hat zur Folge, dass der Lichtfleck auf der Probe und gleichzeitig der Bereich der durch den Spalt
selektierten Photonenenergien gréfler wird. Im Fall von rdumlich mittelnden Messungen ist dies
genau der gewiinschte Effekt. Bei abbildenden Messungen dagegen bestimmt bei einer solchen
Refokussieroptik nicht mehr die Spaltgrofle die lokale Energieauflosung, sondern die laterale
Auflésung der Abbildung, die in der Regel deutlich kleiner ist. Eine Verinderung der Spaltgrofie
fithrt daher lediglich zu einer VergroBerung des Beleuchtungsflecks, aber nicht zu einer Anderung
der Auflésung oder zu einer Erhohung der Photonenflussdichte. Dies kann zum Beispiel zu der
im vorigen Abschnitt erwdhnten Reduktion des Lichtflecks auf der Probe verwendet werden.
Die wichtige Implikation fiir Mikrospektroskopie ist aber, dass iiber den Bereich des Lichtflecks
standig eine Photonenenergiedispersion vorliegt. Der Gradient dieser Dispersion ist dabei durch
die am Monochromator eingestellte Strahlrohroptik bestimmt. Besonders bei grofien Bildfel-
dern und scharfen Absorptionslinien kann sich dies durchaus bei der Auswertung bemerkbar
machen, und muss entsprechend korrigiert werden. In den in den nachfolgenden Kapiteln vorge-
stellten Messungen betrug dieser Gradient etwa 0.25 meV/um. Da aber in Zusammenhang mit
einem groflen Bildfeld nur die relativ breite Eisenabsorptionskante verwendet wurde, und bei der
schirferen Nickelabsorptionskante ein kleineres Bildfeld gew#hlt wurde, konnte ohne Korrektur

ausgekommen werden.

Weitere zu testende Punkte vor der Aufnahme von Mikrospektren betreffen die Stabilitét
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der Bilderzeugung und die Linearitit des Bildwandlersystems. Besonders fiir hochauflésende
Mikrospektroskopie ist es wichtig, dass die Abbildung nicht durch unterschiedliche Elektronen-
intensitdt beeinflusst wird, wie es zum Beispiel durch Raumladungseffekte geschehen kann. Fiir
metallische Proben und abgeschirmte Keramikbauteile stellt dies jedoch normalerweise kein Pro-
blem dar. Ein typisches Bildwandlersystem besteht aus mehreren Komponenten wie Kanalplat-
ten, Fluoreszenz-Leuchtschirm und Videokamera, deren Linearitdt zunéchst iiberpriift werden
muss. Ein berithmtes Beispiel fiir Nichtlinearitdten im Zusammenhang mit der Verwendung ei-
nes Bildwandlersystems zur Detektion von ortsintegrierenden Photoelektronenspektren ist die
Veroffentlichung der ,,Multi-atom resonant photoemission“ [62], die spéter in dieser Form als
Artefakt, hervorgerufen durch krasse Nichtlinearitdten des Detektors, widerrufen werden muss-
te [63]. Beides, sowohl die Stabilitdt der Abbildung gegeniiber unterschiedlichen Intensitéten als
auch die Linearitdt des Detektorsystems lassen sich durch gezielte Variation der einfallenden
Priméarintensitat relativ leicht testen. Im vorliegenden Fall wurden bei den verwendeten Ein-
stellungen keinerlei Abweichungen vom idealen Verhalten gefunden. Lediglich bei sehr hohen
Spannungen der Kanalplatten, die fiir die Mikrospektroskopiemessungen vermieden wurden,
wurde ein langsamer zeitlicher Abfall des Verstirkungsfaktors um etwa 10% beobachtet, der

vermutlich auf Erwérmung durch den Dunkelstrom zuriickzufiihren ist.

2.2 Datenauswertung

Nachdem der durch den Unterschied von lokaler Photonenflussdichte und integralem Monitorsi-
gnal verbleibende Fehler wie im vorangegangenen Abschnitt beschrieben korrigiert ist, konnte die
eigentliche Auswertung der Mikrospektren mit den in Abschnitt 1.2.3 beschriebenen Summen-
regeln wie in der Literatur [19,64,65] beschrieben durchgefiithrt werden. Der Hauptunterschied
zwischen herkémmlicher XMCD-Spektroskopie und abbildender XMCD-Mikrospektroskopie ist
jedoch, dass es in der abbildenden Mikrospektroskopie in der Regel um die Auswertung von vie-
len zehntausend XMCD-Spektren, ndmlich der aller Bildpunkte in einem Mikroskopiebild geht.
Es ist daher zwingend notwendig, die Auswertung zu automatisieren. Dazu wird ein Verfahren
benétigt, das zum einen schnell genug ist, eine pixelweise Bildauswertung mit den Summenre-

geln in einer verniinftigen Zeit zu bewéltigen, und zum anderen robust genug funktioniert, um
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auch mit eventuell verrauschten Differenzspektren einzelner Bildpunkte fertig zu werden. Ein

Verfahren, dass diesen beiden Anforderungen gewachsen ist, wird im nachfolgenden beschrieben.

Man nutzt dabei aus, dass sich die spektrale Form der einzelnen Absorptionspeaks iiber
einen mikroskopischen Bildausschnitt meistens nicht dndert. Die Information iiber die magneti-
schen Momente ist in der relativen Hohe der Ls- und Lo-Absorptionspeaks bei unterschiedlicher
Helizitat enthalten. Die Auswertung von XMCD-Spektren mit den Summenregeln zielt norma-
lerweise darauf ab, zwei Zahlenwerte als Ergebnis zu erhalten, ndmlich die magnetischen Spin-
und Bahnmomente. Gleichungen 1.2 und 1.3 geben an, wie sich diese zwei Grofien aus den zwei
Flachen A und B ergeben, die man aus der Integration iiber die L3- und Lo-Absorptionskante
im Differenzspektrum erhélt. Unter der Annahme jeweils konstanter spektraler Form der Diffe-
renzpeaks an den beiden Kanten sind diese Flachen proportional zur Hohe der Peaks. Um den
Fehler in der Bestimmung der Hohe der Differenzpeaks klein zu halten, ist es giinstig, statt ei-
niger weniger Datenpunkte am Peakmaximum die Information des gesamten Energiespektrums
heranzuziehen, indem man die Peaks durch eine geeignete Kurve anpasst. Im Idealfall sind fiier
diese Anpassung lediglich zwei freie Parameter notig. Die Zahl der freien Parameter entspricht
dabei den zwei Freiheitsgraden des Endergebnisses, ndmlich Spin- und Bahnmoment. Anstatt
die Peakform durch mathematische Kurven anzunihern, bei denen dann letztendlich sowieso
alle Parameter ausser der Hohe konstant gehalten werden, ist es einfacher, aus den vorhande-
nen experimentellen Daten eine Musterkurve zu generieren, und diese an die Differenzspektren
der einzelnen Bildpunkte anzupassen. Mit diesem Verfahren, das im Folgenden an einem Bei-
spiel anschaulich erlautert wird, ist es moglich, grofle Mengen an XMCD-Spektren mit gleicher

Kurvenform der Einzelpeaks verldsslich automatisch auszuwerten.

Zunachst muss dazu eine Musterkurve generiert werden. Um eine moglichst gute Statistik
zu erhalten, bietet es sich an, rdumlich {iber eine grofle Doméne im Bild zu mitteln, oder aber,
falls sich die Magnetisierung iiber den ganzen Bildausschnitt nicht zu Null mittelt, die Intensitét
iiber das ganze Bild zu integrieren. Dadurch erhélt man ein einzelnes XMCD-Spektrum, das man
,von Hand“ auswerten kann. Diese Auswertung beinhaltet die in Abschnitt 1.2.3 beschriebene
Integration iiber das Differenzsignal an den L3- und Lo-Kanten, sowie die Normierung auf die Ge-

samtintensitéit mittels Gleichung 1.4. Abb. 2.4 (a) zeigt als Beispiel Eisen-Absorptionsspektren,
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Abbildung 2.4: (a): Gemitteltes Absorptionsspektrum der Eisen-L, 3-Kante einer 1.2 ML Ni/0-14 ML
Fe/6 ML Co/Cu(001)-Probe fiir positive Helizitdt (durchgezogene Linie) und negative Helizitét (gepunk-
tete Linie). (b): Differenz der beiden Spektren aus (a) als Musterspektrum zur Anpassung an XMCD-
Spektren einzelner Bildpunkte. Dazu wird die Kurve bei 715 eV Photonenenergie in zwei Segmente
geteilt, die fiir die Anpassung unabhéngig voneinander skaliert werden. Das Ergebnis der Summenregel-
Auswertung des Musterspektrums fiir das Spinmoment (p1g) und das Orbitalmoment (ur) von Eisen ist
in (b) angegeben. Die dabei in Glg. 1.2 und 1.3 verwendeten Flichen unter den Differenzpeaks A und B
sind durch Schraffuren gekennzeichnet.

die durch Mittelung iiber 5644 Bildpunkte von einer 1.2 ML Ni/Fe/6 ML Co-Dreilagenschicht
erhalten wurden. Die Eisenschichtdicke stieg dabei iiber den Bildbereich von 0 bis 14 ML linear
an. Das Spektrum fiir positive Helizitdt ist als durchgezogene Linie, das fiir negative Helizitét
als gepunktete Linie dargestellt. Das Differenzsignal aus dieser Mittelung bildet nun die Mus-
terkurve. Sie ist in Abb. 2.4 (b) abgebildet. Die Flichen A und B unter den Differenzpeaks
der Fe-Ls3- und Fe-Lo-Absorptionsmaxima, die in Gleichungen 1.2 und 1.3 verwendet werden,
sind schraffiert dargestellt. Die Summenregel-Auswertung dieser Spektren ergibt als Spinmo-
ment pug = (1.09 + 0.06) pup, als Bahnmoment py, = (0.11 £ 0.02) pp [66]. Fir die Anpassung
der Differenzkurve aus Abb. 2.4 (b) an die Differenzspektren der einzelnen Bildpunkte wird sie

bei einer Energie unterhalb des Lo-Peaks, im vorliegenden Beispiel bei 715 eV, in zwei Teile
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geteilt, die dann bei der Anpassung jeweils mit einem eigenen Faktor skaliert werden, um die

Differenzkurven der einzelnen Bildpunkte wiederzugeben.
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Abbildung 2.5: Beispiel fiir die automatische Summenregel-Auswertung mit Hilfe des Musterfits. (a),
(c), (e): Absorptionsspektren einzelner 3 x 3 ym?-Bildpunkte fiir positive Helizitit (durchgezogene Linien)
und negative Helizitét (gestrichelte Linien). Die Probe war 1.2 ML Ni/Fe/6 ML Co/Cu(001), mit Fe-
Schichtdicken von 10 ML (a), 5 ML (c) und 2 ML (e). (b), (d), (f): Differenz der Spektren aus (a), (c)
und (e) (offene Kreise). Die durchgezogenen Linien sind Segmente der Muster-Differenzkurve aus Abb.
2.4 (b), die an der Lz-Kante mit p;, an der Lo-Kante mit ps skaliert wurden, um die Differenzspektren
der einzelnen Bildpunkte anzupassen. Das Spinmoment pg und das Orbitalmoment uj; der einzelnen
Bildpunkte, berechnet nach Gleichungen 2.1 und 2.2 aus p;, p2 und den Momenten des Musterspektrums

sind in (a), (c) und (e) angegeben.

Abb. 2.5 zeigt als Beispiel drei Eisen-XMCD-Spektren einer 1.2 ML Ni/Fe/6 ML Co-Drei-
lagenschicht auf Cu(001). Die Spektren stammen von einzelnen Bildpunkten des zu Abb. 2.4
gehorenden XMCD-Datensatzes und entsprechen jeweils 3 x 3 um? Fliche auf der Probe. Die
Eisenschichtdicke an den entsprechenden Bildpunkten betrug, von links nach rechts, 10, 5 und 2
ML. Diese Schichtdicken wurden fiir das vorliegende Beispiel gew#hlt, um moglichst verschiedene
magnetische Momente im Eisen vorliegen zu haben. Die drastische Anderung des atomaren
magnetischen Moments in diesen Eisenschichten als Funktion der Schichtdicke ist eine Folge

des Zusammenhangs zwischen Struktur und Magnetismus, der in diinnen Eisenfilmen auf fcc-
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Substraten besonders ausgeprigt ist. Dies wird ausfiihrlicher in Abschnitt 3.1 diskutiert.

In der oberen Reihe von Abb. 2.5 sind jeweils die Absorptionsspektren der einzelnen Pixel fiir
positive Helizitét (durchgezogene Linien) und negative Helizitét (gestrichelte Linien) abgebildet.
Die zugehorigen Differenzspektren sind in der unteren Reihe mit offenen Kreisen wiedergegeben.
Die durchgezogenen Linien in den Differenzspektren stellen die Ergebnisse der Anpassungen mit
der in Abb. 2.4 (b) abgebildeten Musterkurve dar. Sie ergeben sich aus den zwei unabhingig
skalierten Segmenten der Musterkurve. Anpassparameter sind die beiden Skalierungsfaktoren pq
und pg, die man braucht, um die Musterkurve an ein Differenzspektrum eines Bildpunkts anzu-
passen. Die jeweils verwendeten Werte fiir p; (Skalierung an der Ls-Kante) und po (Skalierung
an der Lo-Kante) sind in Abb. 2.5 (b), (d) und (f) angegeben. Mit diesen beiden Werten kann
man das Ergebnis der Summenregel-Auswertung der Musterkurve auf die einzelnen Bildpunkte

umrechnen. Aus Gleichungen 1.2 und 1.3 erhélt man:

1 2

psp = Cu/Cp {pl <§ ps,m ML,M) + P2 (g Ks,M — UL,M)} (2.1)
2 2 2 1

prp = Cu/Cp |p1 (5 psm + 5 NL,M) + D2 (—5 psM + 5 NL,M)] . (2:2)

Dabei bezeichnen Indizes P die Momente der einzelnen Bildpunkte, Indizes M die Momente des
Musterspektrums. Der Korrekturfaktor Cys/Cp beriicksichtigt Anderungen in der helizitéitsge-
mittelten Gesamtintensitit der Absorptionsspektren bei der Bestimmung des Proportionalitéits-
faktors C nach Gleichung 1.4. Die mit diesen Gleichungen berechneten Spin- und Bahnmomente
ps,p und g, p der drei im Beispiel gezeigten Bildpunkte sind in Abb. 2.5 (a), (c¢) und (e) ange-
geben.

Die Vorteile dieser Methode der Anpassung an eine Musterkurve sind eine einfache numeri-
sche Anpassung ohne komplizierte Formelberechnung, was hilft, die Verarbeitungszeiten niedrig
zu halten, und ein stabiles Verhalten selbst bei verrauschten und kleinen Differenzsignalen. Das
FErgebnis stellt eine Mittelung {iber die einzelnen Datenpunkte in den Differenzspektren dar,
wobei automatisch eine stirkere Wichtung der Punkte an den Absorptionsmaxima stattfindet;
Punkte weit ausserhalb der Absorptionsmaxima spielen bei dieser Anpassung keine Rolle. Es
sollte jedoch vor Anwendung an mehreren Stellen im Bild gepriift werden, ob die Voraussetzung

fiir die Anwendbarkeit dieser Methode, namlich die konstante Kurvenform der Absorptionspeaks
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iiber den gesamten Bildbereich, gegeben ist.



Kapitel 3
Ausgewihlte Ergebnisse

3.1 Magnetische Phasen in fcc-Eisenfilmen

Bereits bei Betrachtung von Abb. 2.5 des vorigen Kapitels konnte man eine Vorstellung da-
von bekommen, wie unterschiedlich das magnetische Moment von ultradiinnen Eisenfilmen auf
einem Cu(001)-Substrat je nach Schichtdicke sein kann. Dies liegt an den unterschiedlichen
strukturellen und magnetischen Phasen, die diese Filme annehmen. Von besonderem Interesse
ist dabei eine Phase, bei der das Eisen in fcc-Form vorliegt und nichtferromagnetisches Verhalten
zeigt. Abgesehen von grundlagenorientierten Fragen zur Spinstruktur in einer solchen nichtfer-
romagnetischen fcc-artigen Fisenschicht ist sie auch hinsichtlich der magnetischen Kopplung
von benachbarten ferromagnetischen Schichten interessant. In diesem Abschnitt werden Unter-
suchungen von Eisenfilmen, die sich zwischen ferromagnetischen Kobalt- und Nickelschichten
befinden, mit abbildender XMCD-Mikrospektroskopie vorgestellt. Um die verschiedenen Phasen
des Eisens zu erhalten, wurde das Dreilagensystem aus Ni/Fe/Co bei Raumtemperatur epitak-
tisch auf Cu(001) aufgewachsen. Der Einsatz von abbildender Mikrospektroskopie erlaubt es,
die Filme mit keilférmigem Schichtdickenprofil aufzubringen und so innerhalb eines Bilds die
komplette Schichtdickenabhéngigkeit von Spin- und Bahnmoment zu untersuchen. Wegen der
Elementselektivitit von XMCD ist es dariiberhinaus moglich, die Magnetisierungsrichtungen in
den ferromagnetischen Nickel- und Kobaltschichten zu bestimmen, um so Information iiber die

magnetische Zwischenschichtkopplung durch die Eisenschicht hindurch zu erhalten.

37
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3.1.1 Fe/Cu(001)

Die Gitterkonstante von Kupfer bietet die Mdoglichkeit, Eisen in Form von ultradiinnen Fil-
men auf Kupfersubstraten in der fcc-Modifikation herzustellen [67], die im Volumen nur bei
Temperaturen oberhalb von 1183 K existiert. Erste systematische Kerr-Effekt-Messungen der
Schichtdickenabhéngigkeit von Fe/Cu(001) zeigten einen diskontinuierlichen Verlauf des Satti-
gungssignals mit der Schichtdicke [68], der schnell das Interesse vieler Forschergruppen auf dieses
System und den Zusammenhang zwischen Struktur und Magnetismus in ultradiinnen Eisenfil-
men lenkte. Abb. 3.1 zeigt schematisch die Schichtdickenabhiingigkeit des magnetischen Mo-
ments von Fe/Cu(001). Man kann drei Schichtdickenbereiche unterscheiden, die in Abb. 3.1 mit
I, IT und III bezeichnet sind. In Phase I und III steigt das Moment linear mit der Schichtdicke
an, was auf eine durchgehend ferromagnetische Schicht hindeutet. In Phase I hingegen findet
man ein konstantes Moment, das etwa dem von 2 ML Eisen aus Phase I entspricht. Hier trégt

also ein signifikanter Teil des Films nicht zum Ferromagnetismus bei.
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Abbildung 3.1: Schematische Darstellung des magnetischen Moments und der verschiedenen Phasen von
Fe/Cu(001) als Funktion der Schichtdicke. Der lineare Anstieg des Moments in Phase I und III deutet
auf eine durchgehend ferromagnetische Schicht hin, wihrend in Phase II ein signifikanter Teil des Films
nicht zum Ferromagnetismus beitragt.
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Nachfolgende Strukturuntersuchungen ergaben, dass in Phase II zwischen etwa 4 und 11
ML Schichtdicke die inneren Atomlagen des Films in einer fcc-artigen Struktur mit gegeniiber
dem Cu-Substrat reduzierten vertikalen Lagenabstinden vorliegen [69, 70]. Das ferromagneti-
sche Moment wird den obersten Atomlagen zugeschrieben [71,73], die einen grofieren vertikalen
Lagenabstand aufweisen [69]. Bei etwa 11 ML Schichtdicke findet eine Transformation zu einer
(110)-orientierten bce-Struktur statt (Phase IIT), die nicht mehr pseudomorph zum Substrat
ist [74-76]. Hier sind die einzelnen Atomlagen dichter gepackt und daher vertikal noch weiter
expandiert. Die magnetischen Eigenschaften entsprechen weitgehend denen von Eisen in Vo-
lumenproben. Die geometrische Struktur von Filmen in Phase I ist deutlich komplizierter. Zu
einem gegeniiber Kupfer durch tetragonale Verzerrung expandierten vertikalen Lagenabstand
kommt noch eine Korrugation von Atomreihen in der Ebene [77-79]. Neueste Rastertunnel-
mikroskopieuntersuchungen deuten sogar darauf hin, dass es sich dabei nicht um eine durch
tetragonale Verzerrung modifizierte fce-Struktur handelt, sondern dass diese Phase mit einer

tetragonal verzerrten bee-Struktur beschrieben werden muss [80].

In Abb. 3.1 ist die Struktur der drei Phasen schematisch durch den unterschiedlichen verti-
kalen Lagenabstand illustriert. Die zum Ferromagnetismus beitragenden Atomlagen sind durch
Pfeile gekennzeichnet. Ungeklédrt ist bisher die magnetische Konfiguration der inneren, nicht-
ferromagnetischen Lagen in Phase II, die in Abb. 3.1 durch ein Fragezeichen markiert sind. Es
wurden schon relativ frith erste experimentelle Hinweise auf eine antiferromagnetische Ordnung
in diesen Lagen publiziert [71,81], wobei sich jedoch die Ordnungstemperaturen signifikant von-
einander unterschieden (70 K in Ref. [81], 200 K in Ref. [71]). In den meisten Theorien wird
eine antiferromagnetische Konfiguration mit einer zweilagenweisen antiferromagnetischen Aus-
richtung der Spins bevorzugt [82-84]. Neueste Experimente deuten auf eine inkommensurable
antiferromagnetische Spindichtewelle unterhalb von 200 K hin, bei der nichtkollineare Magneti-

sierungsrichtungen der einzelnen Lagen auftreten [86].

Dieselbe Abfolge der drei Phasen wurde auch auf anderen Substraten gefunden, so zum bei-
spiel auf CuggAui(001) [87], das eine um 1.5% groBere Gitterkonstante als Kupfer aufweist,
sowie auf epitaktischem Co/Cu(001) [88-93]. Sogar in aufgesputterten Multilagensystemen aus
Fe/Ni und Fe/Nig;Fejg auf MgO(001)-Substraten, die dhnliche laterale Gitterparameter aufwei-
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sen, konnten in den Eisenschichten diese drei Phasen beobachtet werden [94,95].

Zum offensichtlichem Zusammenhang zwischen Struktur und Magnetismus wurden Theorien
herangezogen, die auf der Volumenabhéngigkeit der jeweils energetisch giinstigsten magnetischen
Konfiguration von fcc-Eisen basieren [96-98]. In diesen Berechnungen liegt die Gitterkonstante
von Kupfer in einem Bereich, in dem eine sensible Abhéngigkeit der magnetischen Phase vom

Atomvolumen besteht.

3.1.2 Mikrospektroskopie an Ni/Fe/Co/Cu(001)

Im vorliegenden Beispiel dient die Mikrospektroskopie dazu, durch Verwendung von keilférmigen
Schichten moglichst effektiv und genau mittels XMCD die Schichtdickenabhéngigkeit der magne-
tischen Momente zu bestimmen. Die Filme wurden dazu wie in Abb. 3.2 schematisch dargestellt
als gekreuzte Doppelkeile aufgebracht. Dazu wurde bei den entsprechenden Verdampfungsschrit-
ten eine spaltformige Blende von 0.5x 2 mm? in 1 mm Abstand vor die Probenoberfliche gesetzt.
Periodisches Vor- und Zuriickdrehen der Probe entlang der Blendenléngsrichtung wahrend des
Aufdampfens fithrt zu einem keilférmigen Profil der aufgedampften Struktur rechts und links
von einem Plateau. Fiithrt man diese Prozedur fiir zwei orthogonale Azimuthwinkel der Probe
durch, so erhélt man die in Abb. 3.2 dargestellte Struktur. Je nach iiberstrichenem Drehwinkel

wahrend der Aufdampfung sind die Anstiegsflanken zwischen 100 und 400 pum breit. Abbildende

0-6 ML Ni
0-14 ML Fe
6 ML Co
Cu(001)

Abbildung 3.2: Schematische Darstellung der gekreuzten Doppelkeile von Nickel und Eisen auf einem
kontinuierlichen Kobaltfilm auf Cu(001). Die nachfolgenden Messungen wurden in dem durch den Kreis
hervorgehobenen Bereich durchgefiihrt, in dem sich orthogonal zueinander sowohl die Nickel- als auch die
Eisenschichtdicke dndert.
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XMCD-Mikrospektroskopie an solch einem gekreuzten Doppelkeil liefert mit einem Bild die ge-
samte Abhéngigkeit der magnetischen Momente von zwei Schichtdicken. Da fiir diese Messungen
keine besondere Ortsauflésung nétig ist, arbeitet man in dem sogenannten Ubersichtsmodus des
Instruments, bei dem die Objektivlinsenspannung auf etwa 100 V abgesenkt wird. Damit kann

man Gesichtsfelder von iiber 0.5 mm erhalten.

Abb. 3.3 zeigt das Ergebnis der bildpunktweisen Summenregelauswertung fiir das Spinmo-
ment im Eisen in einem Bereich im Doppelkeil, in dem sowohl der Beginn des Eisenkeils als
auch des Nickelkeils enthalten ist. Die Eisenschichtdicke ist an der oberen Achse angegeben, die
Nickelschichtdicke an der rechten Achse. Um Doménen zu vermeiden, wurde die Probe vorher in
einem externen Magnetfeld von 500 Oe geséttigt. Die drei Phasen von Eisen, wie sie im vorher-
gehenden Abschnitt besprochen wurden, sind auch im Ni/Fe/Co-Dreilagensystem deutlich zu
erkennen. Sie sind in Abb. 3.3 entsprechend gekennzeichnet. Mit ansteigender Nickelschichtdicke
erkennt man innerhalb von Phase II einen Bereich in der Umgebung von 5.5 ML Eisenschichtdi-
cke, in dem das Eisenspinmoment gegeniiber dem Rest der Phase II nochmal deutlich erniedrigt
ist. Dieser Bereich ist mit Ila gekennzeichnet, zur Unterscheidung von Phase IIb bei héheren
Fe-Schichtdicken. In Abb. 3.3 (b) sind Linienprofile des Eisenspinmoments als Funktion der
Eisenschichtdicke wiedergegeben. Man erkennt auch hier deutlich die in Abb. 3.1 schematisch
dargestellten drei Phasen. Man beachte, dass im Unterschied zu Abb. 3.1 hier allerdings nicht
das gesamte magnetische Moment des Films, sondern das Spinmoment pro Atom aufgetragen

ist.

Die quantitative Auswertung des Spinmoments in den drei Phasen liefert wertvolle Infor-
mation iiber die jeweils vorliegende magnetische Spinkonfiguration [66]. So ist zum Beispiel das
in Abb. 3.1 gezeigte einfache Modell von Phase II nicht mit dem hier gemessenen Spinmoment
vereinbar, da man sonst einen abfallenden Verlauf mit der Eisenschichtdicke beobachten miisste.
Der relativ hohe Wert von 0.7 pp weist auf ferromagnetische oberste Lagen des Eisenfilms hin.
Zur Erklarung der Schichtdickenabhéngigkeit des Fe-Spinmoments muss man Rauhigkeiten, die
zu Fluktuationen der lokalen Schichtdicke fithren, und die sich daraus ergebenden Frustrationen
berticksichtigen [66]. Nichtkollineare Spinkonfigurationen [86] oder ferromagnetische bee-Keime,

die schon bei Eisenschichtdicken von 7 ML beobachtet wurden [75,99], konnen auBerdem eine
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Abbildung 3.3: Ergebnis der abbildenden Mikrospektroskopie des Ni/Fe-Doppelkeils auf 6 ML
Co/Cu(001). (a): Grautondarstellung des Fe-Spinmoments pro Atom. Weifle Rechtecke markieren die
Position der in (b) gezeigten Linienprofile. Die drei in Abschnitt 3.1.1 vorgestellten Phasen sind gut zu
erkennen und mit I, IT und TIT gekennzeichnet. Bei Bedeckung mit Ni kann man in Phase II zwei ver-
schiedene Unterphasen ITa und IIb unterscheiden. (b): Linienprofile entlang des Fe-Keils auflerhalb des
Ni-Keils (offene Kreise) und bei 2.1 ML Ni-Schichtdicke (ausgefiillte Kreise). (Aus Ref. [66].)

Rolle spielen.
Besonders interessant ist der Abfall des Spinmoments in Phase I1a auf fast Null. Eigene ele-
mentaufgeloste Abbildungen an der Ni- und Co-Ls-Kante ergaben néamlich, dass in genau diesem

Bereich die Magnetisierung im Ni antiparallel zu der im Co steht [66]. Das gemessene reduzierte
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Spinmoment kénnte somit durch eine teilweise Kompensation von induziertem Ferromagnetis-
mus im Eisenfilm an den beiden Grenzflichen herriihren. Die antiferromagnetische Kopplung
von Ni und Co iiber die Eisenschicht bei genau dieser Schichtdicke kénnte durch die elektroni-
schen Zusténde im Potenzialtopf des Eisenfilms hervorgerufen sein [100,101]. Dies nennt man die
oszillatorische indirekte Austauschkopplung, die bei der Kopplung iiber paramagnetische und
antiferromagnetische Schichten auftreten kann, und Oszillationen im Vorzeichen der Kopplung
mit einer Periode von mehreren atomaren Monolagen aufweist [48]. Bei der Kopplung iiber anti-
ferromagnetische Schichten geringer Rauhigkeit kann auch eine durch die antiferromagnetische

Spindichtewelle hervorgerufene Oszillation iiberlagert sein [102].

Im vorliegenden System wird nur bei einer Schichtdicke antiferromagnetische Kopplung beob-
achtet. Dies kann daran liegen, dass der Schichtdickenbereich der Phase II zu gering ist, um mehr
als eine Oszillationsperiode zu beinhalten. Durch weitergehende Experimente mit vorsétzlich
verschlechterten Vakuumbedingungen konnte der Schichtdickenbereich von Phase II erweitert
werden. Tatséchlich konnte in diesem Fall dann eine weitere Stelle bei etwa 11 ML Eisenschicht-
dicke beobachtet werden, die man als antiferromagnetische Kopplung interpretieren kann [66].
Die sich ergebende Periode von etwa 5.5 ML stimmt mit den iiblicherweise bei paramagnetischen
fce-Metallen beobachteten Kopplungsperioden iiberein [48], wihrend der Interpretation einer in-
kommensurablen antiferromagnetischen Spindichtewelle von 2.7 ML Periode aus Ref. [86] zufolge

eine kiirzere Kopplungsperiode beobachtet werden miisste.

Weitere Information {iber den Magnetismus in der Eisenschicht erhélt man aus dem Bahnmo-
ment. Analog zu Abb. 3.3 zeigt Abb. 3.4 das Verhéltnis von orbitalem Moment zu Spinmoment.
Sattigungseffekte, die auftreten wenn die Eindringtiefe der Rontgenstrahlen an den Absorp-
tionskanten in eine vergleichbare Gréflenordnung wie die Elektronenaustrittstiefe kommt [59],
wurden wie in Ref. [66] beschrieben korrigiert. Aus dem orbitalen Moment kann man zum
einen Information iiber die Dimensionalitdt der Filme erhalten. Messungen haben gezeigt, dass
in zweidimensionalen Systemen das orbitale Moment gegeniiber Volumenproben relativ zum
Spinmoment erhéht ist [65,103]. Aus Abb. 3.4 sieht man allerdings, dass in Phase II keine nen-
nenswerte Erhohung des relativen orbitalen Moments zu beobachten ist. Dies wiirde folglich

einer Interpretation von zweidimensionalem Ferromagnetismus an den beiden Grenzflichen mit
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Abbildung 3.4: FErgebnis der abbildenden Mikrospektroskopie des Ni/Fe-Doppelkeils auf 6 ML
Co/Cu(001). (a): Grautondarstellung des Verhiltnisses von orbitalem Moment zu Spinmoment der Eisen-
schicht an derselben Stelle wie in Abb. 3.3. Weile Rechtecke markieren die Position der in (b) gezeigten
Linienprofile. (b): Linienprofile entlang des Fe-Keils aulerhalb des Ni-Keils (offene Kreise) und bei 2.1
ML Ni-Schichtdicke (ausgefiillte Kreise). Bei kleinen Eisenschichtdicken ist ein kontinuierlicher Anstieg
des relativen orbitalen Moments mit der Schichtdicke zu erkennen.

paramagnetischen Lagen dazwischen widersprechen, und auf eine Reduktion des Ferromagneti-
schen Moments durch antiferromagnetische Ordnung hinweisen. Zum anderen liefert das orbitale
Moment, wie im nachfolgenden Abschnitt noch genauer diskutiert wird, Information iiber die

elementaufgeldste magnetische Anisotropie. Diese gibt an, welche magnetische Vorzugsachse in
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der jeweiligen Schicht existiert. Das orbitale Moment ist grofler, wenn die Magnetisierung mit
dieser Vorzugsachse iibereinstimmt, als wenn sie senkrecht dazu steht [104-107]. Im vorliegenden
Beispiel ist die Probe in der Filmebene magnetisiert. Dies ist eine Folge der starken magnetischen
Anisotropie der 6 ML Kobalt. Aus Abb. 3.4 sieht man, dass das relative orbitale Moment in
Phase IIT hoher ist als in Phase I und II. Dies stimmt sehr gut mit dieser Interpretation iiberein,
wenn man annimmt, dass die magnetische Vorzugsachsen des Eisenfilms dieselben sind wie in
Fe/Cu(001). Dort ist ndmlich die Magnetisierung in Phase I und II senkrecht zur Filmebene, in
Phase III in der Filmebene [68,71,74]. In der vorliegenden Probe wire also die Magnetisierung
in Phase III entlang der Vorzugsachse der Eisenschicht, in Phase I und II nicht. Dies kénnte der
Grund fiir die Erhéhung des relativen orbitalen Moments in Phase III sein.

In diesem Abschnitt wurde abbildende Mikrospektroskopie verwendet, um die magnetischen
Momente in der Eisenschicht in einem Ni/Fe/Co-Dreischichtsystem auf Cu(001) zu untersuchen.
Spin- und Bahnmoment in den drei verschiedenen strukturellen und magnetischen Phasen konnte
so bestimmt und als zweidimensionaler Plot der Schichtdickenabhéngigkeit von der Eisen- und
Nickelschichtdicke dargestellt werden. Im Bereich antiferromagnetischer Kopplung zwischen der
Nickel- und der Kobaltschicht zeigen sich charakteristische Anderungen im Fe-Spinmoment. Im
Bahnmoment spiegelt sich im wesentlichen die elementaufgeloste magnetische Anisotropie der

Fe-Schicht wieder.

3.2 Spinreorientierungsiiberginge in Co/Ni-Doppellagen

Die Kontrolle iiber die leichte magnetische Richtung von magnetischen diinnen Filmen ist fiir
viele Anwendungen von grofler Bedeutung. Sie wird beschrieben durch das Minimum der mag-
netischen Anisotropieenergie. Diese gibt an, welche Energie notig ist, um die Magnetisierung
einer Probe in einer bestimmten Richtung zu halten [67,108]. Die Berechnung der Anisotro-
pieenergie und die Vorhersage der leichten Richtung stellt eine Herausforderung an die Theorie
dar, da diese Energien im Bereich von einigen peV/Atom liegen, die sich in der Berechnung
als Differenz der gesamten elektronischen Energie von etlichen eV/Atom fiir unterschiedliche
Magnetisierungsrichtungen ergeben [109-111]. Wie im vorigen Abschnitt bereits erwéhnt, kann

der Zusammenhang zwischen der magnetischen Anisotropieenergie und dem orbitalen Moment
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Abbildung 3.5: Schematische Darstellung des Zusammenhangs zwischen magnetischer Anisotropieener-
gie und Bahnmoment. In Bild 1 ist eine Probe entlang einer leichten Richtung magnetisiert, in Bild 2
entlang einer harten Richtung. Der Absolutwert des Bahnmoments piy, ist hoher, wenn die Magnetisierung
in die energetisch begiinstigtere Richtung zeigt (1).

ausgenutzt werden, um mit XMCD elementaufgelost Anisotropien zu untersuchen. Dieser Zu-

sammenhang wurde 1989 von Bruno in die folgende quantitative Form gebracht [104]:

_EG A

AK = .
4H pp

(3.1)

Dabei ist AK die Energiedifferenz zwischen zwei Magnetisierungsrichtungen und Ay, die damit
verbundene Anderung des orbitalen Moments. £ ist der Spin-Bahn-Kopplungsparameter, der
zum Beispiel fiir Ni etwa 50 bis 100 meV betrégt [9,112], und pp das Bohrsche Magneton. G/H
ist ein dimensionsloser Faktor, der sich aus zwei verschiedenen Integralen iiber die elektronische
Zustandsdichte G und H errechnet [104]. Eine grobe Abschétzung fiir die 3d-Ubergangsmetalle
ergibt G/H = 0.2 [106]. Das negative Vorzeichen in Gleichung 3.1 bedeutet, dass fiir eine
Magnetisierung entlang einer leichteren Richtung, also mit niedrigerer Anisotropieenergie K,
ein hoheres Bahnmoment pj erwartet wird. Dies ist in Abb. 3.5 schematisch dargestellt. Eine
Probe ist im Fall 1 entlang einer leichten Richtung magnetisiert, im Fall 2 entlang einer harten
Richtung. Die Magnetisierung in der harten Richtung kann zum Beispiel durch ein dufleres Feld
erfolgen, durch das die n6tige Anisotropieenergie Ko— K; aufgebracht wird. Das Bahnmoment pf,

ist parallel zur Richtung der Magnetisierung, sofern diese entlang einer Symmetrierichtung des
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Kristalls verlduft [113]. Der Absolutwert des Bahnmoments ist hoher, wenn die Magnetisierung

in eine energetisch begiinstigtere Richtung zeigt.

Experimentell wurde dieser Zusammenhang zwischen magnetischer Anisotropie und der
Anisotropie des Bahnmoments von verschiedenen Gruppen mit Messungen an Co/Au(111)
[106], Co/Pt-Vielfachschichten [114], Co/Ni/Cu(001) [115] und Ni/Pt-Vielfachschichten [116]
bestétigt, allerdings mit verschiedenen Proportionalitétskonstanten G/H aus Gleichung 3.1. Es
wurde spiter von van der Laan ausgefiihrt, dass Gleichung 3.1 nur im Fall eines vollstédndig
gefiillten Majoritatsbands giiltig ist [107]. Fiir das im folgenden betrachtete Ni ist dies jedoch

anndhernd der Fall.

Im nun folgenden Beispiel wurde der Spinreorientierungsiibergang zwischen einer Magnetisie-
rung senkrecht zur Filmebene (,,out-of-plane*) und einer Magnetisierung in der Filmebene (,,in-
plane“) mit abbildender magnetischer Mikrospektroskopie untersucht. Als Probe diente dabei
ein Co/Ni-Doppelkeil auf Cu(001), dhnlich wie in Abb. 3.2 schematisch gezeigt. Einzelne Co- und
Ni-Filme auf Cu(001) haben eine unterschiedliche Vorzugsrichtung der Magnetisierung: Wiahrend
Co/Cu(001) immer in der Ebene magnetisiert ist [117,118], zeigt Ni/Cu(001) in einem weiten
Schichtdickenbereich eine senkrechte Magnetisierung [119-121]. In Co/Ni-Doppelschichten er-
wartet man daher fiir grole Co- und kleine Ni-Schichtdicken eine Magnetisierung in der Ebene,
wéhrend die Magnetisierung fiir kleine Co- und grofie Ni-Schichtdicken senkrecht zur Filmebene

sein sollte.

Abb. 3.6 zeigt die pixelweise Auswertung mit den Summenregeln eines gekreuzten Co/Ni-
Doppelkeils auf Cu(001). Verschiedene Grautone geben das auf die Lichteinfallsrichtung proji-
zierte Spinmoment der Ni-Schicht wieder, wie in der Legende unterhalb des Bilds dargestellt.
Die Ni-Schichtdicke steigt von links nach rechts an, wie an der oberen Achse angegeben, die
Co-Schichtdicke von unten nach oben, wie an der rechten Achse angegeben. Die Lichteinfalls-
richtung verlduft von unten nach oben, wobei der Winkel zur Probenoberfliche 30° betrug. Das
Bild setzt sich aus 76 800 Einzelspektren zusammen, von denen jedes die spektrale Informati-
on von 370 x 370 nm? der Probenoberfliche reprisentiert. Jedes XMCD-Spektrum wiederum
enthélt Messpunkte bei 105 verschiedenen Photonenenergien fiir jede Helizitét, so dass Abb. 3.6

die Information von insgesamt mehr als 16 Millionen Datenpunkten enth#lt!
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Abbildung 3.6: Ergebnis der abbildenden Mikrospektroskopie an einem Co/Ni-Doppelkeil auf Cu(001).
Gezeigt ist die Projektion des Ni-Spinmoments auf die Lichteinfallsrichtung (von unten nach oben, 30°
zur Probenoberfliche) als Grautondarstellung, wie in der Legende erklért. Die Ni-Schichtdicke steigt von
links nach rechts an (obere Achse), die Co-Schichtdicke von unten nach oben (rechte Achse). Das Bild
setzt sich aus der Auswertung von 76 800 Einzelspektren von jeweils 370 x 370 nm? der Probenoberfliche
zusammen. Die gestrichelte weifle Linie markiert die Position eines Spinreorientierungsiibergangs, der eine
Region mit Magnetisierung in der Filmebene (oberhalb) von einer Region mit senkrechter Magnetisierung
(unterhalb) trennt.

Im unteren Teil des Bilds erkennt man magnetische Doménen zweier verschiedener Hellig-
keitsstufen, deren Grauwerte einem auf die Lichteinfallsrichtung projiziertem Spinmoment von
plus und minus 0.3 up entsprechen. In diesem Bereich der Probe liegt out-of-plane-Magnetisierung
vor. Beriicksichtigt man die geometrische Projektion der beiden entgegengesetzten Magnetisie-
rungsrichtungen senkrecht zur Filmebene auf die Lichteinfallsrichtung, entspricht dies einem
Absolutwert des Spinmoments von 0.6 up, also in etwa dem Volumenwert von Nickel. Oberhalb

der gestrichelten Linie findet man Doménen mit vier verschiedenen Grauwerten. Diese kdnnen
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den Projektionen des Spinmoments entlang der vier in der Ebene liegenden kristallographischen
(110)-Richtungen auf die Lichteinfallsrichtung zugeordnet werden, wobei sich als Absolutwert
wieder 0.6 pp ergibt. In diesem Bereich der Probe liegt also in-plane-Magnetisierung vor. Die ge-
strichelte weifle Linie markiert folglich die Position eines Spinreorientierungsiibergangs zwischen
in-plane- und out-of-plane-Magnetisierung. Aus der Neigung dieser Linie folgt, dass schicht-
dickenabhiingige Ubergéinge von in-plane nach out-of-plane also sowohl fiir groBer werdende

Ni-Schichtdicke als auch fiir kleiner werdende Co-Schichtdicke auftreten.
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Abbildung 3.7: Ergebnis der abbildenden Mikrospektroskopie an einem Co/Ni-Doppelkeil auf Cu(001).
Gezeigt ist die Projektion des Ni-Bahnmoments auf die Lichteinfallsrichtung an derselben Stelle der Probe
wie in Abb. 3.6. Die Grautonskala ist in der Legende angegeben.

Abb. 3.7 zeigt die zugehorige mikrospektroskopische Auswertung nach dem Ni-Bahnmoment.
Verschiedene Graustufen entsprechen hier verschiedenen Grofien der Projektion des lokalen
Bahnmoments auf die Lichteinfallsrichtung, wie in der Legende dargestellt. Deutlich sind die-

selben Doménen wie in Abb. 3.6 zu erkennen. Das Bild ist jedoch stéirker verrauscht als Abb.
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3.6. Dies ist eine Folge der Anwendung der Summenregeln: zur Berechnung des Spinmoments
werden die Flachen unter dem Dichroismusspektrum an der Lo- und Lg-Kante addiert, wahrend

sie zur Berechnung des Bahnmoments subtrahiert werden (sh. Abschnitt 1.2.3).

w/ Ug eff

0.02- in-plane senkrecht

| | | | |
-20 -10 0 10 20
Abstand v. Spinreorientierungsuibergang (um)

Abbildung 3.8: Verhiltnis von Bahn- zu Spinmoment im Nickel als Funktion des Abstands vom Spinre-
orientierungsiibergang aus Abb. 3.6 und 3.7. Jeder Datenpunkt stellt die Mittelung iiber 192 Bildpunkte
von 370 x 370 nm? entlang von Linien parallel zum Spinreorientierungsiibergang dar. Die horizonta-
len Balken geben den Mittelwert fiir die beiden Regionen mit senkrechter Magnetisierung (rechts) und
mit Magnetisierung in der Filmebene (links) an. Man erkennt, dass das Bahnmoment in der senkrecht
magnetisierten Region signifikant hoher ist als in der in-plane-Region.

Die Interpretation des Bahnmoments beziiglich magnetischer Anisotropien muss unabhingig
von der jeweiligen Magnetisierungsrichtung in den einzelnen Doménen erfolgen. Dies wird er-
reicht, indem man das Verhiltnis von Bahn- zu Spinmoment puy,/pg bildet. Dabei kiirzen sich
die geometrischen Faktoren heraus. Bei Betrachtung von Abb. 3.7 wird jedoch klar, dass das
Rauschen der einzelnen 370 x 370 nm?-Bildpunkte im vorliegenden Beispiel eine pixelweise In-
terpretation von pr/pus nicht zuldsst. Es ist jedoch moglich, durch eine rdumliche Mittelung
iiber eine gewisse Anzahl von Bildpunkten die Statistik auf Kosten der lateralen Auflésung zu
verbessern. Das Ergebnis einer solchen Mittelung ist in Abb. 3.8 gezeigt. Aufgetragen ist das
Verhéltnis von Bahn- zu Spinmoment uy/ug als Funktion des Abstands zum Spinreorientie-
rungsiibergang, der weiflen gestrichelten Linie in Abb. 3.6. Dazu wurden jeweils die 192 Bild-
punkte entlang einer einen Bildpunkt breiten Linie parallel zum Spinreorientierungsiibergang
gemittelt. Die linke Seite von Abb. 3.8 entspricht dabei dem oberen Teil von Abb. 3.6 und 3.7

(in-plane-Magnetisierung), die rechte Seite dem unteren Teil (out-of-plane-Magnetisierung). In
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der Mitte fehlen ein paar Datenpunkte; diese weisen wegen der verschwindenden Projektion des
Spinmoments direkt am Spinreorientierungsiibergang und der damit einhergehenden Division

durch Null einen weit gréfleren Fehlerbalken auf.

Man erkennt beiderseits des Spinreorientierungsiibergangs einen annéhernd konstanten Wert
des Verhéltnisses von Bahn- zu Spinmoment, der auf der out-of-plane Seite deutlich héher ist als
auf der in-plane Seite. Die horizontalen Linien markieren den jeweiligen Mittelwert. Das Bahn-
moment im Nickel ist also im Bereich der senkrechten Magnetisierung um fast 0.03 Spinmomente
hoher als im Bereich, in dem die Magnetisierung in der Filmebene liegt. Dieser Unterschied wird
dem in diesem Abschnitt eingangs erwdhnten Zusammenhang zwischen der Anisotropie des orbi-
talen Moments und der magnetischen Anisotropie zugeschrieben. Im Falle von Co/Ni/Cu(001)-
Doppelschichten muss man folglich annehmen, dass die Anisotropie der Ni-Schicht wie im Falle
ohne Co-Deckschicht eine senkrechte Anisotropie aufweist, also eine senkrechte Magnetisierungs-
richtung energetisch begiinstigt. In der Summe der Anisotropieenergien beider Schichten wird
ab einer bestimmten Co-Schichtdicke aber die in-plane-Anisotropie der Co-Schicht iiberwiegen.
Da die beiden ultradiinnen Schichten durch direkte Austauschwechselwirkung magnetisch fest
miteinander gekoppelt sind, wird in diesem Fall die gemeinsame leichte Richtung der Magneti-
sierung in der Ebene sein. Die Grofle des Ni-Bahnmoments spiegelt aber elementaufgeltst nur
die Anisotropie der Ni-Schicht wieder, und wird daher im Fall der durch Co erzwungenen in-
plane-Magnetisierung, die dann ja aus Sicht der Ni-Schicht entlang einer harten Richtung ist,

geringer sein als im Fall der out-of-plane-Magnetisierung.

Mit Hilfe von Gleichung 3.1 kann dies zu einer Abschitzung der magnetischen Anisotropie-
energie des Nickelfilms ausgenutzt werden. Setzt man fiir die Proportionalitdtskonstante £G /4 H
den fiir Ni in Ni/Pt-Vielfachschichten experimentell bestimmten Wert von 2.6 meV [116] ein,
so erhélt man eine Ni-Anisotropieenergie von 47 peV/Atom. Beriicksichtigt man die mit der
Proportionalitdtskonstanten verbundenen Unsicherheiten, so liegt dieser Wert durchaus genau
im Bereich der erwarteten Energien. Ein Literaturwert fiir die Anisotropieenergie der inneren
Lagen von Ni-Filmen auf Cu(001) betrigt 34 peV/Atom [122]. Der etwas hohere Wert von 47
ueV/Atom 148t sich leicht erkldren, wenn man beriicksichtigt, dass die XMCD-Messung ein

iiber die Elektronenaustrittstiefe gemitteltes Signal liefert, und die Nickelatome direkt an der
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Co/Ni-Grenzflache einen hohen Beitrag zur senkrechten Anisotropie liefern [123].

In diesem Beispiel der Co/Ni-Doppelschichten auf Cu(001) wurde magnetische abbildende
Mikrospektroskopie fiir eine elementaufgeléste mikroskopische Untersuchung der magnetischen
Momente in der Nidhe eines Spinreorientierungsiibergangs der leichten magnetischen Richtung
verwendet. Wihrend die gemessenen Projektionen der Ni-Spinmomente einen konstanten Abso-
lutwert des Spinmoments beiderseits des Spinreorientierungsiibergangs ergeben, ist der Absolut-
wert der lokalen Bahnmomente im Bereich der Magnetisierung in der Filmebene erniedrigt. Diese
Erniedrigung des Bahnmoments wird durch die magnetische Anisotropie hervorgerufen, die zu ei-
ner Anisotropie des Bahnmoments fithrt. Diese Korrelation von Bahnmoment und magnetischer
Anisotropieenergie erweitert das Potenzial der abbildenden magnetischen Mikrospektroskopie
um mikroskopisch aufgeloste elementselektive Messungen der magnetischen Anisotropie. Solche
Messungen der lokalen magnetischen Anisotropie sind besonders zur Untersuchung mikroma-
gnetischer Effekte wichtig. Messungen des Bahnmoments in mikrostrukturierten Proben oder in
der Ndhe von Doménenwénden, in denen sich die Magnetisierung kontinuierlich iiber eine har-
te Richtung hinweg &dndert, konnten die notige Information fiir verbesserte mikromagnetische

Rechnungen liefern und das allgemeine Verstdndnis der damit verbundenen Effekte verbessern.



Kapitel 4

Ausblick

Die vollstdndige Kombination von PEEM und XMCD erlaubt es, mit einem vertretbaren ex-
perimentellen Aufwand elementaufgeloste magnetische abbildende Mikrospektroskopie durch-
zufithren. Das PEEM wird dabei als parallel arbeitender ortsaufgeltster Detektor fiir den loka-
len Absorptionsquerschnitt weicher Rontgenstrahlung benutzt. Damit ist es moglich, fiir jeden
Bildpunkt einer mikroskopischen Abbildung die volle spektroskopische Information der XMCD-
Spektroskopie zu erhalten, sofern einige experimentelle Voraussetzungen beziiglich Gleichm#8ig-
keit der Beleuchtung des Gesichtsfelds, Normierung auf den Photonenfluss sowie Linearitdt und
Stabilitéit des Bildwandlersystems erfiillt sind. Bei einer Auswertung solcher Datenséitze nach
den Summenregeln [14,15] kann die erhaltene Information in Form von Graustufenbildern der
magnetischen Momente, separiert nach Spin- und Bahnanteil und projiziert auf die Lichteinfalls-
richtung, dargestellt werden. In Fillen, in denen keine spezielle Ortsauflosung nétig ist, kann
diese Methode zur schnellen Untersuchung von Schichtdickenabhéngigkeiten verwendet werden,
indem keilférmige Filme mit geeigneten Abmessungen pripariert werden. Dies wurde am Beispiel
von ultradiinnen Ni/Fe/Co-Schichten auf Cu(001) gezeigt, wobei die Nickel- und Eisenschichten
als gekreuzte Doppelkeile auf Co/Cu(001) aufgebracht wurden.

Diese Methode erlaubt aber auch, mit hoherer Auflésung mikromagnetische Phinomene zu
untersuchen. Das Beispiel der abbildenden Mikrospektroskopie an Spinreorientierungsiibergéngen
in Co/Ni/Cu(001)-Doppelschichten zeigte, dass es moglich ist, damit sogar elementselektiv Aus-

sagen iiber lokale magnetische Anisotropien machen zu kénnen. Verbesserungen in der Bildinten-
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sitdt durch Erhohung der Photonenflussdichte und der Effizienz des Detektionssystems werden
dazu beitragen, das Rauschen im ausgewerteten Signal weiter zu verringern und so zu einer mi-
kroskopischen Abbildung von Anisotropieeffekten zu gelangen. Eine hohere Intensitdt kann auch
genutzt werden, die fiir abbildende Mikrospektroskopie erreichbare Ortsauflosung zu verbessern,
ohne die Messzeit iiber Gebiihr zu verldngern.

Eine hohere Ortsauflésung wird auch durch den Einsatz von neuen Instrumenten mit ab-
errationskorrigierenden Optiken [124] erwartet. Da in diesen Mikroskopen eine Korrekturoptik
die Abbildungsfehler ausgleicht, wird es moglich sein, mit sehr viel grofieren Kontrastblenden
zu arbeiten, was neben der verbesserten Auflosung vor allem eine signifikant hohere Intensitét
bedeutet. Neue Strahlrohre an den Synchrotronstrahlungsquellen, die ein schnelles Umschalten
der Polarisation von hochbrillanter Strahlung erlauben [125], werden die Genauigkeit von Di-
chroismusmessungen noch weiter erh6hen und den Einfluss von Strahllageschwankungen und
Drifts im experimentellen Aufbau auf die Spektren verringern.

Der Einsatz von Energiefiltern zur Energieselektion der bei der Abbildung verwendeten Elek-
tronen [126-129] wird zum einen ein weites Feld von Dichroismuseffekten, die nicht in der Ab-
sorption der Strahlung, sondern in der Photoemission der ausgeschlagenen Elektronen auftre-
ten [130], fiir die abbildende Spektroskopie 6ffnen. Zum anderen kann in diesem Fall eine Einstel-
lung der Abbildungsoptik, die nicht des Realraumbild sondern das Elektronenbeugungsbild auf
den Detektor abbildet, verwendet werden, um Photoelektronenbeugungsexperimente [131-133]
mit XMCD-Messungen zu verbinden. Dabei kann zum Beispiel die Kontrastblende verwendet
werden, um spezielle Beugungsspots fiir die Realraumabbildung zu selektieren, und so eine struk-
turelle Selektivitét in der abbildenden magnetischen Mikrospektroskopie zu erreichen.

Die Einbeziehung der Zeitstruktur der anregenden Synchrotronstrahlung [134] schliefflich
kann dazu verwendet werden, mit XMCD-PEEM dynamische magnetische Effekte strobosko-
pisch zeitaufgelost sowohl mikroskopisch abzubilden als auch zu spektroskopieren. Denkbar sind
hier zum Beispiel Momentaufnahmen der mikroskopischen Verteilung von Spin- und Bahnmo-

menten im Verlauf von reversiblen dynamischen Ummagnetisierungsvorgéingen.
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Kapitel 6

Originalveroffentlichungen

Die nachfolgend wiedergegebenen Originalverdffentlichungen enthalten umfangreiche Details zu
den Messungen, weitere Ergebnisse sowie ausfiihrliche Diskussionen. Im einzelnen werden in den
angefiigten Publikationen 6.1-6.6 die folgenden Schwerpunkte behandelt: 6.1 zeigt den Einsatz
des Photoemissionsmikroskops zur elementaufgelosten Abbildung von magnetischen Doménen
in gekoppelten magnetischen Mehrschichtsystemen. Die hier untersuchten Proben sind diinne
Ni-Filme auf Co-Mikrostrukturen und austauschgekoppelte Co/Cr/Fe-Dreilagensysteme. In 6.2
wird ein Uberblick iiber spektromikroskopische und mikrospektroskopische Methoden gegeben
und deren Vor- und Nachteile fiir den moglichen Einsatz zur abbildenden magnetischen Mi-
krospektroskopie beleuchtet. XMCD-PEEM-Mikrospektroskopie wird als am aussichtsreichsten
identifiziert, und die Methode erliutert. Details der experimentellen Durchfithrung und die Uber-
windung der fiir Mikrospektroskopie spezifischen Schwierigkeiten werden in 6.3 erldutert. Dort
wird auch die automatische Auswerteprozedur beschrieben. Ein Beispiel fiir abbildende mag-
netische Mikrospektroskopie findet man in 6.4 Dort werden die Spin- und Bahnmomente einer
diinnen Eisenschicht auf Co/Cu(001) abgebildet. 6.5 und 6.6 schlielich enthalten die in Kapitel
3 bereits kurz vorgestellten Ergebnisse iiber die magnetischen Phasen von ultradiinnen fcc-
Eisenfilmen in Ni/Fe(Co/Cu(001) (6.5) und der magnetischen abbildenden Mikrospektroskopie
am Spinreorientierungsiibergang in Co/Ni-Doppellagen auf Cu(001) (6.6). In beiden Veroffent-
lichungen ist jeweils eine umfangreiche Diskussion enthalten, die iiber das in Kapitel 3 kurz

angerissene weit hinausgeht.
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KAPITEL 6. ORIGINALVEROFFENTLICHUNGEN

Die Referenzen der einzelnen Originalveroffentlichungen sind:

6.1

6.2

6.3

6.4

6.5

6.6

W. Kuch, R. Fromter, J. Gilles, D. Hartmann, Ch. Ziethen, C. M. Schneider, G. Schénhen-
se, W. Swiech und J. Kirschner, ,,Element-selective magnetic imaging in exchange-coupled
systems by magnetic photoemission microscopy®, Surface Review and Letters 5, 1241

(1998). (Copyright (1998) by the World Scientific Publishing Company.)

W. Kuch, ,,Imaging Magnetic Microspectroscopy“, zur Veroffentlichung eingeladen in ,,Ma-
gnetic Microscopy of Nanostructures®, herausgegeben von H.-P. Oepen und H. Hopster,

Springer-Verlag, Berlin (vorr. 2003).

W. Kuch, J. Gilles, F. Offi, S. S. Kang, S. Imada, S. Suga und J. Kirschner, , Element-
selective mapping of magnetic moments in ultrathin magnetic films using a photoemission

microscope”, Surface Science 480, 153 (2001). (Mit Erlaubnis von Elsevier Science, Copy-
right (2001).)

W. Kuch, J. Gilles, S. S. Kang, F. Offi, J. Kirschner, S. Imada und S. Suga, ,, Quantitative
x-ray magnetic circular dichroism microspectroscopy of Fe/Co/Cu(001) using a photo-
emission microscope®, Journal of Applied Physics 87, 5747 (2000). (Copyright (2000) by

the American Institute of Physics.)

W. Kuch, J. Gilles, F. Offi, S. S. Kang, S. Imada, S. Suga und J. Kirschner, , Imaging
microspectroscopy of Ni/Fe/Co/Cu(001) using a photoemission microscope“, Journal of
Electron Spectroscopy and Related Phenomena 109, 249 (2000). (Mit Erlaubnis von El-

sevier Science, Copyright (2000).)

W. Kuch, J. Gilles, S. S. Kang, S. Imada, S. Suga und J. Kirschner, ,,Magnetic-circular-
dichroism microspectroscopy at the spin reorientation transition in Ni(001) films*, Physical

Review B 62, 3824 (2000). (Copyright (2000) by the American Physical Society.)



6.1. ELEMENT-SELECTIVE MAGNETIC IMAGING ...

Surface Review and Letters, Vol. 5, No. 6 (1998) 1241-1248
© World Scientific Publishing Company

ELEMENT-SELECTIVE MAGNETIC IMAGING
IN EXCHANGE-COUPLED SYSTEMS
BY MAGNETIC PHOTOEMISSION MICROSCOPY

W. KUCH, R. FROMTER, J. GILLES and D. HARTMANN
Maz-Planck-Institut fir Mikrostrukturphysik, Weinberg 2,
D-06120 Halle, Germany

CH. ZIETHEN, C. M. SCHNEIDER* and G. SCHONHENSE
Institut fir Physik, Johannes Gutenberg-Universitit Mainz, Staudingerweg 7,
D-55099 Mainz, Germany

W. SWIECH
Materials Research Laboratory, University of Illinois at Urbana-Champaign,
Urbana, IL 61801, USA

J. KIRSCHNER
Max-Planck-Institut fir Mikrostrukturphysik, Weinberg 2,
D-06120 Halle, Germany

Received 16 June 1998

We have used a photoemission microscope to obtain element-resolved magnetic contrast in stacked
magnetic thin film systems. Magnetic information is thereby provided by X-ray magnetic circular
dichroism. Elemental sensitivity, which is crucial for studying magnetic coupling phenomena in systems
with several different layers, is achieved by tuning the energy of the illuminating photons to atomic
absorption edges. We present measurements of a Ni-coated Co micropattern on Cu(001), and a wedged
Co/Cr/Fe(001) sample. In the former sample the Ni magnetization is seen to follow the magnetization
of the Co pattern, thereby changing from an out-of-plane easy axis in areas without underlying Co
to in-plane on top of the Co microstructures. In the latter a reversal of the exchange coupling of the
Co layer to the Fe magnetization is observed when the Cr layer thickness exceeds approximately two
monolayers. A small net magnetic moment is also observed in the Cr spacer layer, which follows in
sign the Co magnetization at the reversal of the exchange coupling. This finding is discussed in terms
of interface roughness or interdiffusion.

The recent interest in magnetic coupling phenomena
of ultrathin films has been nourished both by funda-
mental questions and by the prospect of commercial
applications. On the fundamental side the striv-
ing for basic knowledge of the magnetic exchange
coupling! of two magnetic layers across a nonmag-
netic spacer layer and its dependence on the thick-
nesses and compositions of the film has challenged
experimentalists>” as well as theoreticians.812

Technologically such systems have attracted consid-
erable attention since the discovery of the connection
of the magnetic exchange coupling with large changes
in the electrical resistance.!31® This so-called giant
magnetoresistance (GMR) effect offers a huge po-
tential for applications, primarily in data storage.'®
Devices based on the GMR effect for reading mag-
netic information from a storage disk allow a hith-
erto unattainable reduction in size, and thus promise

*Present address: Institut fiir Festkorper and Werkstofforschung, Postfach 27 00 16, D-01171 Dresden, Germany
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to keep pace with the fast increase in areal storage
density.!” Arrays of magnetoresistive submicrometer
devices are being developed for random access mem-
ory application.!® In each case the magnetic and
resistive properties of the commercially interesting
devices are tailored to meet specific requirements
by combining a variety of functional layers, which
act as seed, buffer, lead, spacer, or pinning layers.
For the study of such systems, the size of which
is reaching down into the micromagnetics regime,
the requirement of probing magnetic information
with both spatial and elemental resolution becomes
obvious.
croscopy (PEEM) with excitation by circularly po-
larized soft X-ray synchrotron radiation (X-PEEM),
tuned to atomic absorption edges, can offer the
desired spatially and elementally resolved mag-
netic information.'%2 Magnetic contrast is thereby
provided by X-ray magnetic circular dichroism
(XMCD).21"28 XMCD is the difference in absorption
cross section upon helicity reversal, and depends on
the relative orientation of local sample magnetization
and incident light. The absorption of X-ray photons

Combining photoelectron emission mi-

manifests itself in the emission of electrons, which
are imaged by the PEEM. The exponential attenua-
tion length of the probed electrons is thereby about
20 A in the case of 3d metals.2* Scanning the photon
energy across an absorption edge and recording to-
tal electron yield spectra with the PEEM allows one
even to extract quantitative information about mag-
netic properties with spatial resolution by applying
so-called sum rules, which have been proposed for
the analysis of XMCD absorption spectra.?’

In this contribution we describe the application
of a newly designed photoemission microscope (Fo-
cus IS-PEEM, with a routinely achieved resolution in
threshold photoemission that is better than 30 nm)
to demonstrate the versatility of this approach for
the element-selective study of magnetic coupling phe-
nomena of micropatterned structures and buried lay-
ers. By examining the magnetic domain structure
of a Ni-coated artificially microstructured Co ultra-
thin film on Cu(001), we will show how the elemental
resolution helps to obtain magnetic information also
from subsurface layers, as long as the thickness of the
cap layers does not exceed a few times the probing
depth. A common means of conveniently studying
the thickness dependence of thin film properties is
to image their spatial distribution on wedge-shaped
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samples. We will present an investigation of the mag-
netic exchange coupling between a Co ultrathin film
and an Fe(001) substrate across a wedged Cr inter-
layer. The elemental sensitivity and the ability to
access also buried layers allows one not only to image
the magnetization direction in the top magnetic Co
layer with respect to the Fe substrate, but also the
residual net magnetic signal of the Cr spacer layer.
A schematic setup of the photoelectron emission
microscope is shown in Fig. 1. A more detailed de-
scription of the instrument has already been pub-
lished elsewhere,?? so here only a brief description is
given. The instrument is a three-lens electrostatic
straight optical axis microscope with an integral
sample stage and a variable contrast aperture. An
electrostatic octupole stigmator in the back focal
plane of the objective lens allows correction of astig-
matism and alignment of the optical axis in any
rotational direction. The image is magnified by a

Sample stage

v
j

\
d

Object lens
- -\_(—> Contrast aperture
_—I I—— Stigmator-deflector
Field aperture
e rions N, . aatan| . .
Rt i e =@l 1. Projective lens
[ R
S | o
R =—mgll 2. Projective lens
P T

-, ——— Channelplate

e — YAG-screen
CCD-camera

Fig. 1. Schematic setup of the photoelectron emission
microscope (Focus IS-PEEM) with an integral sample
stage and a variable contrast aperture.
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two-stage projective lens system, intensified by a
multichannel plate, and converted into visible light
by means of a scintillator crystal. The image is
then computer-recorded with 16-bit intensity reso-
lution with a Peltier-cooled slow scan CCD camera.
Constrast apertures with different diameters can be
selected in situ by x—y movement of a multiaper-
ture mount. For the measurements presented here
a 200 pm diameter aperture was used. Experiments
were performed at the beamline PM 3 at the Berlin
synchrotron radiation source (BESSY), and at the
beamline ID 12B of the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble. At BESSY
light emitted from a bending magnet was accepted
0.3 mrad above and below the storage ring orbit,
resulting in an estimated degree of circular polar-
ization of about 40% at photon energies between
800 and 1000 eV.20 At the ESRF the helicity of
the helical undulator of the beamline was switched
to deliver right and left circularly polarized light of
more than 85% polarization.2” The light was inci-
dent with an angle of 25° to the sample surface, thus
allowing the imaging of both magnetization compo-
nents for in-plane and perpendicular magnetization.
The element-resolved magnetic contrst is achieved by
subtracting images recorded for both helicities of the
exciting light at the L3 absorption edges of Cr, Fe,
Co and Ni at photon energies of 575, 707, 779 and
855 eV, respectively. To correct for imperfections of
the imaging system and suppress the topographical
and work function contrast, asymmetry images are
reported, which result from normalizing this differ-
ence by the sum. Film preparation and image ac-
quisition were performed in a vacuum better than
5x 1078 Pa.

Figure 2(a) shows a sketch of the micropat-
terned epitaxial sample. Fifteen monolayers (ML) of
Co were electron-beam-evaporated through a copper
grid mask comprising an array of 8 x 8 um? square
apertures with 12 pm period located about 100 pm
in front of a clean Cu(001) substrate surface. This
resulted in the Co micropattern as schematically de-
picted. The azimuthal orientation of the Co squares
with respect to the crystallographic orientation of the
Cu substrate and the direction of light incidence is
indicated in Fig. 2(b). After removal of the grid, the
Co structures were coated with 8 ML of Ni. Both de-
position steps were done at room temperature, with
evaporation rates of about 0.7 ML/min (Co) and
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0.2 ML/min (Ni). To illustrate better the influence
of the Co structures on the magnetic behavior of the
Ni film, the images presented in Fig. 2 have been
recorded at the edge of the mask, which leaves an
area free of Co on the right hand side of the images.

8 ML Ni
15 ML Co
Cu(001)

Co

Fig. 2. (a) Sketch of the micropatterned epitaxial Ni/Co
film. An array of 15-ML-thick 8 x 8 um? Co squares with
a 12 pm period on top of Cu(001) is coated with 8 ML
of Ni. (b) Element-specific asymmetry image of the mi-
cropatterned Ni/Co film, recorded at the Co L3 edge.
Co squares are present only on the left hand side of the
image. Different gray shades correspond to different pro-
jections of the magnetization direction onto the direction
of the incoming light. The arrows suggest possible in-
plane orientations of the Co magnetization. (c) Same as
(b), but recorded at the Ni Ls edge. Rounded out-of-
plane domains are observed off the Co squares; on top
of the Co squares the Ni magnetization follows that of
the Co and is in-plane. The inset shows the geometry of
the experiment. Because of the oblique incidence angle
both in-plane and out-of-plane magnetization directions
contribution to the magnetic contrast.
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Figures 2(b) and 2(c) show a typical domain
structure of this film in the as-grown state at the Co
and Ni L3 edges, respectively. The images were taken
at BESSY at room temperature. The settings of the
microscope were chosen to give a spatial resolution of
about 500 nm; the monochromator exit slit was set to
200 pm, corresponding to a resolving power of about
200. This resulted in an exposure time of 10 min for
each helicity. The spatially resolved asymmetry in
the total electron emission intensity, which is a mea-
sure for the magnetization component in direction of
the light incidence, is reproduced in Figs. 2(b) and
2(c) in a gray scale. Dark areas have a positive mag-
netization component in the direction of the incident
light, bright areas a negative. Figure 2(b) shows the
image taken at the Co L3 edge, i.e seen through the
Ni layer. Only three different gray scale levels are
present in this image. The intermediate gray level
outside the Co squares corresponds to zero asymme-
try; bright and dark areas on the Co structures rep-
resent two opposite projections of the magnetization
onto the direction of light incidence.

In films with a fourfold in-plane rotational sym-
metry one would expect four equivalent easy axes
of in-plane magnetization. In epitaxial Co films on
Cu(001) the easy axis was found to be along the
substrate [110] azimuth.2® In our experiment the sub-
strate was aligned with its in-plane [100] crystal-
lographic direction in the direction of the incident
X-rays. A spontaneous magnetization of the Co
squares along the four (110) directions would thus
result in equal projections of either two of these easy
axes along the light incidence. This would lead to
the observation of only two different asymmetries in
the experiment. The experimental finding is thus
compatible with the Co structures magnetized in
one of these fourfold crystallographic axes, which
are indicated by two white and two black arrows
in Fig. 2(b).

Another explanation for the appearance of only
two different asymmetries in the present case could
be the presence of a uniaxial in-plane anisotropy,
aligning the magnetization along one principal axis.
Such a uniaxial anisotropy could be induced, for
example, by atomic steps in the substrate due to a
miscut.?? In the demagnetized state this would re-
sult in only two (opposite) directions of the mag-
netization, leading also to the observed gray tones.
To unequivocally determine the direction of magne-

KAPITEL 6. ORIGINALVEROFFENTLICHUNGEN

tization one would have to rotate the sample in situ
around its azimuth. This is, unfortunately, not pos-
sible with the instrument in the present state. Work
is in progress, however, to provide such a sample
azimuthal rotation inside the microscope for future
studies.

Figure 2(c) shows the asymmetry image recorded
at the same spot of the sample at the Ni L3 edge.
The direction of light incidence is the same as in
Fig. 2(b). The magnetic contrast at the positions
of the underlying Co squares resembles the contrast
observed at the Co L3 edge. The bright and dark
contrast right at the lower and upper edges of the
squares, respectively, are an artifact due to a slight
vertical sample drifft between the acquisition of the
two images for opposite light helicity. In the Ni im-
age additional domains are also observed in the re-
gion outside the Co structures, where the 8 ML Ni
film sits directly on the Cu substrate. These domains
exhibit a rounded shape, and a lower asymmetry dif-
ference between dark and bright. It is known that in
ultrathin Ni films on Cu(001) the easy axis of mag-
netization turns from in-plane to perpendicular with
increasing Ni thickness between 7 and 10 ML, and
again to in-plane between 56 and 75 ML.30:3! The
Ni thickness of the first spin reorientation transition
further varies slightly for different substrate temper-
atures during Ni deposition.?? From the thickness
of the Ni film, the rounded shape of the domains
(which is indicative of a perpendicular magnetiza-
tion), the knowledge from the literature, and our
own investigations of Ni/Cu(001), we conclude that
the Ni magnetization in the regions outside the Co
squares is perpendicular to the film plane. On the
Co squares the Ni magnetization is ferromagnetically
aligned with the Co magnetization, which, due to the
strong magnetostatic shape anisotropy of 15 ML Co,
lies in the film plane. The inset of Fig. 2(c) shows
the geometry of the light incidence in the present
measurements. As already mentioned, both in-plane
and out-of-plane magnetization directions contribute
to the magnetic signal. Because of the incidence an-
gle of 25° to the sample surface the projection of
the magnetization onto the light helicity is lower in
the case of perpendicular magnetization, which leads
to the lower asymmetry difference between oppo-
sitely magnetized domains outside the Co squares.
We therefore conclude from the images shown in
Fig. 2 that the film undergoes a spin reorientation
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transition from perpendicular to in-plane induced by
the underlying Co.
It should be noted that the gray scales for the
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5ML Co
(a) 0-3 ML Cr
Fe(001)

magnetic contrast in Figs. 2(b) and 2(c) are not iden-
tical, but are scaled to show the full range of resulting
asymmetry values present in each image. Since raw
images acquired at the maximum of the Ni L3 ab-
sorption were used to calculate the asymmetry, and
no background correction was performed, the tail
of the energetically lower-lying Co L2 3 absorption
contributes to the Ni image, and induces the arti-
factual offset of the Ni asymmetry on top of the
Co squares with respect to the area beside the Co
squares, as is seen in Fig. 2(c). Although the Co sig-
nal is attenuated upon transmission through the Ni
overlayer, it exhibits in the present case still the bet-
ter signal-to-noise ratio at identical exposure time,
because of the smaller XMCD asymmetry of Ni com-
pared to Co.

The random pattern of dark and bright Co
squares indicates that there is little or no interaction
between different squares. Horizontally patterned
films appear technologically promising, because of
the additional control of magnetic properties by the
design of the pattern.3® With decreasing separation
between the structures of such patterns, magnetic
interactions between neighboring structures become
increasingly important. Further work is in progress
to image significantly smaller patterns with improved
lateral resolution, and to study their properties and
lateral interaction.

Figure 3(a) is a sketch of the Co/Cr/Fe sample
used to study the magnetic exchange coupling be-
tween Fe and Co across a Cr spacer layer. On an
Fe(001) whisker (300 pm width) a Cr wedge with a
slope of ~ 8 ML/mm was deposited by positioning a
mask 0.7 mm in front of the sample and rocking the
joint mask sample assembly by £17° during evap-
oration. After deposition of the Cr wedge it was
completely covered with 5 ML Co. Both deposition
steps were done at 500 K, with evaporation rates
of about 0.1 ML/min (Cr) and 0.5 ML/min (Co).
Figures 3(b)-3(d) show asymmetry images recorded
at the ESRF at room temperature from the same
area of the sample but with the photon energy
turned to the Fe, Co and Cr L3 edges, respec-
tively. In these images the light was incident from the
left, along the wedge gradient. The settings of the

Fe

(b)

Fig. 3. (a) Sketch of the wedge-shaped Co/Cr layer on
an Fe(001) whisker. A 0-3 ML Cr wedge is covered with
5 ML Co. Arrows indicate the direction of magnetization
in the substrate and in the Co overlayers as found from
the element-resolved magnetic domain images (b)—(d).
(b) Element-specific asymmetry image recorded at the Fe
L3 edge. The Fe substrate exhibits a simple domain con-
figuration of two oppositely magnetized domains aligned
parallel to the whisker. (c) Element-specific asymmetry
image recorded at the Co L3 edge. The orientation of the
Cr wedge is tilted by 19° with respect to the Fe whisker;
the Cr thickness increases from left to right. The Co
magnetization follows that of the Fe substrate up to a Cr
coverage of ~ 2 ML; at higher Cr film thicknesses anti-
ferromagnetic coupling is observed. (d) Element-specific
asymmetry image recorded at the Cr L3 edge. The onset
of the Cr wedge is indicated by the white broken line.
The Cr magnetization follows that of the Co cover layer,
except at the very lowest Cr coverages (< 0.3 ML), where
the Cr magnetization is opposite to that of Fe and Co.
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photoemission microscope were adjusted to enable
the imaging of a relatively large area of the sam-
ple. This is achieved by using low extraction fields
(= 200 V, survey mode).
about 1 ym and a field of view of more than 700 pm
are the consequences. The exposure time for all of
these images was only about 5 min for each helicity,
thanks to the high brightness of the insertion device.

Figure 3(b) shows the asymmetry at the Fe Ls
edge, representing the Fe substrate magnetization
seen through the Cr and Co layers. It consists of
two oppositely magnetized domains aligned along-
side the whisker, which is parallel to the horizontal
edges of the image. The magnetization of these do-
mains is indicated on the left hand edge of the sketch
in Fig. 3(a). Bright areas correspond to a magneti-
zation orientation opposite to the direction of the in-
cident light, and dark areas to a magnetization along
the light incidence. Such a simple domain configura-
tion is often encountered in Fe whiskers, and is very
convenient for imaging magnetic coupling in wedge-
shaped overlayers.67:34

In Fig. 3(c) the corresponding image acquired at
the Co L3 edge is reproduced. The orientation of
the Cr wedge is such that it increases from upper
left to lower right, with a tilt angle of 19° with re-
spect to the Fe whisker, as indicated schematically
in Fig. 3(a). The highest Cr thickness in the lower
right hand corner is about 3 ML. Comparing panels
(b) and (c), one sees that at low Cr thickness the
Co magnetization follows that of the Fe substrate,
i.e the Co is coupled ferromagnetically to the Fe. For
Cr thicknesses above ~ 2 ML the magnetic contrast
in the Co image is reversed with respect to the Fe im-
age; Co hence displays an antiferromagnetic coupling
to the Fe substrate at these Cr thicknesses. At the
transition from ferromagnetic to antiferromagnetic
coupling at 2 ML Cr coverage, a small region with
an intermediate gray scale contrast is observed. This
could be due to a simultaneous presence of ferromag-
netic and antiferromagnetic coupling in that region,

or to a biquadratic coupling behavior, which would
6

A lateral resolution of

result in a 90° rotation of the Co magnetization.?
From the present measurements we cannot distin-
guish between these two possibilities.

The bottommost panel [Fig. 3(d)] shows the im-
age recorded at the Cr Lz edge. As mentioned be-
fore, a particular advantage of the technique lies in
the combination of element selectivity and access to
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buried layers. This makes it possible to study the
residual ferromagnetic ordering of the Cr wedge, in-
duced by the adjacent Fe and Co magnetic layers.
Figures 3(d) shows that there is indeed a net ferro-
magnetic moment also in the Cr layer. The onset of
the Cr wedge is indicated by the white broken line.
Left of that line no Cr was deposited. The Cr mag-
netization follows that of the Co cover layer, with
a darker constrast on the bottom half at the center
of the image, and a darker area also on the upper
right hand side. Only at the lowest Cr coverages be-
low ~ 0.3 ML, just right of the broken line, does the
Cr magnetization seem to be opposite to that of Fe
and Co. We observe a similar behavior on submono-
layer Cr wedges on Fe(001) without additional over-
layers, in the cases where the Cr is deposited at room
temperature or slightly elevated temperatures. The
temperature dependence of this effect points towards
an important role of the Fe/Cr interface, and will
be discussed in a forthcoming publication.?” At this
point we would like to emphasize again that elemen-
tal selectivity is an absolutely necessary prerequisite
for studying the coupling behavior of submonolayer
coverages on a ferromagnetic surface.

The Cr thickness where the antiferromagnetic ex-
change coupling is first observed (2 ML in Co/Cr/Fe)
is lower than that of Fe/Cr/Fe (4-5 ML).634
Whereas the period of the oscillation in the inter-
layer exchange coupling depends only on the non-
ferromagnetic interlayer material, different magnetic
layers may influence the phase.>'2 The difference in
the Cr switching thickness could thus be attributed
to a phase shift in the oscillations in the exchange
coupling due to the different matching of the elec-
tronic states of Co to Cr compared to Fe and Cr. A
significant influence of the amount of interface inter-
mixing on the occurrence of the antifferromagnetic
interlayer coupling®® may also play a role.

The asymmetry contrast at the Cr L3 edge
[Fig. 3(d)] is only between 0.2 and 0.5% compared
to about 20% at the Fe or Co L3 edges [Figs. 3(b)
and 3(c), respectively]. This indicates that the total
net moment of the Cr layer is much lower than the
Fe or Co moments. Furthermore, the contrast is sig-
nificantly weaker in the region of antiferromagnetic
exchange coupling compared to the region of ferro-
magnetic alignment between Fe and Co. On the right
hand side of Fig. 3(d) the domain boundary between
the upper and lower Fe domains is hardly discernible
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in the Cr signal. If we assume that the apparent fer-
romagnetic moment in the Cr is primarily induced
at the interfaces, the parallel alignment in the region
of ferromagnetic exchange coupling points towards
a net ferromagnetic contribution at both the Fe/Cr
and Co/Cr interfaces.
change in these interface contributions occurs at the
Cr thickness at which the exchange coupling changes
from ferromagnetic to antiferomagnetic, the two in-

Assuming further that no

terface contributions would tend to cancel out in the
antiferromagnetically coupled region. This would ex-
plain the drop in asymmetry contrast above 2 ML Cr
thickness. The residual Cr magnetism above 2 ML
is oriented along the Co magnetization direction. In
the above argumentation this leads to the conclu-
sion that the Co/Cr interface contribution outweighs
the Fe/Cr contribution to the Cr net moment. This
could be attributed to interface roughness, which
probably is higher between Cr and Co because of
different roughness at the upper and lower Cr in-
terfaces in the film growth at 500 K.3® We note that
due to the limited probing depth the Co/Cr interface
has a somewhat higher weight in the images than
the Fe/Cr interface; at 2 ML Cr thickness, however,
this leaves only a less than 15% difference between
the two interfaces, and the drop in asymmetry con-
nected the effect of different weight alone should be
much bigger.

In conclusion, we have demonstrated in this con-
tribution how magnetic domain imaging using circu-
larly polarized synchrotron radiation with a PEEM
can be used to study magnetic coupling in a lat-
erally resolved way. A specific feature of this ap-
proach is the selective mapping of buried layers and
microstructures. The magnetic behavior of an array
of Co microstructures coated with a perpendicularly
magnetized Ni film was imaged. The interlayer ex-
change coupling between Co and Fe across Cr was
investigated by imaging a wedged Co/Cr/Fe sample.
By tuning the photon energy to the Co L3 absorp-
tion edge the sign of the exchange coupling could be
determined, which was found to change from ferro-
magnetic to antiferromagnetic at 2 ML Cr thickness.
Besides, it was possible to detect a ferromagnetic sig-
nal from the Cr spacer layer. This signal follows
the Co magnetization except for Cr coverages be-
low ~ 0.3 ML. The smaller Cr asymmetry in the
region of antiferromagnetic coupling at Cr thickness
between 2 and 3 ML compared to Cr below 2 ML
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suggests that the observed Cr ferromagnetism is due
to ferromagnetic coupling at the interfaces. Future
work will be devoted to clarifying the role of inter-
face quality and its dependence on growth tempera-
ture in the interface coupling of Cr to ferromagnetic
materials.
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1 Imaging Magnetic Microspectroscopy

WoLrGanG KucH
Max-Planck-Institut fiir Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

There are several well established techniques for spectroscopy of magnetic films
and surfaces that are commonly employed when information about electronic
states, binding properties, or element-resolved magnetic properties is required.
The reduction in lateral size that goes along with the soaring extend to which
magnetic elements and devices are used or planned to be used in technological
applications in magnetic sensors, data storage, or magnetoelectronics, demands for
magnetic spectroscopic information on a microscopic lateral lengthscale. Thus the
combination of magnetic spectroscopy and microscopy into what is commonly
termed microspectroscopy or spectromicroscopy would be ideal for the study of
small magnetic structures.

This chapter explains the combination of photoelectron emission microscopy
(PEEM) and x-ray magnetic circular dichroism (XMCD) in absorption for imaging
XMCD-PEEM microspectroscopy. In a PEEM, an electrostatic electron optics
creates a magnified image of the secondary electron intensity distribution at the
sample surface. When excited by soft x-rays, the image intensity can thus be
regarded as a local electron yield probe of x-ray absorption. In XMCD, the mea-
surement of the total electron yield of the sample is frequently used to determine
the x-ray absorption as a function of photon energy and helicity of the circularly
polarized radiation. Scanning consequently the photon energy and recording
PEEM images at each photon energy step for both helicities results in a micro-
spectroscopic data set which allows to extract the full information that is usually
obtained from XMCD spectra for each single pixel of the images. Of particular
interest is thereby the application of the so-called sum rules to extract the effective
spin moment and the orbital moment, projected onto the direction of incoming
light. This chapter starts with a short overview of magnetic microspectroscopy
techniques in comparison to XMCD-PEEM microspectroscopy. The basics of the
underlying spectroscopic and microscopic methods is shortly explained in Sec.
1.2. Important experimental aspects inherent to XMCD-PEEM microspectroscopy
are discussed in Sec. 1.3. Finally in Sec. 1.4 two recent examples of application of
XMCD-PEEM microspectroscopy are presented, in which the method has proven
beneficial for the study of interesting issues in the field of ultrathin magnetic films.
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1.1
Microspectroscopy and Spectromicroscopy - an
Overview

The terms "microspectroscopy" and "spectromicroscopy" both refer to techniques
which combine spectroscopy and microscopy. "Spectromicroscopy" is commonly
used to describe microscopic imaging techniques in which the image contrast is
due to spectroscopic details. The acquired images are then related to a certain
energy of either electrons or photons. "Microspectroscopy”, on the other hand, is
primarily used to describe techniques in which spectroscopic information is ob-
tained from a small area on a sample. In terms of the dependence of delivered in-
formation, spectromicroscopy is thus a technique that yields data as a function of
the two space coordinates for a certain value of the energy coordinate, whereas
microspectroscopy delivers data as a function of energy for a fixed pair of values of
the space coordinates. The consequent extension of both spectromicroscopy and
microspectroscopy would be to get the full spectroscopic and spatial information
in the same measurement, that is, data are obtained as a function of all three vari-
ables, namely the two space coordinates and energy. In that limit
"spectromicroscopy” and "microspectroscopy" become identical. The topic of this
contribution is the combination of x-ray magnetic circular dichroism (XMCD) and
photoelectron emission microscopy (PEEM) for the measurement of such a three-
dimensional data set. It may be considered as either full-image microspectroscopy
or full-energy spectromicroscopy, where we (arbitrarily) have chosen the former
name, and thus will refer to it as microspectroscopy. In all cases the extension to
full-image microspectroscopy, or imaging microspectroscopy, represents a consid-
erably higher experimental effort, and it will be only practical if the gain in infor-
mation is worth it.

In this section a short overview over some microspectroscopic and spectro-
microscopic techniques used for the investigation of magnetic samples is given,
and the use of XMCD-PEEM as an ideal imaging microspectroscopic technique is
motivated. A more comprehensive overview over spectromicroscopic techniques
also for non-magnetic applications can be found in Ref. [1.1].

1.1.1
Scanning techniques

In microscopy one can generally distinguish between scanning techniques and
techniques that use parallel imaging. We will start with the scanning techniques.
A scanning technique that is commonly employed at most synchrotron light
sources and can be used for magnetic microspectroscopy is scanning x-ray micros-
copy (SXM). The incident x-ray radiation from the synchrotron is focused by an
appropriate x-ray optics, for example by Fresnel zone plates, into a small spot on
the sample. Depending on the photon energy range spot sizes smaller than 200 nm
have been achieved [1.2, 3]. In plain microscopy applications the sample is
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scanned, and the transmitted x-rays generate the microscopic image. With only
minor modifications such set-ups can easily be used for spectromicroscopy or
microspectroscopy. For magnetic microspectroscopy in the simplest case the de-
pendence of the transmitted, absorbed or reflected x-ray intensity on photon energy
is recorded. Magnetic contrast is obtained from the dependence of the x-ray absorp-
tion cross section at elemental absorption edges on magnetization direction, when
circular polarization is used (see section 1.2.1). Another variant includes electron
spectroscopy, where emitted electrons of a certain kinetic energy are detected [1.4].
Here magnetic contrast can be obtained from magnetic dichroism in photoelectron
spectroscopy [1.5]. Since the magnetic contrast is higher in absorption, only this
has been used for magnetic imaging [1.6, 7]. The advantage of scanning x-ray
microscopy is that the microscopy component of the technique is completely in
the excitation path, so that on the detection path standard spectrometers can be
used to provide the spectroscopy component. The energy resolution for electron
detection can thus be chosen to be the same as in plain photoelectron or Auger
electron spectroscopy. For imaging microspectroscopy, however, the disadvantage,
as in all scanning techniques, is that the time needed for a complete scan of both
the sample position and the energy can be quite long.

Another scanning spectromicroscopic technique for imaging magnetic properties
is spin-polarized scanning tunneling microscopy, in which the spin-dependence in
electron tunneling spectroscopy is used as contrast mechanism (see chapter 10).
The bias voltage between a magnetic tip and the sample is set to an energy at
which the dependence of the tunnel current on the direction of sample magnetiza-
tion is maximized [1.8, 9]. Without changing the experimental set-up also micro-
spectroscopy can be performed. For this the tip position is kept fixed, and the bias
voltage is scanned. In principle also imaging scanning tunneling microspec-
troscopy is possible. In most cases, however, the microspectroscopic information
is only needed to find the best energy for obtaining magnetic domain images.

For the imaging of magnetic domains also laser scanning Kerr microscopy has
been used [1.10]. The magneto-optical Kerr effect using visible light is a
commonly employed method to measure magnetization curves. The spectroscopic
variant, Kerr spectroscopy, where the wavelength of the exciting laser light is
scanned, is used for the characterization of electronic properties [1.11]. No reports
exist, however, of imaging scanning Kerr microspectroscopy measurements.

As mentioned before, the disadvantage of all scanning techniques for imaging
microspectroscopy in general is that three parameters, namely two space coordi-
nates and the energy, need to be scanned step by step, which can make it a rather
lengthy undertaking. In most cases consequently the relation between effort and
benefit is not favoring imaging scanning microspectroscopy.

1.1.2
Imaging techniques

Parallel imaging techniques have the advantage over scanning techniques that for
imaging microspectroscopy only the energy needs to be scanned, while at each
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energy step a complete image is acquired. Parallel imaging techniques may thus
be accelerated to achieve feasible measuring times even for full image microspec-
troscopy. The individual images are equivalent to two-dimensional sets of data
points, which are acquired in parallel. Parallel imaging of magnetic spectroscopic
information is based either on magneto-optical effects or on magneto-dichroic
effects in electron spectroscopy after optical excitation.

An example for magneto-optical effects [1.12] is the magneto-optical Kerr effect
using visible light, as already mentioned in the previous section. In the micro-
scopic variant optical microscopy is used to convert the magneto-optical informa-
tion into a domain image of the sample [1.10]. The plus in information that
would result from the combination off Kerr microscopy with wavelength scanning
Kerr spectroscopy, however, seems not worth the effort, since no imaging Kerr
microspectroscopy has been reported in literature up to now.

This is different in the range of soft x-rays, where elemental core level absorp-
tion edges are accessed. The optical constants vary strongly in the vicinity of these
edges, and depend on the magnetization of the sample. The absorption of circu-
larly polarized x-rays at the absorption edges depends on the relative orientation
between light helicity and magnetization direction. This mechanism, which will
be presented in the following section, is named x-ray magnetic circular dichroism
(XMCD) in absorption, and is the first choice for obtaining magnetic contrast in
imaging. It has been demonstrated, though, that in principle also magnetic circular
dichroism in angle-resolved photoemission can be used to obtain magnetic con-
trast in photoelectron spectromicroscopy. Images obtained in an imaging hemi-
spherical electron analyzer from Fe 3p photoelectrons after off-resonant excitation
with circular polarization exhibited a weak magnetic contrast [1.13]. In a more
recent paper even magnetic contrast using unpolarized light from an x-ray tube and
magnetic dichroism in Fe 2p photoemission was claimed [1.14]. The signal to
noise ratio, however, is significantly worse in the photoemission case compared to
images obtained in the same instrument using XMCD in absorption to generate
magnetic contrast [1.15, 16].

Two ways can generally be used to image the local x-ray absorption: either by
imaging of photons, or by imaging of emitted electrons. Imaging of the transmit-
ted photons has been successfully performed for magnetic spectromicroscopic do-
main imaging in a transmission x-ray microscope [1.17]. The sample is thereby
prepared such that its total thickness allows transmission of soft x-rays, and a zone
plate based x-ray optics is used to create the image of the transmitted beam. The
drawback for microspectroscopy with photon imaging techniques in general are
problems due to the energy dependence of the focal length of x-ray optics, in par-
ticular of zone plates. The magnification and focusing of the resulting image thus
varies during a photon energy scan, which leads to a significant blurring of the
image if no correction for example by a sophisticated image processing software is
performed.

In that respect the imaging of the distribution of emitted electron intensity for
microspectroscopic purposes is clearly easier. Since just the x-ray absorption needs
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to be detected as a function of photon energy, no explicit energy filtering of the
electrons is necessary, and the high intensity secondary electrons may be used. X-
ray optics, if any, is used only for the illumination of the imaged area of the sam-
ple. Different types of electron optics have been employed successfully for XMCD
based spectromicroscopic imaging of magnetic domains, all of which are classified
under the name electron emission microscopy. While in most of the more recent
work fully electrostatic photoelectron emission microscopes (PEEMs) (see section
1.2.2) were used [1.18-23], also an imaging hemispherical electron analyzer [1.15,
16], and in Ref. [1.24] a low energy electron microscope (LEEM, [1.25, 26]) have
been employed. Fig. 1.1 shows an example of a domain image taken with a
PEEM. It shows a lithographic triangular microstructure of 30 nm thick
polycrystalline Co. Different grayscale contrast represents different directions of
magnetization, where bright means pointing up, dark pointing down, and

Fig. 1.1: Magnetic domain image of a triangular microstructure of 30 nm thick polycrystalline Co on
Si using a PEEM and XMCD. Field of view 40x40 um’. [1.27]

intermediate gray indicates a horizontal magnetization direction [1.27].

The advantage of extending XMCD based spectromicroscopy with electron
detection to imaging microspectroscopy are obvious: Experimentally it is quite
straightforward, if some aspects as outlined in section 1.3 are considered. XMCD
is a widely used and comparably well understood spectroscopic technique, so there
is a significant gain in quantitative information from full-image microspectroscopy
compared to the acquisition of spectromicroscopic images; this will be discussed
in section 1.2.1. Finally due to the availability of high flux insertion device
beamlines at third generation synchrotron radiation light sources the time required
for recording three-dimensional data sets for imaging microspectroscopy is
approaching feasibility while still maintaining reasonable spatial resolution. This
will be demonstrated by selected examples in section 1.4.

A further advantage of x-ray absorption based spectromicroscopy is that by
using linearly polarized x-rays a magnetic-dichroic signal can be obtained even
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from oxidic antiferromagnets [1.28, 29]. The use of this x-ray linear magnetic
dichroism for the imaging of antiferromagnetic domains is outlined in chapter 2.

In the remainder of this chapter PEEM is assumed as the electron emission mi-
croscopy technique for magnetic x-ray absorption spectroscopy. This is due to the
existing work in this field, however, most of what is said is identically valid also
for any other type of electron emission microscopy.

1.2
Basics

1.2.1
X-ray Magnetic Circular Dichroism

Since its experimental discovery [1.30], magnetic circular dichroism in soft x-ray
absorption has developed into a widely used technique for the element-specific
characterization of magnetic films and multilayers. This is in part due to the so-
called sum rules that have been proposed to deduce quantitative magnetic informa-
tion from XMCD spectra [1.31, 32]. Other reasons for the widespread use of
XMCD are: the magnetism-related changes in absorption cross section are quite
large, there are several synchrotron radiation light sources around the world
providing x-rays of tunable wavelength, and it is comparatively easy to measure x-
ray absorption from the total photoelectron yield, where only the sample current
has to be detected.

This section is aimed to provide the reader who is not familiar with XMCD
spectroscopy with the basic ideas in order to follow the remainder of the chapter.
More comprehensive introductions can be found elsewhere [1.12, 22, 33-36].
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Fig. 1.2: Schematic explanation of x-ray absorption spectroscopy (XAS). The absorption spectrum
shown in the bottom panel results from the convolution of the occupied density of states of the core
levels (upper left) and the unoccupied density of states g(E) of the valence states (upper right,
shaded area). The contribution from s,p states is usually approximated and subtracted in the form of a
step function (bottom panel).

We will restrict ourselves to the L, 3 absorption edges of 3d transition metals,
i.e., the onset of excitation of transitions of 2p core electrons to empty states above
the Fermi level. Let us for the moment consider absorption in a paramagnet. An
explanation of x-ray absorption spectroscopy in a one-electron description is
shown in Fig. 1.2. The left upper panel shows a schematic representation of the
occupied density of states of the 2p core levels. The important point here is that
because of spin-orbit interaction the 2p states are energetically split into the clearly
separated 2p1, and 2ps; levels. Any further splitting into sublevels is not impor-
tant here. Absorption of x-rays by the excitation of electronic transitions from the
2p states is determined by the occupied density of states of the 2p core electrons,
and the unoccupied density of states available for these transitions above the Fermi
energy (Er). The latter is schematically shown in the upper right panel, where the
shaded area represents the unoccupied states. The contribution from states of
predominantly s,p character is represented by a flat energy dependence, whereas d
states are shown as sharp peaks at about £r. The resulting absorption spectrum is
obtained from the convolution of the occupied density of states of the left upper
panel and the unoccupied density of states of the right upper panel. Finite
experimental photon energy resolution has to be taken into account by an
additional convolution with a Gaussian. A typical L,; absorption spectrum is
shown in the bottom panel of Fig. 1.2. It is seen that the absorption signal related
to transitions into empty 3d states shows up as two peaks at the energetic
positions of the 2p,» and 2ps, states, whereas the unoccupied s,p states give rise
to a step-like background. Since the magnetic moment of the 3d transition metals
is mainly governed by 3d valence electrons, the latter is usually subtracted as a
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step-function with relative step heights of 2:1 [1.37], according to the occupation
of the 2ps,» and 2py,» core states, as shown in the bottom panel of Fig. 1.2.

Er

gmai(E) A

energy

gmin(E) ‘

Fig. 1.3: Schematic representation of density of states of a ferromagnetic metal. Shown are the spin
resolved density of states for majority electrons gm.j(E) in the positive y direction, and the spin re-
solved density of states for minority electrons gmin(£) in the negative y direction. The shaded areas
are unoccupied density of states above the Fermi energy Er available for 2p—3d transitions.

If 2p—3d transitions are excited by circularly polarized radiation, these transi-
tions exhibit a spin polarization because of selection rules [1.38]. In other words,
for a certain light helicity more electrons of one spin direction with respect to the
direction of the incoming light are excited into the unoccupied 3d states than of
the other spin direction. In a paramagnet this does not lead to a change in absorp-
tion intensity, since the number of unoccupied states is equal for both spin direc-
tions. In a ferromagnet, however, the density of unoccupied states is different for
electrons of spin parallel or antiparallel to the magnetization direction, leading to a
spin magnetic moment defined by the difference in occupation. This is explained
in Fig. 1.3. It shows a schematic representation of the spin resolved density of
states, separated into density of states of majority spin electrons on the top, and
density of states of majority spin electrons on the bottom. If magnetization and
light incidence are aligned with each other to some degree, there are consequently
more possible transitions for one direction of light helicity than for the other. This
leads to a difference in absorption for opposite light helicity. In a dichroism spec-
trum, calculated as the difference between absorption spectra for opposite helicity, a
non-zero difference will show up at the energy positions of the peaks related to
transitions from the 2ps, and 2p.,» levels into the empty 3d-like states. Since the
spin polarization of 2p;,—>3d transitions has an opposite sign than the that of the
spin polarization of 2p,,—>3d transitions [1.12, 35], the dichroism at the L; and
L, edge will have opposite sign, i.e., the difference curve will show peaks of
opposite sign at the energy positions of the L; and the L, edge. This is
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schematically shown for the (hypothetical) case of a material with only a spin
moment us in the top panel of Fig. 1.4. There the difference curve between
absorption spectra taken with opposite helicity of the circularly polarized light is
depicted, which exhibits a positive peak at the L; edge, a negative peak at the L,
edge, and zero elsewhere. The spin-polarization of 2p,,—3d transitions is twice as
large as the spin polarization of 2ps;,—>3d transitions, whereas the absorption at
the L; edge is twice as high as at the L, edge because of core hole occupation (cf.
Fig. 1.2). Both together leads to an equal size of the dichroism at the two edges,
as schematically plotted in the topmost panel of Fig. 1.4.

2p—3d transitions excited by circularly polarized radiation are not only spin
polarized, but also show an orbital polarization. This is a direct consequence of
the absorption of a circularly polarized photon with angular momentum Am = %1
[1.12, 35]. Both the 2p»—3d and 2p;,—3d transitions show the same sign and
same magnitude of orbital polarization. If a sample possesses a non-zero orbital
magnetic moment this means that the unoccupied states (and also the occupied
states) have a non-zero net angular momentum. Let us consider the (hypothetical)
case of a metal with only an orbital moment and no spin moment. In that case
there will be again a non-zero dichroism at the L; and L, edges, but this time with
an equal sign at the two edges. Because of the different number of 2p,, and 2ps,
electrons the resulting dichroism at the L; edge is twice as large as at the L, edge
(middle panel of Fig. 1.4).

A real sample will have both spin and orbital magnetic moments. The two ex-
treme cases shown in the top and center panel of Fig. 1.4 define an orthonormal
basis for the measured XMCD spectrum from a real sample (bottom panel of Fig.
1.4), which will be a superposition of both. The experimental spectrum can thus
be decomposed unambiguously into its spin and orbital basis functions. This is
what is done by the so-called sum rules [1.31, 32].

It has to be mentioned that what is extracted as the "spin moment" from the
sum rules is an effective spin moment us.q [1.32], which includes the actual spin
magnetic moment s, plus a contribution from the magnetic dipole term 7/2 T7.
The latter is zero in the bulk of cubic crystals, but can be of the same order as the
orbital moment in ultrathin films [1.39].

Although the derivation of the sum-rules was done under simplifying assump-
tions, and there has been some dispute about their applicability [1.34, 37, 40-43],
they seem to yield reasonable results for the 3d transition metals [1.34, 37, 44-
46]. Together with the element-selectivity of x-ray absorption spectroscopy at core
level absorption edges they provide a quite powerful tool for the quantitative in-
vestigation of magnetic materials.
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Fig. 1.4: Schematic explanation of sum rule analysis of XMCD spectra to obtain spin and orbital
moments. Shown is the decomposition of an XMCD spectrum (bottom) into its components resulting
from spin moment us (top) and orbital moment ;. (center).

1.2.2
Photoelectron Emission Microscopy

Photoelectron emission microscopy (PEEM) belongs to the parallel imaging elec-
tron microscopies. The name "photoelectron" is due to its use in metallurgy in
early years, where threshold excitation of photoelectrons at the vacuum level by
illumination with Hg discharge lamps was used for the acquisition of work func-
tion contrast images [1.47]. For excitation with higher photon energies, which
will be considered in this chapter, low energy secondary electrons are dominant in
the imaging process. We nevertheless stick to the name PEEM, although in that
case "secondary electron emission microscope" would be more correct.

After the introduction of ultrahigh-vacuum compatible instruments [1.48, 49],
PEEM has been used for the study of surfaces and surface reactions [1.50-53].
Including a magnetic electron beam splitter allowed the excitation by low energy
electrons (LEEM, low energy electron microscopy [1.25, 54]), which yields
additional information about the surface structure and morphology. The
availability of synchrotron light sources for excitation with x-rays of tunable
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energy opened a new field of application of PEEMs [1.55], in which resonant x-ray
absorption at elemental core levels is used to image the distribution of different
elements at the sample surface.

In a PEEM, in contrast to transmission electron microscopy, the electrons that
are used for the imaging do not have a well defined energy and momentum. To get
a sharp image it is therefore necessary to limit the range of electron energies and
emission angles. In a PEEM this is done by passing the accelerated electrons
through a pinhole aperture, the so-called contrast aperture. A higher lateral resolu-
tion is thereby achieved at the expense of intensity, and vice versa.

=2
<

WL

sample stage

x objective lens

g - <—> contrast aperture

I—— stigmator/deflector

field aperture
1st projective lens

—
e
=
[ —| . -
=== 2nd projective lens
]

multi-channel plate

=

" fluorescent screen

CCD camera

Fig. 1.5: Schematic set up of a photoelectron emission microscope (PEEM). Electrostatic electron
lenses create an image of the electrons emitted at the sample surface at a fluorescent screen. (From
Ref. [1.21]).

Fig. 1.5 shows the schematic set-up of an electrostatic PEEM [1.21]. The
principle of other electrostatic PEEMs is similar, so that the main points can be
explained on this type. In Fig. 1.5 the sample is shown at the top. It is
illuminated by synchrotron radiation under a grazing angle to the sample surface,
which is 30° in the present example. The sample is kept on ground potential, and
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electrons are accelerated towards the objective lens, an electrostatic tetrode lens.
Typical acceleration voltages are 10-20 kV. The contrast aperture is located in the
back focal plane of the objective lens. It selects only those electrons for imaging
that originate from a certain range of emission angles. The size and lateral position
of this aperture can be changed by moving a slider assembly carrying several
apertures of different diameter. In an alternative design the contrast aperture is
located at the back focal plane of the first projective lens [1.23]. Astigmatism and
small misalignments of the optical axis, caused for example by a misalignment of
the sample, can be corrected by an electrostatic octupole stigmator and deflector. A
variable field aperture in the image plane of the objective lens allows to limit the
field of view and to suppress stray electrons. Two electrostatic projective lenses
transfer the image onto an imaging unit, which in our example consists of an
electron multichannel multiplier and a fluorescent screen on the vacuum side, and
of a charge coupled device (CCD) camera with a conventional lens optics outside
the vacuum chamber. Alternative approaches use a glass fiber coupling between
screen and CCD camera [1.23].

Top resolutions of down to 20 nm in PEEM imaging using topographic or ele-
mental contrast in threshold photoemission [1.56] and for excitation with synchro-
tron radiation [1.23, 57] have been reported. Even better resolution can be
achieved in the LEEM mode, using magnetic objective lenses [1.25, 26, 58].
Presently attempts are underway to push the resolution to below 5 nm by
aberration correction [1.59]. In XMCD-PEEM magnetic microspectroscopy,
however, intensity is a critical issue. To achieve reasonable acquisition times for
the measurement of a complete microscopic and spectroscopic data set, lateral
resolution will typically be selected to be a few hundred nanometers in practical
microspectroscopy applications.

1.3
About doing XMCD-PEEM microspectroscopy

When employing magnetic dichroism effects for the spectroscopy of magnetic
materials, the magnetic information is obtained from changes in the spectra that
occur either upon changing the magnetization state of the sample, or the polariza-
tion properties of the exciting radiation. This usually involves the measurement of
relatively small differences between large signals, and imposes high experimental
requirements with respect to signal reproducibility, stability, and flux normaliza-
tion. The additional imaging step in microspectroscopy is certainly not facilitating
the fulfillment of these requirements. In the following, some of the crucial
obstacles and their solutions specific for XMCD-PEEM microspectroscopy will be
discussed.
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1.3.1
Experiment

Let us first consider effects related to the incident radiation. The normalization
to the flux of the incoming beam is not straightforward in microspectroscopy, in
contrast to conventional absorption spectroscopy. In the latter usually the photo
yield from a suitable optical element in the beamline or from a specially designed
flux monitor is recorded simultaneously to the sample signal. Since the entire
photon beam is contributing to both the monitor signal and the signal from the
sample, normalization is achieved by simply dividing one by the other. In
imaging microspectroscopy, however, the local photon flux density is important,
not the integral flux. It can not be directly measured, and may locally deviate
significantly from the integral monitor flux signal. The cause of such deviations
may be the radiation characteristics of the insertion devices used in third
generation synchrotron light sources, and beamline x-ray optics. An
inhomogeneous distribution of the photon intensity within the imaged area on the
sample invalidates the normalization to a conventional beam monitor. The fact
that the intensity distribution of undulators depends also on the relative photon
energy with respect to the maximum of the undulator harmonics complicates
matters further. Although in principle these effects can not be avoided, it is
possible from the experimental side to reduce the discrepancy between the local
flux density and the integral flux measured by the monitor as much as possible, as
described in the following. If the remaining error is below a few percent it can be
approximately corrected out in the course of data analysis, as will be explained in
more detail in section 1.3.2.

To get a better correlation between the local and integral photon flux it is im-
portant that the illuminated area on the sample be not much bigger than what is
imaged in microspectroscopy. All the flux outside the field of view adds an irrele-
vant contribution to the monitor signal. Should the typical light spot of a certain
beamline be too big, suitable apertures or beam blockers may be inserted upstream
from where the monitor signal is measured. Good positions are close to image
planes of the light spot, since sharp cutting edges are achieved there. In beamline
optics where the light spot is an image of the exit slit, reducing the exit slit width
also reduces the illuminated area. Attention should be also paid to the adjustment
of the imaged area to the center of the undulator radiation. A significant reduction
of photon energy dependent effects can be achieved when the movement of the
insertion device gap can be synchronized with the scanning of the grating of the
monochromator. In this way a constant relative energy position with respect to the
undulator harmonic, for example the maximum, can be maintained, and the flux
distribution on the sample should be energy independent.

An important issue for those beamline optics where the light spot is an image
of the exit slit is local energy resolution. In such beamlines the monochromator
energy dispersion at the position of the exit slit is imaged onto the sample surface.
As a consequence the local resolution does not change when the slit size is varied.
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The more serious implication for microspectroscopy is that there is also a photon
energy dispersion across the image in this case. The monochromator mode of
operation should therefore be selected to have the least possible dispersion. If the
energy dispersion across the image is still too big compared to the width of the
spectral features of the sample, which may be the case for low magnification appli-
cations, this shift in energy across the image has to be considered in data analysis
of the microspectra.

Especially for high resolution microspectroscopy image stability during an en-
ergy scan is important. In the case of absorption measurements of XMCD, where
the photon energy is scanned, only such effects on image stability are left that are
related to electron intensity, as for example space charges, or to the energy of the
electrons used for imaging. For metallic samples and sufficiently high photon
energies, such as the L-edges of transition metals where the scan range is small
compared to the absolute energy, image stability is usually not a problem.

A point that is normally not given closer attention in microscopy, but which
becomes essential in quantitative microspectroscopy, is the linearity of the image
detection system. A typical detection system may consist of several components
as for example multichannel electron multiplier, fluorescence screen, and CCD
camera. Although it is desirable to reach intensities as high as possible to get
short exposure and scan times, it may be sometimes necessary to sacrifice some
output signal in order to operate in the linear range of the image detection system.
This range can be determined beforehand by manipulating the incident beam flux
in a controlled way and comparing image intensity and flux monitor signal.

1.3.2
Data analysis

In principle data analysis in microspectroscopy could follow the same procedures
as already established for data analysis in conventional spectroscopy. The main
difference, however, is that in imaging microspectroscopy there are many spectra,
for example as many as there are pixels in the image. Data analysis for extracting
the important parameters from this large number of spectra should therefore meet
the following two requirements: it should be quick, and it should be automatic. In
this section a method will be described that allows the automatic analysis of
XMCD microspectra to extract spin and orbital magnetic moments by means of
sum rules.

To explain the procedure, the example of XMCD-PEEM microspectroscopy
from a bilayer of 10 atomic monolayers (ML) Fe and 6 ML Co on a Cu(001)
single crystal surface will be examined [1.60]. A typical single pixel spectrum
corresponding to 3x3 um” area of the sample is shown in Fig. 1.6 (a). Depicted
are the raw pixel intensity data for incident light of positive (solid line) and nega-
tive helicity (dotted line). The two peaks correspond to the Fe L3 and L, absorp-
tion maxima. Circularly polarized x-rays of opposite helicity were provided by one
of the two helical undulators of beamline BL25SU of SPring-8, Japan. After hav-
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ing set the two undulators to opposite helicity, helicity reversal was realized by
using only one undulator and fully opening the other.
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Fig. 1.6: Correction of single pixel XMCD data. As an example raw pixel intensity spectra for oppo-
site helicity from a 3x3 mm’ pixel of 10 ML Fe/6 ML Co/Cu(001) are shown in panel (a). Curves for
positive and negative helicity are shown as solid and dotted lines, respectively. (b): integral photon
flux as measured from the photo yield of the last mirror. (¢): data from (a), corrected by the flux (b).
The difference of the two curves is shown at the bottom. (d): ratio of the two spectra of (¢). The
straight line is a linear fit to the data disregarding the peak regions. (e): spectra from (¢) after multi-
plying the curve for negative helicity by the straight line of (d). Also shown is the difference curve.
The pre-edge region for photon energies below 704 eV is shown scaled by a factor of 10 in intensity
in panels (c¢) and (e) for better visualization of the alignment of the spectra. (From Ref. [1.60].)

The integral monitor signal taken simultaneously with the spectra of Fig. 1.6
(a) is shown in Fig. 1.6 (b). It was obtained from the photo yield of the last opti-
cal element, a gold coated refocussing mirror. The intensity for negative helicity,
which was provided by the downstream undulator, is about 20-25% higher than
that of the upstream undulator because of the shorter distance between source and
pinhole aperture. It is also seen that the energetic position of the maxima of the
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harmonics are slightly different, with the maximum for negative helicity being
about 4 eV higher in energy.
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Fig. 1.7: Example for the sum rule analysis of single pixel spectra. (a), (¢), (e): single pixel absorp-
tion spectra for positive (solid lines) and negative helicity (dotted lines) from 1.2 ML Ni/Fe/6 ML
Co/Cu(001) films for three different Fe thicknesses ((a) 10 ML, (b) 5 ML, (¢) 2 ML). (b), (d), (f):
difference between spectra for opposite helicity of panels (a), (¢), and (e) (open symbols). The solid
lines in (b), (d), and (f) are portions of a template difference curve, obtained from averaging over a
larger area, scaled by the fit parameters p, and p, at the L; and L, edges, respectively, to match the
single pixel data. The spin and orbital moments, calculated from p;, p,, and the spin and orbital
moments of the template spectrum, are listed in panels (a), (¢), and (e). (From Ref. [1.60].)

Fig. 1.6 (c) shows the spectra of panel (a) after normalization to the integral
photon flux of panel (b). At the bottom the difference between the two spectra is
presented, showing the magnetic circular dichroism at the Fe L; and L, absorption
edges. The leftmost part of the figure at photon energies below 704 eV is shown
magnified by a factor of 10 in intensity. In that part of the spectra no differences
between the spectra for opposite light helicity due to magnetic circular dichroism
are expected. The small residual differences seen in Fig. 1.6 (c) in that region are
thus caused by discrepancies between the integral photon flux of panel (b) and the
unknown local photon flux at the position in the image from where the spectra
were taken. They amount to roughly 5% of the pre-edge intensity. This is better
seen from the ratio of the two curves of panel (c) plotted in Fig. 1.6 (d). Outside
the absorption peaks the ratio between absorption of x-rays with positive and
negative helicity should be one. The deviation from one clearly depends on pho-
ton energy, being greater on the left hand side. This can be understood from the
shift of the maximum of the undulator harmonics seen in Fig. 1.6 (b). The result-
ing energy relative to the respective maximum of the undulator harmonic is conse-
quently different for the two helicities, which leads to a different intensity distribu-
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tion in the light spot. Closer to the maximum of the undulator harmonics the
intensity distribution in the light spot is more centered. From Fig. 1.6 (b) it is
seen that the maximum of the undulator harmonics for positive helicity was at
slightly lower energies than for negative helicity. The local intensity for positive
helicity in the center of the illuminated area is consequently higher at the low
energy side of the spectra, since here the energy distance to the maximum is
smaller than for negative helicity.

For the correction of this effect, a linear energy dependence is assumed. It is ob-
tained from a fit of a straight line to Fig. 1.6 (d), excluding the peak regions ex-
hibiting the magnetic dichroism from the fit. The line shown in Fig. 1.6 (d) is the
result of such a fit. This line is used to correct the single pixel spectra. In the
example of Fig. 1.6 this correction amounts to +7.0% at the left hand side, and —
3.8% at the right hand side. The corrected spectra and the corresponding difference
curve are shown in Fig. 1.6 (e¢). Again the region below 704 eV photon energy is
shown magnified by a factor of 10 in intensity. Compared to the magnified part of
Fig. 1.6 (c), it is seen that now the spectra overlap perfectly also in the pre-edge
region. This procedure is done individually for each pixel of the image. Although
it may seem exaggerated to correct such small discrepancies that would not even
be visible in the plots without magnification of the vertical scale, they can have a
larger influence on the integral of the difference curve, leading to significant errors
in the result of the sum-rule analysis.

As mentioned before, sum-rule analysis of the corrected single pixel data has to
be performed automatically. A problem thereby is that the data can be sometimes
rather noisy, especially at positions where the dichroism is small. In most cases
when the sum-rules are applied the goal is only to extract two numbers, namely
the spin and orbital moments. In the following a method is described that makes
use of the fact that usually the line shape of the helicity-averaged absorption spec-
trum does not change across a microscopic image. In that case, the full spectral
information of the single-pixel spectra can be reduced to two parameters of interest
by a simple fit procedure, thereby improving statistics.

For this procedure, first a template XMCD spectrum with a sufficiently good
statistics for sum-rule analysis is generated by averaging many single-pixel spectra
over a larger area. This averaged spectrum can be analyzed as described in section
1.2.1. The resulting difference curve between the two spectra for opposite helicity
is then cut into two parts at an energy between the L; and L, edges, such that the
two parts represent the dichroism of the L; and L, absorption edges. All the single
pixel spectra are first corrected for local photon flux effects as described above, then
normalized to an edge jump of one, and finally fit by the two parts of the template
difference curve. The only two fit parameters in that fit are the two scaling factors
needed to reproduce the single pixel difference curve by the two parts of the tem-
plate difference curve. An example is shown in Fig. 1.7. It shows corrected Fe L, ;
absorption spectra of three different of 3x3 um’ pixels, obtained from 1.2 ML Ni/x
ML Fe/6 ML Co films on Cu(001) for different Fe layer thicknesses x [1.60]. The
results obtained from that sample will be discussed in section 1.4.1. The three
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pixels presented in Fig. 1.7 have been selected to show very different Fe magnetic
moments. In the top row (panels (a), (¢), and (e)) the single pixel absorption spec-
tra for positive (solid line) and negative helicity (dotted line) are shown. The
bottom panels (b), (d), and (f) show the corresponding single pixel difference
curves as open symbols. Please note the different vertical scale in the top and
bottom panels. The solid lines in panels (b), (d), and (f) are the result of template
fits as described above. The corresponding scaling factors for the dichroism at the
Ly and L edge, p: and p,, respectively, are also given. The solid line is, in other
words, identical to the difference curve of the template spectrum, scaled by p; at
the L; edge, and by p, at the L, edge. The analysis of the template spectrum re-
sulted in a spin moment of 1.1 ug and an orbital moment of 0.1 ug [1.60]. From
these moments and the knowledge of p; and p, it is straightforward to calculate the
spin and orbital moments for each of the single pixel fit results. For the three
pixels presented in Fig. 1.7 the resulting Fe moments are listed in the upper pan-
els.

By this template fit procedure, stable fits are obtained even for noisy single
pixel data and small dichroism. The scatter of individual data points in the
difference spectrum is averaged out in an elegant way. Furthermore, the position of
the zero line is maintained, and data points far outside the absorption edges are not
considered in the fit. It should, however, be checked at several positions of the
image that the prerequisite for the fit, namely the constant shape of the helicity
averaged absorption spectrum, is fulfilled.

1.4
Specific examples

We will now discuss two specific examples where the application of XMCD-
PEEM microspectroscopy has proven beneficial for the study of the involved
physical phenomena.

1.4.1
Ultrathin fcc Fe films

An interesting system for quantitative analysis of magnetic moments from micro-
spectroscopy are ultrathin epitaxial Fe films. In these films the interplay between
structural and magnetic properties leads to a variety of different structural and mag-
netic phases. Whereas bulk Fe exists only in the bcc structure at temperatures up
to 1184 K, an fcc-like phase of Fe can be stabilized at room temperature when
grown epitaxially on substrates with suitable surface lattice dimensions [1.61-71].
Room-temperature grown films of Fe on Cu(001) single crystal surfaces are known
to exhibit three structurally and magnetically different phases depending on film
thickness. For thicknesses below ~4 atomic monolayers (ML) a fully ferromagnetic
tetragonally expanded fcc-like structure is present (phase I) [1.62, 63]. In the
thickness range between 4 and 11 ML, a second phase (II), a relaxed fcc structure,
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is found, in which one observes a non-ferromagnetic behavior of the inner film
layers [1.64-66]. For thicknesses above ~I11 ML a third phase appears, a
ferromagnetic (011) oriented bee phase (III) [1.67-69]. The magnetic behavior of
these three phases is linked to the structure by the atomic volume. For different
atomic volumes different magnetic ground states are theoretically predicted [1.72-
74].
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Fig. 1.8: Co (a) and Ni (b) asymmetry images of 0-4 ML Ni/0-14 ML Fe/ 6 ML Co/Cu(001). Ni and
Fe thicknesses are indicated at the right and top axes, respectively. Different levels of gray corre-
spond to different values of the magnetic asymmetry, as explained in the legend. Note that the
grayscale in panel (b) is symmetric around zero, in contrast to panel (a). The Ni magnetization is
antiparallel to the Co magnetization around 5 ML Fe thickness. (From Ref. [1.79].)

Especially the second phase of fcc Fe, where a large fraction of the film is non-
ferromagnetic, has attracted a lot of interest. An antiferromagnetic coupling be-
tween ferromagnetic layers, separated by phase II fcc Fe, has been concluded from
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the measurements of magnetization loops of Co/Fe/Co/Cu(001) [1.75, 76], and
Ni/Fe and Nig Feo/Fe multilayers [1.77, 78]. While total magnetization meas-
urements of stacks of multiple magnetic layers can give only indirect evidence
about the magnetic configuration, XMCD-PEEM microspectroscopy can provide
element-resolved quantitative information. In this section measurements of a
Ni/Fe/Co/Cu(001) sample are presented [1.79], in which microspectroscopy at the
Fe L,; edges was used for determining the magnetic moments of the Fe layer.
Element resolved imaging of the Co underlayer and Ni overlayer revealed the pres-
ence of antiferromagnetic interlayer coupling.

To study the thickness dependence by microspectroscopy, the Fe and Ni layers
were shaped into 255 um wide crossed wedges. They were prepared by placing a
slit aperture of 0.5 mm width 1 mm in front of the sample, and rocking the sam-
ple-slit assembly by +£7.5° about the long axis of the aperture during deposition.
The thickness of the continuous Co underlayer was 6 ML, the Fe thickness 0—14
ML, and the Ni thickness 0—6 ML. Low magnification settings of the PEEM
enabled imaging of a complete wedge.

Fig. 1.8 shows magnetic images of the Co and Ni layers at the onset of the
crossed Ni and Fe wedges. The complete Fe wedge of 0—14 ML Fe is within the
imaged area. The Fe thickness increases from right to left as indicated at the upper
axis. The imaged part of the Ni wedge corresponds to 0—4 ML thickness increas-
ing from top to bottom, as indicated at the right axis. The Fe thickness is such
that all three phases as mentioned above are present within this wedge. The upper
panel of Fig. 1.8 shows the magnetic asymmetry of the Co layer. It shows a nearly
uniform bright contrast. It corresponds to a magnetization direction along the
direction of the external field which was applied after the deposition of the Co layer
and again after completion of the complete trilayer. The lower panel shows the
contrast obtained at the Ni L; edge. Note that here the grayscale is defined
symmetrically around zero, in contrast to panel (a). In a stripe located at Fe
thicknesses between 5.0 and 6.5 ML a negative (dark) Ni asymmetry is found,
while the rest of the image exhibits an approximately uniform positive (bright)
contrast. A negative asymmetry corresponds to an antiparallel orientation of the Ni
layer magnetization at this position with respect to the Co layer magnetization.
The Fe layer consequently mediates an antiferromagnetic interlayer coupling
between the Co and Ni layers at this particular Fe thickness.

We will now turn our attention to the laterally resolved quantitative evaluation
of the Fe magnetic moments at exactly the same region of the sample by XMCD-
PEEM microspectroscopy. The result of a pixel-by-pixel sum-rule analysis is
shown in the upper panel of Fig. 1.9. A total of 121 images for each helicity were
recorded as a function of photon energy in the interval between 701 and 728 eV,
similar to the spectra shown in Fig. 1.3. The size of a single pixel is 3x3 um’,
the exposure time was 10 s per image. Different levels of gray correspond to differ-
ent values of the Fe effective spin moment, as explained in the legend. In the upper
part of the image at zero or low Ni coverages the three different phases of Fe as
introduced above are recognized by their distinctly different spin moments. They
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are labeled I, 11, and III. Phase I extends up to an Fe thickness of approximately
3.5 ML, and shows high spin moments of up to 2.5 ug. Phase II between ap-
proximately 3.5 and 11 ML is characterized by a low spin moment, whereas phase
IIT again shows increasing spin moments up to 2.0 ug at Fe thicknesses above 11
ML. These numbers can be seen more easily from a linescan along the Fe wedge.
The open symbols in Fig. 1.9 (b) represent a horizontal linescan obtained from a 7
pixel vertical average of the uncovered Fe/6 ML Co/Cu(001) sample in the region
as indicated by the upper white rectangle in panel (a). For increasing thickness of
the Ni top layer differences in phase II Fe moment are observed. The solid sym-
bols of Fig. 1.9 (b) show a linescan at around 2.1 ML Ni thickness (lower rectan-
gle in panel (a)). From this linescan and also from the image plot of the Fe spin
moments in panel (a) a further reduction of the Fe moment in phase II between
about 4 and 7 ML compared to the uncovered Fe layer is observed. This region is
labeled Ila, to distinguish from the rest of phase II where no change as a function of
Ni overlayer thickness occurs (region IIb).

The observed Fe moments in phase I and III agree rather well with what is ex-
pected and known from literature [1.46, 80]. The interesting behavior occurs in
phase II. There is some dispute in the literature as to the origin and location of the
remaining moment of about 0.7-1.0 ws in phase II of the uncovered
Fe/Co/Cu(001) sample. While from oxygen adsorption [1.75, 76] and XMCD
experiments [1.81, 82] it had been concluded that the surface is not
ferromagnetically ordered, and the ferromagnetism consequently had been
attributed to the Co/Fe interface, other XMCD experiments [1.80] as well as
measurements of photoelectron diffraction in magnetic dichroism [1.83] and spin-
resolved valence band photoemission [1.84] provided evidence for the presence of a
ferromagnetic layer on top of non-ferromagnetic underlayers, plus possibly
ferromagnetism at the Fe/Co interface. The result from XMCD-PEEM
microspectroscopy has to be interpreted as the exponentially depth averaged signal
of all Fe monolayers in the film. A constant amount of ferromagnetic Fe at both
interfaces plus non-ferromagnetic Fe in between would lead to a decreasing
apparent magnetic moment with increasing Fe film thickness. This is not what is
observed in the experiment (cf. Fig. 1.9). The situation is therefore probably more
complicated. Layerwise or bilayerwise antiferromagnetic ordering of Fe moments
[1.85-88], frustrations at interface steps or non-collinear moments [1.89] may have
to be considered, possibly supported by further theoretical calculations.

By comparing Fig. 1.8 and Fig. 1.9 it becomes evident that region Ila with the
extremely low Fe moment corresponds to the region of antiferromagnetic coupling
between Ni and Co. Assuming ferromagnetic interface layers at both interfaces, this
lowering of Fe moments could be explained by the strong direct coupling to the
neighboring magnetic layers. In the case of antiferromagnetic alignment of Co and
Ni, the Fe layers at both interfaces should be aligned oppositely to each other
leading to lower apparent moments as compared to the parallel alignment in re-
gion IIb. The question remains why without Ni overlayer no such decrease of the
Fe moment by antiparallel alignment of the ferromagnetic Fe surface layer to the
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Co layer (and thus also to the Fe interface layer) is observed at the same Fe thick-
ness. The reason could be some different influence of interface roughness and
roughness-related magnetic frustrations in Fe/Co with and without Ni overlayer.
There is also the possibility that without Ni, a 90° orientation of the Fe surface
layer around 5.5 ML Fe thickness is present as the result of such competing frus-
trations, similar to the mechanisms leading to 90° interlayer exchange coupling
[1.90, 91].

In the present example of Ni/Fe/Co trilayers XMCD-PEEM microspectroscopy
was used for the thickness dependent study of Fe moments. The effective spin
moments of Fe in the three structural phases could be obtained from images show-
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Fig. 1.9: (a) Result of a pixel-by-pixel sum-rule analysis for the Fe effective spin moment Wwg s
Different values of s are represented by different levels of gray, as explained in the legend. The
imaged region of the crossed Ni/Fe double wedge is exactly the same as in Fig. 1.8. Ni and Fe thick-
nesses are indicated at the right and top axes, respectively. Regions with different values of ws.s are
separated by dashed vertical lines and labeled I through III, Ila, and IIb. Horizontal line scans of
Us.efr at the positions indicated by white rectangles in (a) are shown in (b). (From Ref. [1.79].)
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ing the moments in a two-dimensional plot as a function of both Ni and Fe thick-
nesses. Characteristic changes connected with antiferromagnetic interlayer exchange
coupling across the Fe layer could be observed. For this purpose no special lateral
resolution is required. In that case microspectroscopy is just used as a very effi-
cient way of parallel acquisition of a great number of XMCD spectra of crossed
double wedges, designed at lengthscales that are convenient for imaging with
respect to intensity and lateral resolution. In the next section, an example of
microspectroscopy with higher resolution is presented in which spin and orbital
magnetic moments within magnetic domains are determined.

1.4.2
Spin-reorientation transition in Co/Ni bilayers

The control of the easy axis of magnetization is important for many applications in
which magnetic ultrathin films are used. The direction of the easy axis is described
by the angle dependent part of the free energy, the so-called magnetic anisotropy
energy (MAE). Minimization of the MAE with respect to the magnetization direc-

Ni thickness (ML)
1 12 13 14

N
o
Co thickness (ML)

: : :
0 50 100 150

x pixel
10 um
e
-0.5 0.0 0.5

Ni spin moment (ug)

Fig. 1.10: Map of Ni spin moment projections onto the light incidence direction (from bottom to top,
with an angle of 30° to the sample surface), resulting from the pixel-by-pixel sum-rule analysis of
76800 single-pixel XMCD microspectra of a Co/Ni/Cu(001) crossed double-wedge sample. The Ni
thickness is indicated at the top axis, the Co thickness at the right axis. The grayscale to magnetic
moment conversion is given in the legend at the bottom. At the white dotted line a spin-reorientation
transition between in-plane magnetization (top) and out-of-plane magnetization (bottom) occurs. The
magnetization directions are indicated by arrows in some domains. (From Ref. [1.93].)
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tion yields the easy axis of magnetization. The MAE is directly related to the
anisotropy of the orbital magnetic moment [1.92]: The orbital moment should be
higher for a direction of magnetization preferred by the MAE. This can be used to
measure the angle dependence of the MAE in an element-selective and laterally
resolved way by mapping the orbital magnetic moment by XMCD-PEEM micro-
spectroscopy.

In the example presented in this section, Co/Ni epitaxial bilayers on Cu(001)
have been investigated [1.93]. They were shaped into wedges of 255 um width,
rotated by 90° to each other, similar to the wedges described in the previous sec-
tion. Co and Ni single films on Cu(001) exhibit a different behavior with respect
to the easy axis of magnetization: whereas Co/Cu(001) is magnetized always in
the film plane ("in-plane") [1.94, 95], Ni/Cu(001) shows a perpendicular magneti-
zation ("out-of-plane") over a wide range of thicknesses [1.96-99]. In Co/Ni
bilayers, in-plane magnetization is therefore expected for high Co thicknesses and
small Ni thicknesses, whereas out-of-plane magnetization should be present for
small Co thicknesses and high Ni thicknesses.

Fig. 1.10 shows the result of a pixel-by-pixel sum-rule analysis of the Ni spin
moments of a region in a Ni/Co/Cu(001) crossed double wedge. The Ni thickness
increases in the displayed area from 10.7 to 14 ML from left to right, as indicated
at the top axis, and the Co thickness increases from 1.35 to 2.65 ML from bottom
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Fig. 1.11: As in Fig. 1.10, but for the Ni orbital moment w,. Different projections onto the direction of
the incoming light are represented by different grayscales, as defined in the legend. (From Ref.
[1.93])
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to top, as indicated at the right hand axis. The image was obtained from 76800
single pixel XMCD spectra of 370x370 nm’ size each. The resolution of the
PEEM was adjusted to 500 nm, which resulted in 30 s exposure time per photon
energy step. A total of 105 images for each helicity between 845 and 890 eV pho-
ton energy have been acquired, using variable photon energy step spacings of 0.26
eV near the L; peak, 0.34 ¢V near the L, peak, 0.65 eV before the L; peak and in
between the L; and L, peaks, and 1.4 eV in the post-L, region. Unlike the previ-
ous example this sample was not magnetized by an external field before imaging.
The resulting moments include therefore the cosine of the angle between the helici-
ty of the incoming light and the local magnetization direction, which is different in
the different domains of the as-grown domain structure. The microspectroscopic
analysis thus does not yield the absolute moments, but a projection on the direc-
tion of incoming light, which in the present example was from bottom to top of
Fig. 1.10, with an angle of 60° to the surface normal. Note that the grayscale used
to represent the Ni spin moment projections is symmetric around zero.

Inspection of the domain pattern of Fig. 1.10 reveals two qualitatively different
regions, separated by the dotted line. In the upper part of the image four different
shades of gray are recognized, namely black, dark gray, light gray, and white. In
the lower part only two different shades of gray are found, and the domains are
more rounded. Quantitative analysis of the values of ws.q for Ni in the single do-
mains leads to the result that in the upper part of the image the magnetization
direction is in-plane, oriented along the four <110> crystallographic directions, as
indicated by arrows. Since the light incidence azimuth was deliberately rotated out
of the crystal symmetry axes, each of these four directions results in a different
grayscale representation. In the lower part of the image the magnetization is out-of-
plane, either parallel of antiparallel to the surface normal. The resulting absolute
value of the Ni effective spin moment is 0.65 ug, constant over the entire image
[1.93].

At the dotted line of Fig. 1.10 a spin reorientation transition between in-plane
and out-of-plane magnetization occurs, either by varying the Ni thickness, or by
varying the Co thickness. From the position and slope of that line conclusions
about the relative MAEs of the Co and Ni layers can be drawn [1.93]. The domain
pattern on the out-of-plane side of the spin reorientation line is related to the spin-
reorientation transition: As the spin reorientation line is approached, more and
more oppositely magnetized out-of-plane domains are formed. This can be ex-
plained by the competition between the magnetostatic energy on the one hand, and
the energy cost for creating domain walls on the other hand. Closely spaced alter-
natingly up and down magnetized out-of-plane domains have a lower magneto-
static energy than a single out-of-plane domain due to partial flux closure [1.100].
The formation of domains, on the other hand, requires the creation of additional
domain walls of a certain domain wall energy. Since in domain walls between two
out-of-plane domains an in-plane component of the magnetization is present, this
domain wall energy is directly related to the MAE of the system. Close to the
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spin-reorientation transition the domain wall energy is consequently low, so that
the formation of many small domains can be energetically favorable [1.101].

Fig. 1.11 shows the result of the pixel-by-pixel sum-rule analysis for the Ni or-
bital moments of the same region of the sample as Fig. 1.10. The same domain
pattern is recognized, although the noise in the image is higher. The higher noise
is a consequence from the application of the sum-rules, where for the evaluation of
the spin moment the peak areas of the L, and L dichroism are added, whereas for
the orbital moment they are subtracted [1.31]. The interesting quantity for the in-
terpretation of the orbital moment, independent of magnetization direction, is the
ratio of orbital to spin moment, w;/us.er. From the statistics of Fig. 1.11 it is
clear that for the present 370x370 nm’ pixel resolution a pixelwise interpretation
of orbital moments would yield too big an error. To improve statistics in w/Us.esr,
the information from several pixels has to be averaged. The result of an averaging
of pixels with a common distance from the spin reorientation line is shown in Fig.
1.12. Here the orbital to spin moment ratio u./Ws.r is plotted as a function of the
distance from the spin reorientation line. The left hand side of Fig. 1.12 corre-
sponds to the in-plane region of the image, the right hand side to the out-of-plane
region. Each data point contains information of 192 pixels along a line parallel to
the spin reorientation transition. The horizontal solid lines in Fig. 1.12 mark the
average on both sides.

w / Ug eff

in-plane out-of-plane
0.00 L L L

1 1
-20 -10 0 10 20
distance from spin reorientation (um)

Fig. 1.12: Orbital to spin moment ratio w;/us . as a function of the distance from the spin reorienta-
tion line. Each data point is an average of 192 points along a line parallel to the spin reorientation
transition in Fig. 1.10. Solid lines mark the average wi/usesr ratio in the in-plane region (left) and in
the out-of-plane region (right). (From Ref. [1.93].)

Although there is still considerable scatter, the orbital moment in the out-of-
plane region is seen to be distinctly higher than in the in-plane region by nearly
0.03 usesr. This is interpreted in terms of the above mentioned connection between
the anisotropy of the orbital moment and the magnetic anisotropy energy. In the
present example of Co/Ni/Cu(001) the MAE of the Ni layer alone is favoring an
out-of-plane easy axis in the whole range of thicknesses considered here [1.93].
The observed in-plane magnetization is thus exclusively due to a stronger in-plane
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anisotropy of the Co layer, which overcompensates the out-of-plane anisotropy of
the Ni layer. The rigid magnetic exchange coupling between the two magnetic
layers leads to a common easy axis of the bilayer, which results from energy
minimization of the summed MAE contributions of both layers. That means that
in the upper part of the images the magnetization direction of the Ni layer is along
the Ni hard in-plane direction, and in the lower part along the Ni easy out-of-plane
direction. The Ni orbital moment is thus higher for a magnetization direction
along the easy axis, and lower for a magnetization direction along the hard axis.

Estimates for the size of the MAE can be made from the difference in orbital
moment. A simplified theoretical description of the relation between the difference
in orbital moment and the difference in MAE for two different magnetization direc-
tions resulted in a proportionality between both [1.92]. The proportionality factor,
however, depends on some integrals over density of states in the valence bands
[1.92], and may vary strongly between different samples, or even as a function of
film thickness. In the present example the change in orbital moment is 0.027
Userr, or 0.018 wp. A proportionality constant between Ay, and MAE has been
determined experimentally for Ni in Ni/Pt multilayers by independent measure-
ments of both the orbital moments and the magnetic anisotropy [1.102].
Assuming that the same proportionality constant is valid for the present Co/Ni
bilayers, an MAE of +(47+10) ueV/atom is obtained. In spite of the uncertainties
connected to the use of the proportionality constant of a different sample, this value
very well makes sense, if we remember that XMCD measures the exponentially
depth weighted average within the probing depth of the orbital magnetic moment,
and thus of the MAE. A literature value for the MAE of the inner layers of
Ni/Cu(001) is +34 ueV/atom [1.99]. Considering the fact that in the present
sample the interface between Ni and Co has been found to contribute a high
positive MAE [1.93], the value of +47 peV/atom is amazingly close to the
expected anisotropy energy of Co/Ni/Cu(001).

In this example of Co/Ni/Cu(001) XMCD-PEEM has been used for a quantita-
tive analysis of the Ni spin moment projections, the characterization of local mag-
netization directions and the identification of a spin reorientation transition be-
tween in-plane and out-of-plane easy axes in the sample. The observed local mo-
ments' projections are consistent with an absolute value of the effective spin mo-
ment which is constant across the imaged area of the sample, and domains with
either <110> in-plane magnetization or +[001] out-of-plane magnetization. The
connection of orbital moments and magnetic anisotropy adds an important feature
to XMCD-PEEM microspectroscopy, which makes it an ideal tool for the study of
local magnetic anisotropies in small magnetic structures.

1.5 Summary and outlook

XMCD in x-ray absorption and PEEM can be combined to imaging XMCD
microspectroscopy measurements at a reasonable experimental effort. The PEEM is
thereby used as a parallel detector for local electron yield with microscopic spatial
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resolution. Scanning the photon energy of the incident x-ray beam and recording
PEEM images at each energy step allows to extract the full spectroscopic informa-
tion inherent to XMCD from every position in the images, if some experimental
requirements concerning evenness of illumination, flux normalization, as well as
linearity and stability of the image detection system can be fulfilled. Quantitative
information about the element-resolved magnetic moments, separated into spin
and orbital contributions, can be extracted from a full image XMCD microspec-
trum by the use of sum-rules. In cases where no special microscopic resolution is
needed this can be used for a quick but detailed map of the thickness dependence of
thin film samples by microspectroscopy of wedge shaped samples. This was illus-
trated by the example of Ni/Fe/Co ultrathin films on Cu(001), where the Ni and
Fe layers were grown as crossed double-wedges.

The method can also be used to investigate micromagnetic phenomena by
XMCD. The example of XMCD-PEEM microspectroscopy at the spin-reorienta-
tion transition between out-of-plane and in-plane easy magnetic axes in
Co/Ni/Cu(001) showed how the correlation between the anisotropy of the orbital
magnetic moment and the magnetocrystalline anisotropy can be used to obtain
element-resolved information about local magnetic anisotropy from XMCD micro-
spectra.

Future improvements concerning the brightness of the illumination and the effi-
ciency of the detection system will reduce the noise level of the microspectra and
allow to probe magnetic anisotropy at the microscopic level, for example in do-
main walls, or in technologically relevant magnetic microstructures. It will also
enable one to choose a higher lateral resolution for microspectroscopy, maintaining
reasonable acquisition times. The development of new PEEM instruments with
aberration-correcting optics [1.59] will further push the limit for the attainable
maximum resolution. Beamlines providing high brilliance circularly polarized
radiation with the possibility of quick helicity reversal [1.103] will help to
improve the accuracy of circular dichroism-based techniques.

The use of imaging energy filters [1.104-107] to select only electrons of a
certain kinetic energy for the imaging process has interesting implications for
magnetic microspectroscopy. On the one hand it allows to include magnetic
dichroism effects that occur only in photoemission [1.108] in a microspectroscopic
study. If the projective electron optics is tuned in order not to project the real
space image plane onto the screen but the diffraction plane, on the other hand,
photoelectron diffraction measurements [1.109-111] can be combined with XMCD.
Positioning of the contrast aperture to certain features in the photoelectron
diffraction pattern can then be used to obtain structure sensitive XMCD
microspectroscopy data, and thus combine structural and magneto-spectroscopic
information.

Finally the inclusion of time-resolved stroboscopic pump-probe experiments
which exploit the pulsed time structure of synchrotron radiation [1.112] into
XMCD-PEEM microspectroscopy opens the way for the quantitative investigation
of magnetization dynamics on microscopic lengthscales. Snapshots of the spatial
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spin and orbital magnetic moments' distribution in the course of reversible dy-
namic magnetization processes may be obtained in that way.
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Abstract

We combine X-ray magnetic circular dichroism (XMCD) and photoelectron emission microscopy to obtain locally
resolved magnetic information on a microscopic scale. Scanning the photon energy across elemental absorption edges
and recording microscopic images of the local secondary electron intensity for both photon helicities at each photon
energy step allows to analyze local XMCD spectra at any position of the imaged area of the sample. With the help of
magnetic sum-rules local quantitative information about magnetic moments can be extracted from such microspec-
troscopic measurements. The full power of XMCD as a spectroscopic tool is so maintained, while microscopic spatial
resolution is added. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Photoemission (total yield); Photoelectron emission; X-ray absorption spectroscopy; Iron; Nickel; Magnetic films

1. Introduction

The study of ultrathin magnetic structures and
multilayers has recently attracted considerable in-
terest, fueled by the prospect of technological ap-
plications in the fields of high density magnetic
data recording, magnetic sensors, non-volatile
magnetic random access memory, and spin elec-
tronics in general. The rapidly decreasing size
of such magnetic structures calls for experimen-
tal techniques that allow the study of magnetic
properties on a microscopic scale. Photoelectron
emission microscopy (PEEM) is one such tech-
nique that has already proven its versatility for

*Corresponding author. Tel.: +49-30-6392-4927; fax: +49-
30-6392-4984.
E-mail address: kuch@bessy.de (W. Kuch).

the imaging of magnetic domains in ultrathin films
[1-3]. Magnetic circular dichroism in soft X-ray
absorption (XMCD) serves as mechanism for
magnetic contrast. The absorption of circularly
polarized X-rays at elemental absorption edges
depends on the relative orientation of sample
magnetization and light helicity [4,5]. In PEEM a
magnified image of the secondary electron inten-
sity distribution at the sample surface is generated
in a parallel way. The secondary electron intensity
distribution under exposure to X-rays is a measure
of the local X-ray absorption. In practice two
images for opposite light helicity of the circularly
polarized light at the maximum of the absorption
edge are acquired and subtracted in order to sep-
arate magnetic from topographical contrast. This
method has been successfully employed for the
study of magnetic thin films, microstructures, and
exchange coupled systems [2,3].

0039-6028/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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The full power of XMCD lies in its spectro-
scopic information. Sum-rules [6,7] have been
proposed to deduce quantitative magnetic infor-
mation from the difference curve between photon
energy scans for opposite light helicity. XMCD
has since then developed into a widely used tech-
nique for the element-specific characterization of
magnetic thin films and multilayers [8,9]. Although
there has been some dispute about the applicabil-
ity of these sum-rules [10,11], they seem to yield
reasonable results for the 3d transition metals
[8,9,12]. These sum-rules allow one to extract the
spin and orbital magnetic moments from the
evaluation of the integrated cross section at the L;
and L, edges of transition metals for opposite light
helicity, thereby enabling the separate determina-
tion of magnetic moments of different elements in
the same sample.

A rather important point is the element-speci-
ficity of XMCD-PEEM, since in many materials
for technological application the effects of mag-
netic coupling and/or electric transport between
different magnetic layers are employed. By tuning
the exciting X-ray radiation to the different ab-
sorption edges, a separate determination of the
magnetically active layers is possible, if different
elements are contained.

With the improved brilliance of radiation from
third generation synchrotron light sources the ac-
quisition times for PEEM images have become
short enough to combine the microscopic infor-
mation of PEEM and the spectroscopic informa-
tion of XMCD in the most consequent way. This
implies to scan the photon energy in small steps
and record complete microscopic images of the
secondary photoelectron intensity for both photon
helicities at each step (full-image microspectro-
scopy), not only at the absorption maximum. From
such a data set the analysis of local XMCD spectra
at any position of the image is possible. The full
quantitative information inherent to XMCD can
thus be extracted with the spatial resolution given
by the imaging process. Sum-rule analysis for
every single pixel in the image does then result in
microscopic maps of orbital and spin moments.
This can be of the highest importance for the study
and the understanding of micromagnetic aspects
of magnetic anisotropy or magnetic interlayer

coupling. Since the magnetocrystalline anisotropy
manifests itself in an anisotropy of the orbital
moment [13,14], even microscopic measurements
of the angular dependence of magnetic anisotro-
pies in an element-selective way may become
possible.

In this contribution we demonstrate the practi-
cability of this kind of microspectroscopy, and
present examples of full-image XMCD-PEEM
microspectroscopy. The setup and the carrying out
of the experiments is described for the microscopic
mapping of magnetic moments in microwedges
of epitaxial magnetic films on a single crystal
Cu(001) sample. Special emphasis is put on cor-
rections to the data that are specific to imaging
spectroscopy. A procedure for a simplified sum-
rule analysis is presented that allows the automatic
analysis of a large amount of XMCD data. Results
for images of orbital and spin moments are shown
for Fe in Ni/Fe/Co/Cu(001) and Ni in Co/Ni/
Cu(001).

2. Experiment

The experiments were performed using circu-
larly polarized synchrotron radiation emitted in
the first harmonic from the twin-helical undulator
beamline for soft X-ray spectroscopy BL25SU
[15,16] of SPring-8 in Japan. After having set the
two undulators to opposite helicity, helicity re-
versal was realized by closing one undulator and
fully opening the other. The degree of circular
polarization is >98%. The light was incident to the
sample under a grazing angle of 30° from the
sample surface.

The setup of the photoemission microscope
(Focus IS-PEEM [17)) is identical to that described
in previous publications [3]. In short, it consists of
a three-lens electrostatic straight optical axis mi-
croscope with an integral sample stage and a
variable contrast aperture. The magnified image is
intensified by a two-stage microchannel plate, and
converted into visible light by means of a scintil-
lator crystal. The image is then computer-recorded
with 12-bit resolution by a Peltier-cooled camera
(PCO SensiCam [18]). The binning of camera
pixels was adjusted to have exposure times of
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single images of not more than 30 s, in order to
achieve reasonable acquisition times for the com-
plete spectral series of images. For the data pre-
sented here 4 x 4 and 8 x 8 binning was used. The
width of the energy steps in the scans at the Ni L3
edges was set to 0.65 eV before the L;-edge and in
between the L; and L, peaks, 0.26 eV near the L
peak, 0.34 eV near the L, peak, and 1.4 eV in the
post-L, region. For the scans at the Fe L, ; edges a
constant stepwidth of 0.22 eV was used.

Special attention has to be paid in microspec-
troscopy to the normalization of the local spectra
to the incoming photon flux. In integral absorp-
tion spectroscopy this is usually easily achieved
when simultaneously the absorption signal from
the sample and the photoyield of a monitor is re-
corded. This can be a grid in the incoming photon
beam, or an optical element such as a mirror. Since
the entire photon beam is contributing to both the
monitor signal and the signal from the sample,
normalization is straightforward. In imaging mi-
crospectroscopy, however, the local, pixel-resolved,
photon flux density cannot be measured, and may
deviate significantly from the integral photon flux
signal of such a monitor. An inhomogeneous dis-
tribution of the photon intensity within the imaged
area on the sample invalidates the normalization
to a conventional beam monitor. A further com-
plication arises from the fact that the intensity
distribution within the light beam from an undu-
lator is also photon energy dependent.

In order to reduce the influence of these inho-
mogeneities, it is necessary to reduce the lateral
extension of the light spot to not much more than
the area imaged in the microspectroscopic mea-
surement. This excludes portions of the X-ray
beam that are irrelevant for the measurement from
contributing to the monitor signal. It can be
achieved by using appropriate apertures in the
beamline. In beamline optics where the light spot is
an image of the exit slit, reducing the exit slit width
also reduces the illuminated area. Attention should
also be paid to the adjustment of the imaged area
to the center of the undulator radiation. After
careful adjustment on BL25SU, the remaining
deviation between the integral photon flux mea-
sured at the last optical element, a gold-coated
refocusing mirror, and the local photon flux could

be reduced to less than 5-7%. It was determined
from the correction procedure described in the
next section.

Co, Ni, and Fe films were evaporated at room
temperature by electron bombardment of high
purity rods. Deposition rates were calibrated from
the oscillations in specular medium energy electron
scattering intensity during deposition. Typical de-
position rates were between 0.3 and 0.7 ML/min.
Wedge-shaped films were prepared by placing an
aperture of 2 x 0.5 mm? in front of the sample.
The distance to the sample surface could be varied
between 1 and 1.5 mm. During deposition the
sample-mask assembly was rocked by up to +£7.5°
about the long axis of the aperture. This results in
stripes with a thickness plateau in the middle and
wedges with a width in the range of 200-300 pm on
both sides. After changing the sample azimuth by
90°, a second stripe could be prepared perpendic-
ular to the first one, resulting in four regions of
perpendicularly crossed wedges.

3. Data analysis

Fig. 1(a) shows raw Fe L,; XMCD data of a
single camera pixel in 8 x 8 binning mode, dis-
playing the averaged information from a 3 x 3
pum? area of a bilayer of 10 atomic monolayers
(ML) Fe and 6 ML Co on Cu(001). Spectra for
positive and negative helicity are depicted by solid
and dotted lines, respectively. The two peaks cor-
respond to the Fe L; and L, absorption maxima.
The acquisition time per image, i.e., per data point,
was 10 s. The sample had been magnetized previ-
ously in the light incidence azimuth, which coin-
cided with the substrate [110] crystallographic
direction.

The corresponding monitor signal, representing
the integral photon flux, is displayed in Fig. 1(b).
The intensity for light of negative helicity, which
was provided by the downstream undulator, is
about 20-25% higher than that of the upstream
undulator because of the shorter distance between
source and pinhole aperture. It is also seen that the
energetic position of the maxima of the harmonics
are slightly different, with the maximum for neg-
ative helicity being about 4 eV higher in energy.
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Fig. 1. Example for the correction of single pixel XMCD data of 10 ML Fe/6 ML Co/Cu(00 1). Curves for positive (negative) helicity
are shown as solid (dotted) lines. (a) Raw data from a 3 x 3 um? area of the sample. (b) Integral photon flux as measured from the
photoyield of the last mirror. (c) Data of (a) corrected by the curves of (b). The difference between the two curves is also shown in the
bottom. (d) Ratio of the two spectra of (c). The straight line is a linear fit to the data disregarding the peak regions. (e) Spectra from (c)
after multiplying the curve for negative helicity by the straight line of (d). Also shown is the difference curve. The pre-edge region for
photon energies below 704 eV is shown scaled by a factor of 10 in intensity in panels (c) and (e) for a better visualization of the

alignment of the spectra.

Fig. 1(c) shows the spectra of panel (a) after
normalization to the integral photon flux of panel
(b). At the bottom of Fig. 1(c) the difference be-
tween the two spectra is presented. It shows the
well-known magnetic circular dichroism with a
positive difference at the L; edge, and a negative
signal at the L, edge. The leftmost part of the
figure (<704 eV) is magnified by a factor of 10 in

intensity. Note that here the solid and dotted lines
at 4.5 intensity units belong to the absorption
curves, which display a pre-edge intensity of ~0.45
intensity units, whereas the data points slightly
above the zero line belong to the difference curve.
The small residual differences between the two
spectra in the pre-edge region seen in the magnified
part of Fig. 1(c) are caused by differences between
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the integral photon flux of panel (b) and the un-
known local photon flux at the position in the
image from where the spectra were taken. To
correct these differences, the following procedure
was adopted: First the ratio (intensity for positive
helicity divided by intensity for negative helicity)
of the normalized spectra of Fig. 1(c) was calcu-
lated. It is displayed in Fig. 1(d). Here it is seen
that outside the absorption peaks the ratio be-
tween absorption of X-rays with positive and
negative helicity is not exactly one, as it should be.
The reason are inhomogeneities in local photon
flux density, as described in the previous section.
Because the energy relative to the respective maxi-
mum of the undulator harmonics is different in
the two scans for opposite helicity, also the devi-
ation from a ratio of one is energy-dependent. For
the correction a linear energy dependence is as-
sumed. It is obtained from a fit of a straight line
to the ratio of Fig. 1(d). The peak regions exhib-
iting the magnetic dichroism are excluded before
fitting. The result of the linear fit is then used to
correct the single pixel spectra. In Fig. 1(d) this
correction varies between +7.0% at the left-
hand side, and —3.8% at the right-hand side.
This energetic variation is caused by the energy
dependence of the intensity distribution within the
light spot of the undulator harmonics. It is nar-
rower for higher energies relative to the peak
maximum of the harmonics. In that case the
photon flux density in the center of the light spot
is higher. From Fig. 1(b) it is seen that the maxi-
mum of the undulator harmonics for positive he-
licity was at slightly lower energies than for
negative helicities. The local intensity for positive
helicity is consequently higher at the low energy
side of the spectra of Fig. 1, since here the energy
relative to the maximum is higher than for nega-
tive helicity.

The corrected spectra and corresponding dif-
ference curve are finally shown in Fig. 1(e). Again
the region below 704 eV photon energy is shown
magnified by a factor of 10 in intensity. Compared
to the magnified part of Fig. 1(c), it is seen that
now also in the pre-edge region the spectra overlap
perfectly. The correction procedure as described
above has been performed for all pixels in an im-
age. Only a smooth variation of the fit parameters

for the linear fits was observed within the imaged
area. The maximum correction did not exceed 5-
7% if care was taken for limiting the excess radi-
ation outside the imaged area to a minimum. The
small local variation of the correction can be due
to slight deviations in the positions of the central
undulator beam on the sample for the two helici-
ties.

Sum-rule analysis can now be performed on the
corrected single pixel data. Because of the high
number of spectra that have to be analyzed in
full-image microspectroscopy this has to be done
automatically. A problem is that the data can
sometimes be rather noisy, especially at positions
where the dichroism is small. In most cases the
result of interest in sum-rule analysis is two num-
bers, namely the spin and orbital moments. They
are obtained from summing and subtracting the
areas of the difference curve at the L; and the L,
edges, respectively [6,7]. If the line shape of the
helicity averaged absorption spectra is assumed to
be constant over an image, then an analysis pro-
cedure that reduces the spectral information on
two independent numbers is sufficient. The fol-
lowing fit procedure was therefore used: First a
template XMCD spectrum with a sufficiently good
statistics is generated by summing over a large
area. This spectrum was then analyzed as de-
scribed in more detail in Refs. [8,9,19]. All the
corrected single pixel spectra are normalized on a
per-atom basis by setting the intensity axis to zero
before the L,3; edge, and to one above the edge.
The template difference curve was then fitted to the
single pixel difference curves. For this it was sep-
arated into two parts representing the dichroism at
the L; and the L, edge. If the dichroism spectra at
the L; and the L, edges individually keep their
shape and only vary in size, a perfect fit is obtained
by just independently scaling the two parts of the
template difference curve. This was checked to be
the case for the spectra presented here. The result
of the fit are the two scaling factors that are needed
to fit these two parts of the template difference
curve to the single pixel difference curve. These
two numbers can be directly converted into num-
bers for the spin and orbital moments of the single
pixel XMCD spectrum, using the information
from the analysis of the template spectrum. By
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using only two fit parameters connected to the easily programmed to run automatically over a
dichroism intensity at the L; and L, edge, the fit large number of spectra.

procedure is very stable, which is a prerequisite for Fig. 2(a)-(f) show examples of such a template
obtaining meaningful information from noisy or fit procedure for three single pixel spectra of the Fe

scattered single pixel data. In addition, it is also L, edges in Ni/Fe/Co/Cu(00 1). The Co thickness
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Fig. 2. Example for the sum rule analysis of single pixel XMCD spectra. (a), (c), (e): Corrected single pixel absorption spectra at the Fe
L, edges in 1.2 ML Ni/x ML Fe/6 ML Co/Cu(00 1) for positive (solid lines) and negative helicity (dotted lines). (b), (d), (f): Difference
between spectra for opposite helicity of panels (a), (¢), and (e) (open symbols). The Fe thickness x is ~10 ML for (a) and (b), ~5 ML
for (c) and (d), and ~2 ML for (e) and (f). The solid lines in panels (b), (d), and (f) are portions of a template difference curve, obtained
from averaging over a larger area, scaled by the fit parameters p; and p, at the L; and L, edges, respectively, to match the single pixel
difference data. The spin and orbital moments, calculated from p;, p», and the spin and orbital moments of the template spectrum, are
listed in panels (a), (c), and (e). (g): Grayscale map of Fe spin moments as explained on the left hand side of a 0-3.9 ML Ni/0-14 ML Fe
crossed double-wedge on 6 ML Co/Cu(00 1), composed of pixels of 3 x 3 um? size. The Fe thickness is given at the top axis, the Ni
thickness at the right axis. Three regions with different structural and magnetic properties of Fe are labeled I, II, and III.
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was 6 ML, the Ni thickness for the selected pixels
~1.2 ML, and the Fe thickness ~10 ML ((a), (b)),
~5 ML ((c¢), (d)), and ~2 ML ((e), (f)). The top
panels show the corrected and scaled single pixel
absorption spectra for positive helicity (solid lines)
and negative helicity (dotted lines). In the lower
panels the corresponding difference curves are de-
picted (open symbols). The solid lines in panels
(b), (d), and (f) are the result of fits of the template
difference curve to the single pixel difference
curves. The scaling factors p; for scaling the L;
dichroism and p, for scaling the L, dichroism of
the template difference curve to the single pixel
data are also given. The spin and orbital moments
of the image pixels are calculated from p,, p,, and
the sum-rule analysis of the template spectrum
(spin moment 1.1 pg, orbital moment 0.1 ug). The
moments found at the three pixels of Fig. 2 are
listed in panels (a), (c), and (e).

4. Results and discussion

The strong variation of the resulting magnetic
moments in Fig. 2 can be attributed to different
magnetic and structural phases of iron in the Ni/
Fe/Co trilayer. Fig. 2(g) shows a complete gray-
scale map of the Fe spin moments of a Ni (0-3.9
ML)/Fe (0-14 ML)/Co (6 ML)/Cu(001) crossed
double-wedge sample. It is composed of 7600
pixels of 3 x 3 um? size. The positions where the
three example single pixel spectra of panels (a)—(f)
have been taken are marked by the ends of the
three straight lines. The legend for the conversion
of the grayscale to magnetic moments is given on
the left-hand side. The image shows a section of
the double-wedge of Ni and Fe that includes the
onset of both wedges. The Fe thickness increases
from right to left as indicated at the top axis, the
Ni thickness increases from top to bottom as in-
dicated at the right-hand axis. It is seen that the
three example single pixel spectra of the top panels
have been chosen to represent three regions with
rather different Fe spin moments. These regions
are separated by white dotted lines, and labeled I,
I, and III. Whereas region I exhibits Fe spin
moments of ~2.5u5, the moments in region II are
significantly lower. In region III the spin moment

increases again from right to left to ~2u;. In ac-
cordance with previous studies of Fe/Co/Cu(001)
[20-22] and Fe/Cu(001) [23-25], the lower mo-
ments in region II are interpreted with a relaxed
fcc phase of Fe containing non-ferromagnetic lay-
ers [26]. In region I tetragonally expanded fcc-like
Fe (fct) with spin moments of about 2.5 is pre-
sent, whereas at Fe thicknesses between 9 and 12
ML the Fe is converted into the bec phase, show-
ing spin moments of ~2uy.

The two-dimensional mapping of magnetic
moments in this Ni/Fe double-wedge on Co/
Cu(001) also allows to observe changes in the Fe
spin moment as a function of the Ni overlayer
thickness. Such a change is recognized at Fe
thicknesses between 4 and 6 ML. Here, the Fe spin
moment is dropping to values of nearly zero for Ni
thicknesses above ~1.5 ML. This could be caused
by an opposite magnetic orientation of the Fe top
and bottom interface layers with non-ferromag-
netic layers in between. An antiferromagnetic ori-
entation of the Co and Ni layers in Ni/Fe/Co
around 5.5 ML Fe thickness has been observed
indeed [26]. The observed spin moments have to be
interpreted as the depth-weighted average of all Fe
layers, where the probing depth over which the
secondary electron signal is reduced by a factor of
1/e is =17 A [27]. Therefore a non-uniform depth
distribution of magnetic moments, which most
likely is present in region II, cannot be unambig-
uously determined from the present data. A simple
model assuming a constant amount of ferromag-
netic Fe at both interfaces plus non-ferromagnetic
Fe in between would lead to a decreasing apparent
magnetic moment with increasing Fe film thick-
ness, which is not observed here. The situation is
therefore probably more complicated, and the in-
fluence of surface and interface roughnesses as well
as non-collinear moments may have to be consid-
ered.

In the previous example a high spatial resolution
was not required, since only the distribution of
magnetic properties along the wedges was mea-
sured. The PEEM was therefore operated at a low
extractor voltage (about 200 V) to yield a large
field of view. Fig. 3 shows an example of micro-
spectroscopy with a higher resolution. Here the
extractor voltage was 10 kV; together with a
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Fig. 3. Map of Ni spin moment projections onto the light in-
cidence direction (from bottom to top, with an angle of 30° to
the sample surface) as example for high resolution microspec-
troscopy. The image is the result of 76 800 single pixel XMCD
spectra of 370 x 370 nm?, the total data acquisition time of
which was about 2 h 20 min. The sample is a Co/Ni/Cu(00 1)
crossed double wedge. The Ni thickness is indicated at the top
axis, the Co thickness at the right axis. The grayscale to mag-
netic moment conversion is given in the legend at the bottom.
The white dotted line separates regions with in-plane magneti-
zation (top) from regions with out-of-plane magnetization
(bottom). The magnetization directions are indicated by arrows
in some domains.

70 um contrast aperture this resulted in a resolu-
tion of about 500 nm, as determined from line-
scans across domain boundaries. The pixel size
was adjusted to 370 x 370 nm? by using a 4 x 4
binning of camera pixels. The exposure time per
image was 30 s. Fig. 3 displays a section of a Co/Ni
crossed double wedge on Cu(001). In the dis-
played area the Ni thickness increases from 10.7 to
14 ML from left to right, as indicated at the top
axis, and the Co thickness increases from 1.35 to
2.65 ML from bottom to top, as indicated at the
right-hand axis. The Ni spin moment as the result
of 76800 single pixel XMCD spectra is presented

in a grayscale plot. The grayscale to magnetic
moment conversion can be seen from the legend at
the bottom. Note that here the grayscale is sym-
metric around zero. Unlike the previous example
this sample was not magnetized by an external
magnetic field before imaging. The resulting mo-
ments from the sum-rule analysis include therefore
the cosine of the angle between local magnetiza-
tion and the helicity of the incident X-rays, which
is different for domains of different magnetization
direction. It is thus not the absolute value of the
spin moment that is obtained from the micro-
spectroscopic analysis, but the projection onto the
direction of the incoming light. The light incidence
was from bottom to top of Fig. 3, with an angle of
30° to the sample surface.

Two regions with qualitatively different domain
structure can be recognized. They are separated in
Fig. 3 by the white dotted line. In the upper part of
the image four different shades of gray are recog-
nized, namely black, dark gray, light gray, and
white. In the lower part only two different shades
of gray are found, and the domain boundaries are
more rounded. Quantitative analysis of the values
of the Ni spin moment projection in the single
domains leads to the interpretation that in the
upper part of the image the magnetization direc-
tion is along the four (110) in-plane crystallo-
graphic directions, as indicated by arrows. The
Cu(001) single crystal substrate was deliberately
mounted under an azimuthal angle of 18° between
light incidence and the [110] axis, so that the four
(110) directions all have different projections onto
the light incidence direction. In the lower part of
the image the values of the spin moment projection
and the shape of the domains are consistent with
an out-of-plane magnetization. Here the angle
between the magnetization axis and the light
helicity is 60°. The absolute value of the Ni spin
moment is 0.65u, over the entire image.

The dotted line in Fig. 3 represents a spin re-
orientation transition between in-plane and out-
of-plane easy axes of magnetization. The spin
reorientation transition occurs both as a function
of Ni and Co layer thickness. Single films of Ni on
Cu(001) exhibit an out-of-plane anisotropy over
an extended thickness range [28-30], whereas Co/
Cu(001) is always in-plane [31,32]. The observed
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spin reorientation transition in Co/Ni/Cu(001) is
thus the result of the interplay of Co and Ni an-
isotropies [33]: for high Ni thickness and low Co
thickness the out-of-plane Ni anisotropy domi-
nates, increasing the Co thickness and lowering the
Ni thickness the in-plane contribution of the Co
film wins.

Interesting is the domain shape in the out-of-
plane region close to the spin reorientation tran-
sition: As the spin reorientation transition is
approached, more and more oppositely magnetized
domains are formed. This can be explained by the
competition between the magnetostatic energy on
the one hand, and the energy cost for creating
domain walls on the other hand. Closely spaced
alternatingly up and down magnetized perpendic-
ular domains have a lower magnetostatic energy
than a single out-of-plane domain due to partial
flux closure [34]. The formation of such domains
can be energetically favorable close to the spin
reorientation transition [35] because at that point
the anisotropy energy and hence the energy for the
formation of domain walls (in which an in-plane
component of the magnetization is present) is low.

5. Summary and conclusion

A practical method for element-selective mi-
croscopic mapping of magnetic moments by full-
image XMCD microspectroscopy using a PEEM
has been described. Spin and orbital moments are
obtained from sum-rule analysis of single pixel
XMCD spectra of a photon energy series of mi-
croscopic PEEM images. This has been applied to
Ni/Fe/Co trilayers and Co/Ni bilayers, grown
epitaxially on Cu(001). In the former system three
different Fe thickness regions with different mag-
netic properties of the Fe layer have been ob-
served. The Fe spin moment as a function of Fe
and Ni layer thickness has been quantitatively
evaluated. Below 4 ML and above ~12 ML Fe
thickness ferromagnetic phases with Fe spin mo-
ments of ~2.5 and ~2.0u;, respectively, are found.
Between 4 and ~10 ML, a reduced net magnetic
moment is observed, which between 4 and 6 ML
Fe thickness depends also on Ni thickness. It may
be due to a non-ferromagnetic configuration of fcc

Fe and an antiferromagnetic coupling between Co
and Ni layers with magnetically live Fe inter-
face layers. In Co/Ni/Cu(00 1) a spin-reorientation
transition from in-plane to out-of-plane could be
quantitatively followed in two-dimensional (Co
and Ni) thickness space. The easy axis of magne-
tization switches from in-plane at lower Ni thick-
nesses or higher Co thicknesses to out-of-plane at
higher Ni thicknesses or lower Co thicknesses. The
formation of perpendicularly magnetized domains
with decreasing size upon approaching the spin
reorientation transition is explained by magneto-
static stray field energy minimization for decreas-
ing domain wall energy.

In conclusion, microspectroscopy of wedges or
crossed double wedges can help significantly in the
magnetic characterization of layered systems. The
microscopic spatial resolution of the quantitative
magnetic information opens the way for the
investigation of magnetic microstructures and
microscopic domain structures by XMCD. The
microspectroscopic evaluation of not only the spin
moments but also the orbital moments [33] can
help to characterize magnetic anisotropies on a
microscopic scale, taking advantage of the relation
between magnetocrystalline anisotropy and the
anisotropy of the orbital moment [13,14].
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Quantitative x-ray magnetic circular dichroism microspectroscopy
of Fe/Co/Cu(001) using a photoemission microscope
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Photoelectron emission microscopy is combined with soft x-ray magnetic circular dichroism
(XMCD) absorption spectroscopy to obtain local element-resolved quantitative magnetic properties
with microscopic resolution. This is applied to study 0—14 ML Fe wedges with a slope of 0.055
ML/um on 6 ML Co/Cy001). Local XMCD spectra at the He, 3 edge confirm the presence of
three magnetically different thickness regions of Fe with effective spin moments @f 206-4.5

ML), 0.7upg (4.5-11 MD, and 1.8 (>11 ML). The value of 0.Zg in the second phase is
consistent with an fcc Fe phase containing nonferromagnetic layers underneath a ferromagnetic
surface. ©2000 American Institute of Physid$0021-897@00)44908-X

Photoelectron emission microsco@EEM) in connec-  erties is to image their spatial distribution on wedge-shaped
tion with resonant excitation by circularly polarized light has samples. For that purpose we deposited Fe as 0—14 ML mi-
proven its usefulness for the study of magnetic microstrucerowedges on 6 ML Co/G001), and obtained the full spec-
tures and multilayer$? The lateral intensity distribution of troscopic XMCD information of that wedge from the analy-
emitted low energy secondary electrons is thereby magnifieglis of PEEM images.
by an electron optics. The effect of soft x-ray magnetic cir- ~ Ultrathin epitaxial Fe films, grown at room temperature
cular dichroism(XMCD) provides the magnetic contrast. On CU001), are one of the most interesting systems with
The absorption of circularly polarized photons at elementarespect to the interplay between structural and magnetic
absorption edges differs for different alignment of light he-properties. ™ For film thicknesses belows4 atomic mono-
licity and magnetization directiohleading to a difference in  1ayers (ML) a fully ferromagnetic fcc-like structure is
secondary electron intensity. Sum rdlediow one to extract Present In the thickness range between 4 and 11 ML, a
spin and orbital magnetic moments from integrals in the dif-S€cond phase, a relaxed fcc structure, is found with a non-

ference curve of two absorption spectra for opposite lighféromagnetic behavior of the inner film layers, but ferro-
helicity 56 magnetism at the surfalezor thicknesses abovell ML, a

third phase appears, a ferromagnet@l1) oriented bcc

The combination of the principles of microscopy phase' Fe films grown on Co/C@01) exhibit a very similar
(PEEM and spectroscopXMCD) unites the advantages of sequence of structural and magnetic phae¥. The main

both methods, namely the element-selective quantitative in-

formation of electronic and magnetic properties of XMCD,dlfference frqm F_e/:ﬁﬂ?(?l) concerns the direction of the
. i .. easy magnetic axis, which is in-plane in the case of Fe/Co/
and the lateral resolution of PEEM. It is what we call “mi-

Cu(00)). As for the presence of the ferromagnetic surface

crospectroscopy,” and results in images displaying quantitaI'ayer in the second phase, controversial experimental evi-

tive magnetic properties on an element-resolved basis. Praaénce has been reported. While from oxygen adsortition
tically, this implies to scan the photon energy and record, 4 v\vcp experiment? it has been concluded that the
microscopic images of the secondary electron intensity fokface js not ferromagnetic, other XMCD measureniénts
both helicities at each energy step. From such a set of imageg; \ye|| as measurements of photoelectron diffraction in mag-
local XMCD spectra at any position in the image can benetic dichrois® and spin-resolved valence band
analyzed. photoemissiont® provided evidence for the presence of fer-
In this article we demonstrate the application of thisyomagnetic surface layers on top of nonferromagnetic under-
PEEM-XMCD microspectroscopy to study the magneticiayers.
phases of Fe on fcc Co/@01). A common means of effi- Co and Fe films were evaporated at room temperature by
ciently studying the thickness dependence of thin film propthermal evaporation. Before depositing the Fe wedge, the Co
film was remanently magnetized by a field of 500 Oe in the

dAuthor to whom correspondence should be addressed; electronic mait:110] di'reCtion- The Wedge'Shaped_ Fe films were prepared
kuch@port.exp.bessy.de by placing an aperture of*20.5 mnf in front of the sample,

0021-8979/2000/87(9)/5747/3/$17.00 5747 © 2000 American Institute of Physics



120 KAPITEL 6. ORIGINALVEROFFENTLICHUNGEN

5748 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Kuch et al.
6 T T T T T m W 1

g el x= 35um | (@ Fe thickness (ML)

g y =100 pm 14 12 10 8 6 4 2 .
g 4 i e pos. hel. : 25 £
S — neg. hel. 20 %
c 15 2
2 1.0 §
£ 05 ¢
2 00 &
© 100 200

x position (um)

_’g (b) Fe thickness (ML)
c 14 12 10 8 6 4 2 -
E . =
F-] - =
5 g 0.15 “g
g § 0.10 §
] 8 0.05 —
a ]
a“:’ 1L \ I L I L > 0.00 3
5 705 710 715 720 725 e

100 200
x position (um)

photon energy (eV)

FIG. 1. (a) Fel, absorption spectra of a single X8 um? pixel at coor- FIG. 2. Result of the pixel-by-pixel _sum-rl_lle analysis of the imaged_area in
dinatesx=35 um, y=100xm. The dashedsolid) line depicts absorption T €/6 ML Co/CU001: (&) Fe effective spin momenus, (b) Fe orbital

for positive (negativé helicity. (b) Markers: Difference between the two Momenty, . Different levels of gray correspond to different values;af
curves of(a). Line: Template difference curve, obtained from averaging and u, , as explained in the respective legend. Three different phases as

1500 pixels in the region of bce Fe, presented here with different scaling agchematically shown are characterized by different moments.
theL; andL, edge to fit the single pixel data.

averaged from 1500 pixels at the thick end of the Fe wedge

with a distance of 1 mm to the sample surface. During depotbcc Fe. It serves as a template for the automated analysis of
sition the sample was rocked hy7.5° about the long axis of the 12 648 single pixel spectra. Only two parameters were
the aperture. This results in a rectangle with two 268  used to fit that template difference curve to the single pixel
broad wedges at the long sides, exhibiting slopes of 0.058ifference curves. They describe the separate scaling of the
ML/ um. L; and L, regions. Having analyzed the template XMCD

The PEEM measurements were performed at beamlinspectra beforehand by means of the sum rules, sum-rule
BL25SU of SPring-8 in Japan, which provide®95% circu-  analysis of the single pixel data is obtained from these two fit
larly polarized light'” The light was incident under an angle parameters. This analysis is valid if the shape of the absorp-
of 30° to the sample surface, with an azimuthal angle of 18tion spectra does not change over the imaged area. This was
to the[110] axis of the Cu substrate. The local photon energydetermined to be the case for the present Fe and Co images.
resolution in the images is better than 150 meV. All imagesThe analysis of the template data was done as described
were normalized to the photoyield of the gold-coated refo-elsewheré® The data were corrected for the angle of inci-
cusing mirror in front of the experimental chamber. dence with respect to tHd10] magnetization direction, and

The setup of the photoemission microscoffeocus for the degree of light polarization. The number ofdFeoles
IS-PEEM® is identical to that described in previous was taken as 3.3%.For the analysis of the single pixel data
publications? The contrast aperture was set to/Z for the  the white line intensity was assumed to be proportional to the
present measurements. To obtain a large field of view, a low; peak height. Only a smooth spatial variation of the white
extraction voltage of about 200 V was used. This results in dine intensity of less than 15% was present in the spectra
lateral resolution of about zZm, and a field of view of about over the imaged area. To avoid unreasonably long data ac-
380 um. The magnified image is intensified by a two-stagequisition times and contamination of the surface, the energy
multichannel plate, and converted into visible light by meansscans were taken only up to an energy of 728 eV. Part of the
of a scintillator crystal. The image is then computer-recordedail of theL, dichroism at higher photon energies is therefore
with 12-bit resolution by a Peltier-cooled camefBRCO  not included in the analysis. This leads to systematic devia-
SensiCam?® Exposure time was 20 s/image, the total timetions of the magnetic moments as determined by the sum
for the acquisition of the over 3 million data points was rules, predominantly of the orbital moment. A cutoff in the
abou 1 h 50 min. The helicity was reversed once after integration on the high energy side of the spectra leads to a
completion of a full energy scan. higher apparent orbital momefftFrom comparison with the

Figure 1a) shows typical F& , ; absorption spectra of a curves for bulk Fe of Ref. 5 we estimate that the orbital
single pixel of 1.5¢3 um? on the sample surface at 14 ML moments will be affected by a factor of 2:®.2, while the
Fe thickness. The spectra are composed of information afesult for the effective spin moment is correct within 5%. To
that particular pixel from 242 different images. Dashedaccount for that, the orbital moments’ values were corrected
(solid) lines depict absorption for positiveegative helicity. by a factor of 1/2.6.
In panel (b) the corresponding difference is showopen Figure Za) shows the result of the pixel-by-pixel sum-
circles. The solid line gives the fit of a difference curve rule analysis for the Fe effective spin momeng. The Fe
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thickness increases from right to left, as indicated. Differentwere performed at SPring-8 with the approval and financial
levels of gray correspond to different values @f, as ex- support of JASRI(Proposal No. 1999A0319-NS-ppThey
plained in the legend. The three different phases at Fe thickextend special thanks to the SPring-8 staff, in particular Y.
nesses of 0—4.5, 4.5-11, and 1 ML are clearly recognized Saitoh and R.-J. Jung, for generous help during the beam-
by their different moments. The averaged values arag&  time.
1.5-2 ML, 0.7 at 6-7 ML, and 1.gg above 14 ML. . .
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Abstract

The magnetic phases of 0—-6 atomic monolayers (ML) Ni/0-14 ML Fe/6 ML Co/Cu(001) trilayer crossed double wedges
are studied by the combination of photoelectron emission microscopy and X-ray magnetic circular dichroism spectroscopy at
the Fe L, , edges. This microspectroscopic technique allows the extraction of local quantitative magnetic information. The
presence of three magnetically different thickness regions of Fe with effective spin moments per atom of 2.5 g (below
~35ML), 0.7 pg (=35-11 ML), and 2.0 p.; (above =11 ML) is confirmed. At 7-9 ML thickness, the value of 0.7 . is
consistent with a ferromagnetic Fe surface layer on top of non-ferromagnetic layers. The ratio of orbital to effective spin
moment varies between 0.05 for very thin Fe films and 0.15 for thicker films, if correction of saturation effects is taken into
account. Images of the magnetic circular dichroism asymmetry at the Ni and Co L, edges show that at 5.5 ML Fe thickness
the Ni and Co magnetizations have opposite orientations, pointing towards antiferromagnetic coupling across the Fe layer.

[0 2000 Elsevier Science BV. All rights reserved.

Keywords: Photoelectron emission microscopy; X-ray magnetic circular dichroism; Fcc Fe; Thin films;, Magnetic moment

1. Introduction

Since its experimental discovery [1], magnetic
circular dichroism in soft X-ray absorption (XMCD)
spectroscopy has developed into a widely used
technique for the element-specific characterization of
magnetic thin films and multilayers [2,3]. The ab-
sorption of circularly polarized photons at elemental
absorption edges differs for different alignment of
light helicity and magnetization direction [4], leading
to a difference in secondary electron intensity. Sum-

*Corresponding author. Tel.: +49-30-6392-4927; fax: +49-30-
6392-4984.
E-mail address.: kuch@exp.bessy.de (W. Kuch).

rules have been proposed to deduce quantitative
information from the difference curve between ab-
sorption spectra for opposite light helicity [5,6].
Although there has been some dispute about the
applicability of these rules [2,7-11], they seem to
yield reasonable results for the 3d transition metals
[2,3,10,12—15]. These sum-rules allow one to extract
numbers for the spin and orbital magnetic moments
from the comparison of the integrated absorption
cross section at the L, and L, edges of transition
metals for opposite light helicity, thereby enabling
the separate determination of magnetic properties of
different elements in the same sample.

The rapidly decreasing size of technologically
employed magnetic structures calls for techniques

0368-2048/00/$ — see front matter [ 2000 Elsevier Science BV. All rights reserved.
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that allow quantitative magnetic characterization on a
microscopic scale. One way to add spatial resolution
to the advantages of magnetic circular dichroism
spectroscopy is the use of a photoelectron emission
microscope (PEEM). In PEEM imaging, the lateral
intensity distribution of emitted low energy sec-
ondary electrons is magnified by an electron optics.
The intensity of secondary electrons can be used as a
surface sensitive measure of the absorption of soft
X-rays. It is therefore straightforward to combine the
principles of microscopy (PEEM) and spectroscopy
(XMCD) in order to unite the advantages of both
methods, namely the element-selective quantitative
information of electronic and magnetic properties of
XMCD, and the lateral resolution of PEEM. This is
called microspectroscopy, and can supply images
displaying local electronic and magnetic properties
of a sample as determined from the analysis of local
XMCD spectra.

The effect of XMCD, i.e., the dependence of the
absorption of circularly polarized photons at elemen-
tal absorption edges on the alignment of the mag-
netization direction and the light helicity, has in fact
been employed as a contrast mechanism for the
imaging of magnetic domains with PEEM [16-19].
Domains on the sample that have different geometri-
ca projections of the magnetization direction onto
the direction of the incoming X-rays show a different
absorption cross section for circularly polarized
photons at the absorption resonance. Imaged with
PEEM, these domains can be distinguished by their
different intensity of secondary electron emission. To
obtain furthermore the full spectroscopic information
inherent to XMCD requires the recording of micro-
scopic images of the secondary electron intensity at
many different photon energies for both helicities,
not only at the absorption maximum. These images
then constitute a set of local XMCD spectra for any
position of the imaged sample area. Standard sum-
rule analysis may then be performed for all pixels
constituting the image in order to obtain images
showing the absolute numbers of the components of
spin and orbital magnetic moments along the light
direction. The acquisition of such a spectral series of
absorption images, or, in other words, the parallel
recording of loca XMCD spectra in a reasonable
time became feasible with the availability of power-
ful third generation synchrotron light sources.

In this contribution we use PEEM—XMCD mi-
crospectroscopy to investigate the magnetic phases
and the coupling behavior of ultrathin Fe films
sandwiched between Ni and Co films on Cu(001). A
common means of effectively studying the thickness
dependence of thin film properties is to image their
spatial distribution in wedge-shaped samples. The
two-dimensional information present in plane images
can be used to study the dependence of these
properties on two independent parameters, for exam-
ple the thicknesses of two of the constituting films.
For the present study we prepared Ni/Fe/Co/
Cu(001) films in which the Co thickness was con-
stant at 6 atomic monolayers (ML), and in which
both the Fe and the Ni layer were deposited as
wedges, rotated by 90° in the film plane with respect
to each other. To be able to image such wedge-
shaped samples with PEEM, microscopic dimension
wedges of 255-um size were used.

Ultrathin epitaxial Fe films, grown at room tem-
perature on Cu(001), are one of the most interesting
systems with respect to the interplay between struc-
tural and magnetic properties [20-38]. For film
thicknesses below =4 atomic monolayers (ML) a
fully ferromagnetic tetragonally expanded fcc-like
structure is present [20,21]. In the thickness range
between 4 and 11 ML, a second phase with arelaxed
fcc structure is found, in which one observes a
non-ferromagnetic behavior of the inner film layers
and ferromagnetism at the surface [22—-25]. For
thicknesses above = 11 ML appears a third phase, a
ferromagnetic (011) oriented bcec phase [26-28]. Fe
films grown on Co/Cu(001) exhibit a very similar
sequence of structural and magnetic phases [39—44].
The main difference with respect to Fe/Cu(001)
concerns the direction of the easy magnetic axis in
phases | and II, which is out-of-plane in the case of
Fe/Cu(001) [29-32], and in-plane for Fe/Co/
Cu(001). As for the presence of the ferromagnetic
surface layer in the second phase, controversia
experimental evidence has been reported. While from
oxygen adsorption [41,42] and XMCD experiments
[39,40] it has been concluded that the surface is not
ferromagnetic, other XMCD measurements [43] as
well as measurements of photoelectron diffraction in
magnetic dichroism [45] and spin-resolved valence
band photoemission [46] provided evidence for the
presence of a ferromagnetic surface layer on top of
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non-ferromagnetic underlayers. Our own previous
PEEM—-XMCD microspectroscopy experiments of
Fe/Co/Cu(001) gave a spin moment of =~ 0.7 g in
the second phase, which also supports the conclusion
of a ferromagnetic Fe surface [44].

In Fe/Nig, Fe,, multilayers, it has been observed
that non-ferromagnetic fcc Fe layers similar to the
ones that exist in the second phase of Fe/Cu(001) or
Fe/Co/Cu(001) can give rise to an antiferromagnet-
ic coupling between the Nig, Fe,  layers at certain Fe
layer thicknesses [47]. Using the magneto-optic Kerr
effect, EscorciaAparicio et a. found that Co/Fe/
Co/Cu(001) films could not be saturated around 8 A
Fe film thickness in 1.9 kOe magnetic fields, which
is a hint towards antiferromagnetic coupling of the
two Co layers [41,42]. Except for Refs. [41,42] no
other reports concerning antiferromagnetic interlayer
coupling across fcc Fe films on Cu(001) substrates
came to our knowledge. In this contribution, we
study Ni/Fe/Co trilayers, in which the Ni and Fe
layers are deposited as crossed wedges. This alows
the imaging of the dependence of the magnetic
properties on the thickness of both Ni and Fe layers.
The use of Ni instead of Co as the top magnetic layer
has the advantage that the magnetic signal of each
layer, Co, Fe, and Ni, can be determined separately
by virtue of the element-selectivity of XMCD,
dlowing the layer resolved characterization of the
entire system. By imaging the onset of the Ni wedge,
it is possible to compare the uncovered Fe/Co film
with the Ni/Fe/Co trilayer. We find, indeed, that in
the Ni/Fe/Co trilayers, antiferromagnetic coupling
of the Ni and Co layers across the non-ferromagnetic
Fe occurs at an Fe layer thickness of about 5.5 ML.
In the Fe/Co bilayers, on the other hand, no indica-
tion for antiferromagnetic alignment between the Co
magnetic layer and the Fe surface layer could be
observed.

2. Experimental

The experiments were performed at room tempera-
ture in an ultrahigh vacuum chamber (base pressure
1% 10 ® Pain the sample preparation chamber, and
2% 102 Pain the PEEM chamber) equipped with
standard facilities for sample preparation and surface
characterization. Co, Ni, and Fe films were evapo-

rated at room temperature by electron bombardment
of high purity rods. Deposition rates were about 0.4
ML /min for Co and Ni, and 0.6 ML/min for Fe. The
evaporation rates were calibrated before preparation
of the wedges for continuous films evaporated under
identical conditions by means of the oscillations in
medium energy electron diffraction intensity re-
corded during the growth. The accuracy of the film
thicknesses cited here is estimated as 10%. The
wedge-shaped films were prepared by placing an
aperture of 2 0.5 mm? in front of the sample, with
a distance to the sample surface of 1 mm. During
deposition, the sample was rocked by *+7.5° about
the long axis of the aperture, which was set at a 90°
different sample azimuth for Fe and Ni deposition.
The total evaporation time corresponded to 6 ML for
Co and Ni, and 14 ML for Fe. This results in four
255% 255 pum® regions of crossed wedges with
slopes of 0.055 and 0.023 ML/pm for Fe and Ni,
respectively. A sketch of the crossed wedges is
shown in Fig. 1. The circle highlights the approxi-
mate region in which the measurements were carried
out. The samples were magnetized after the deposi-
tion of the continuous Co film by a field of 500 Oe
adong the [110] direction of the Cu substrate, and
again immediately before the measurements in the
photoemission microscope by a pulsed field of 310
Oe.

Synchrotron radiation from the twin helical un-

dulator beamline for soft X-ray spectroscopy
0-6 ML Ni
0-14 ML Fe
6 ML Co
Cu(001)

Fig. 1. Sketch of the sample. The wedge-shaped Fe and Ni films
were prepared by evaporation through apertures of 2 X 0.5 mm?’
placed 1 mm in front of the sample, and rocking the sample about
the long axis of the aperture. The circle highlights one of the four
areas of crossed Ni—Fe double wedges in which the measurements
were carried out.
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BL25SU of SPring-8 in Japan was used. Circularly
polarized light emitted in the first harmonic from one
of two undulators is monochromatized by a varied
spacing plane grating monochromator [48]. After
having set the two undulators to opposite hdlicity,
helicity reversa was realized by closing one un-
dulator and fully opening the other, which took about
10 min. The degree of circular polarization is
> 98%. The light was incident to the sample under a
grazing angle of 30° from the surface, with an
azimuthal angle of 18° to the [110] axis of the Cu
substrate. The entrance and exit dlits of the mono-
chromator were set to 290 wm for the measurements
presented here. Since the light spot on the sample is
an image of the exit dit, the local energy resolution
at a certain spot on the sample does not depend on
the dit size. It is estimated to be better than 150 meV,
so that the spectra can be regarded as representing
mainly the intrinsic lineshape of the Fe L, ; absorp-
tion edges. All images were normalized to the
electron current measured at the last optical element,
a gold-coated refocusing mirror. In order to mini-
mize deviations in the ratio between the integral
photon flux measured in that way and the local flux
density in the imaged area, apertures behind the exit
dit of the monochromator were adjusted to reduce
the excess illuminated area at the sample surface
outside the field of view of the microscope

The set-up of the photoemission microscope
(Focus IS-PEEM; FOCUS GmbH, Hiinstetten, Ger-
many) is identica to that described in previous
publications [17-19]. In short, it consists of a three-
lens electrostatic straight optical axis microscope
with an integral sample stage and a variable contrast
aperture. To obtain a large field of view, a low
extraction voltage of about 200 V was used. This
results in a lateral resolution of about 1 uwm and a
field of view of about 380 wm. The magnified image
is intensified by a two-stage microchannel plate, and
converted into visible light by means of a scintillator
crystal. The image is then computer-recorded with
12-bit resolution by a Pdltier-cooled camera (PCO
SensiCam; PCO Computer Optics GmbH, Kelheim,
Germany). An 8 X 8 hinning of camera pixels was
used for the images presented here. One pixel then
corresponded to 3 X 3 um? of the sample surface. To
reduce the amount of data, the region of interest was
limited to a rectangle of 100 X 76 pixels, or 300 X

228 pum?. The exposure time per image was 10 s. A
total of 121 images for each helicity were recorded
as a function of photon energy in the interval
between 701 and 728 €V. The helicity was reversed
only once after completion of afull energy scan. The
total acquisition time was about 1 h 15 min, which
included the moving time of the monochromator for
wavelength scanning and the time needed to reverse
the helicity.

3. Data analysis

For the computerized automatic sum-rule analysis
of dl of the 7600 XMCD spectra, a template
spectrum fit similar to that described in more detail
in Ref. [49] was used. Before fitting the single pixel
data, a correction concerning deviations between the
local photon flux at the position of each pixel and the
integral photon flux from the mirror current caused
by the angular distribution of the intensity in the
undulator radiation had to be performed. After
normalizing al images to the mirror current, images
taken with light from the downstream undulator,
which was set to deliver light of positive helicity,
were scaled down by a factor that depended linearly
on energy. This energy dependent correction factor
was determined from fitting a straight line to the
ratio of two absorption spectra for opposite helicity
after normalization, thereby excluding the peak
regions from the fit in which the dichroism occurs.
This was done separately for al pixels in the image.
The correction determined in that way did not exceed
5%. The spectra were then normalized to unity edge
jump by adjusting the intensity axes of the spectra to
zero in the pre-edge region, and to one in the
post-edge region.

A template XMCD spectrum for the fits was
obtained from summing up the spectra of 5644 pixels
over the full range of the Fe wedge for Ni thick-
nesses from 0 to 3.5 ML. The sum-rule analysis of
the template curve was done as in Refs. [50,51],
thereby following the procedure described in Refs.
[2,3]. In particular, a background consisting of two
step functions of 0.5 &V width and relative statistical
heights of 2/3 and 1/3 at the positions of the L, and
L, absorption maxima, respectively, was subtracted
from the spectra in order to obtain the white line
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intensity. We assumed that the resulting integral of
the helicity-averaged absorption spectra corres-
ponded to 3.34 Fe 3d holes [7]. The difference
between the absorption spectra for opposite light
helicity were corrected for the angle of incidence
with respect to the [110] magnetization direction,
and for the degree of light polarization, which was
taken as 98%. Evaluating the Fe spin and orbital
magnetic moments by applying the sum rules [5,6] to
the integral of the difference spectrum of measure-
ments with opposite helicity, and normalizing to the
white line intensity gives then an effective spin
magnetic moment of the template spectrum ug o =
(1.09+0.06) pg and an orbital magnetic moment
m = (0.28+0.06) pg. The effective spin magnetic
moment is the quantity that is obtained from the
application of the spin sum rule [6], and includes
besides the spin magnetic moment wg aso a contri-
bution from the magnetic dipole term ZT,. The latter
is zero in the bulk of cubic crystals, but can be of the
same magnitude as the orbital moment in ultrathin
films [52-56]. The above values represent a spatial
average over the imaged area of the Ni/Fe double
wedge, weighted by the local intensity. The errors
quoted here represent the accuracy of the data. An
additional systematic error that can be up to 20%
may be present due to the details of background
subtraction, the number of 3d holes, saturation
effects [15,57-59], the degree of circular polariza-
tion, or the overlap between 2p,,, and 2p,,, fina
states [11].

We have to consider that the energy scans pre-
sented here were taken only up to an energy of 728
&V in order to keep data acquisition times short, and
to avoid contamination of the surface. Part of the tall
of the L, dichroism at higher photon energies is
therefore not included in the analysis. This leads to
systematic deviations of the magnetic moments as
determined by the sum-rules, predominantly of the
orbital moment. A cut-off in the integration on the
high energy side of the spectra leads to a higher
apparent orbital moment [60]. To quantify this effect
we have re-analyzed the bulk Fe data of Ref. [2]
after cutting off the high photon energy tail at 728 e/
in the same way we anayzed our own data, in
particular, after applying the local flux correction
procedure described above. From that we obtained
an orbital moment which is a factor of 2.6+0.2

higher, whereas the effective spin moment is affected
by less than 5%. To account for that, we corrected
our orbital moments' values by a factor of 1/2.6.
The template curve orbital moment is thus u, =
(0.11+0.02) . The reason for the stronger correc-
tion of the orbital moment is that the small missing
dichroism signal from the high energy tail has a
relatively higher influence on the smaller orbital
moment, which is calculated from the difference of
the L; and L, dichroism, than on the larger spin
moment, where they are summed. As will be seen in
Section 5, the corrected values of the Fe orbital
moments are in reasonable agreement with values
from literature, whereas without the correction the
quantitative agreement would be lacking.

The pixel-by-pixel analysis could be done after-
wards by fitting that template difference curve
separately to all of the single pixel difference curves.
Only two parameters were used for that, which
describe the individual scaling of the difference
curve in the L, and L, regions. The white line
intensity was assumed to be proportional to the
helicity averaged L, peak height. Only a smooth
spatial variation of the white line intensity of less
than 20% was present in the spectra over the full
imaged area. Sum-rule anadysis of the single pixel
data is obtained from the two fit parameters, based
on the analysis of the template spectra. The two
degrees of freedom of the fit to the template curve
are thus easily converted into numbers for the Fe
spin and orbital moment for every pixel in the image.
By using only two-fit parameters connected to the
dichroism intensity at the L, and L, edge, the fit
procedure is very stable, which is a prerequisite for
obtaining meaningful information from noisy or
scattered single pixel data. This analysis is valid if
the shape of the absorption spectra does not change
over the imaged area. This was checked to be the
case for the Fe spectra presented here.

To illustrate the template fit procedure, three
typical single pixel XMCD spectra from 3 X 3 pm?®
areas of the sample surface are shown in Fig. 2. The
pixels denoted (a), (b), and (c) correspond to Fe
thicknesses of =2, 5, and 10 ML, respectively,
capped by =1.2 ML Ni. These pixels have been
chosen to show strongly different Fe magnetic
moments; the Fe thickness of (@ corresponds to
phase I, that of (b) to phase I, and that of (c) to the
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Fig. 2. Single pixel XMCD spectra from three different 3 X 3 uwm? spots on the sample surface. () Data of pixel (78,40) (x — y coordinates
(234, 120 pm), =2 ML Fe thickness), (b) data of pixel (60,40) (x —y coordinates (180, 120 wm), =5 ML Fe thickness), (c) data of pixel
(30,40) (x — y coordinates (90, 120 .m), =10 ML Fe thickness). Top: single pixel absorption spectra for positive (dotted lines) and negative
helicity (solid lines). Bottom: corresponding difference curves (solid symbols) and fit using a template difference spectrum (lines), scaled by
the fit parameter p, (p,) at the L, (L,) edge, asindicated, in order to fit the respective single-pixel difference curves. The results of the fitsin
terms of spin and orbital moments are given in the top panel. Note the different vertical scale in the top and bottom panels.

transition region between phases Il and Il1. In the top
panel, the absorption spectra of each of the three
pixels for positive and negative helicity are re-
produced as dotted and solid lines, respectively. The
corresponding dichroism curves are shown under-
neath as the difference between these two curves
(solid symbols). The lines in the difference spectra
represent the template difference spectrum, scaled by
the fit parameters pl at the L, edge, and p2 at the L,
edge to fit the respective single pixel difference data.
The results of the fits for these pixelsin terms of spin
and orbital moments are given in the top panel. Note
how the noise, as seen from the scatter in the
difference data, is reduced for thicker Fe films.

4, Results

The result of the pixel-by-pixel sum-rule analysis
for the Fe effective spin moment ug ; is presented

in Fig. 3a Different levels of gray correspond to
different values of ug ., as explained in the legend
on the left hand side. The Fe and Ni thicknesses of
the crossed double wedge are given at the top and
right axes, respectively. The behavior of the Fe spin
moment in the crossed double wedge is dominated
by a strong dependence on the Fe film thickness.
Three different regions labeled I, I, and 111 in Fig. 3
at approximately 0-3.5 ML, 3.5-11 ML, and >11
ML Fe thickness are clearly recognized by their
different moments. They can be correlated to the
three different magnetic phases of Fe, as outlined in
Section 1. A black stripe indicating a strongly
reduced Fe spin moment is recognized around 5.5
ML Fe thickness and Ni coverages of more than 1.5
ML. Another effect of the Ni cap layer seemsto be a
small shift of the transition from phase | to phase Il
towards lower Fe thicknesses starting just at the
onset of the Ni wedge. The reduced moment in the
upper right corner at Fe thicknesses below 2 ML, in
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Fig. 3. (@ Result of the pixel-by-pixel sum-rule analysis for the Fe effective spin moment ug . Different levels of gray correspond to
different values of us ., as explained in the legend. The thickness of the Fe wedge increases from right to left, the thickness of the Ni
wedge from top to bottom, as indicated at the top and right axes. Regions with different values of u . are separated by dashed vertical lines
and labeled | through 111, 1la, 11b. The white rectangles indicate the positions at which linescans are presented in panel (b). (b) Horizontal
linescans of us . Of the uncovered Fe/6 ML Co/Cu(001) layer (open symbols) and of ~2.1 ML Ni/Fe/6 ML Co/Cu(001) (solid symbols)
at the positions indicated in panel (). The linescans result from a seven-pixel vertical average across the width of the rectangles shown in

@-

contrast, is due to a domain in the Fe/Co film with a
different component of magnetization in the de-
tection direction, as will be seen from the Co
asymmetry image.

Fig. 3b shows horizontal linescans of the Fe
effective spin moment for the uncovered Fe/Co/
Cu(001) layer (open symbols) and centered around

2.1 ML Ni/Fe/Co/Cu(001) (solid symbols), aver-
aged over seven vertical pixels. The linescans are
done in the regions indicated in Fig. 3a by white
rectangles (solid lines). In phase | for Fe thicknesses
below 2 ML moments of 2.5 g are observed for
both films with and without Ni overlayer. Between 2
and 3 ML, aready a certain reduction of the spin
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moment to =~ 2.2 p is present. Between 3 and 4.5
ML the moments drop strongly. Values of 0.7 ., are
reached without a Ni cap layer between 4.5 and 8
ML (phase I1). The main difference between the
linescan of the uncapped Fe/Co film and the Ni/Fe/
Co film is observed around 5.5 ML Fe thickness,
which we will cal phase Ila in the following.
Underneath the Ni layer, a value of only 0.25 pg is
found in that region, compared to 0.7 pg in the
uncapped Fe film. The latter value is the same as that
encountered in Ni/Fe/Co for dlightly higher Fe
thicknesses between 6 and 8 ML (phase Ilb). For
thicker Fe films, the moments eventually increase to
reach avalue of 2.0 pg in phase 1l at around 12 ML
Fe thickness.

To see the coupling behavior between the Co and
Ni layers across the Fe film, images at the Co and Ni
L, peak maximum as well as for 6-6/ lower photon
energy were acquired for both helicities, and normal-
ized to the integral photon flux. From that the
asymmetry of the L, pesk heights for opposite
helicity (o) and I(o_) is formed as (I(o,) —
(e N/ ((o,)+ 1(c_)). I(o,) and I(o_) are thereby
caculated from the difference between peak and
pre-edge intensities. The resulting asymmetries at the
Co and Ni edges are shown in Fig. 4. The Co layer
(Fig. 48 shows a uniform magnetization over nearly
the entire range of the image. Towards higher Fe
thicknesses a higher noise and maybe aso a dight
increase of the Co asymmetry are observed. The
latter, however, could be an artifact introduced by
the increasing influence of Fe absorption background
a the energy of the Co L, absorption. Microspec-
troscopy measurements of Co L, ; absorption spectra
at a different position of the same film, where the
same asymmetry was found, gave a Co effective spin
moment of 1.6 wg, and an orbital moment of 0.13
pg. We conclude from the similarity to the Co bulk
magnetic moment that the Co film over most of the
imaged areaisin a saturated single domain state with
the magnetization along [110]. Only in the upper
right corner is a reduced asymmetry of roughly 1/2
compared to the rest of the image observed. Here the
Co film is obviously not saturated. This is reflected
also in the plot of the Fe spin moment (Fig. 3a), as
already mentioned. It can be explained by a domain
with a different magnetization direction, for example
along [010], which means a projection onto the light
propagation direction of cos(18° + 45°) instead of

cos 18°. The presence of very small domains that are
not resolved here can aso not be ruled out. In any
case, a macroscopic structural peculiarity of the
substrate at that position, as for example localy
higher roughness or higher step density, is probably
the cause for the lower asymmetry. We will restrict
ourselves in the following on the results from the
area in which the Co film is a single domain.

Fig. 4b shows the dichroic asymmetry at the Ni L,
edge. Pay attention to the grayscale, which is
symmetric around zero in contrast to Fig. 4a A
negative Ni L, asymmetry of —0.09 is present
around 5.5 ML Fe thickness and >3 ML Ni thick-
ness, whereas the rest of the Ni film shows an amost
constant positive value of + 0.09. Bright contrast
consequently indicates a magnetization direction
paralel to that of the Co magnetization, dark contrast
a magnetization direction opposite to that of the Co
magnetization. Comparison of Figs. 4b and 3a
reveals that the region of reversed Ni magnetization
coincides exactly with the region in which the low
Fe spin moment (phase 113) is observed. Clearly no
differences are seen in the Co asymmetry at that
position. Altogether, antiparallel alignment of the Ni
and Co magnetization is found around 5.5 ML Fe
thickness in Ni/Fe/Co/Cu(001), which is correlated
with an additional reduction of the apparent Fe spin
moment.

The orbital moment w, is the second quantity that
can be extracted from the pixel-by-pixel sum-rule
analysis. It is found that the general behavior of u, is
quite similar to that of the effective spin moment
Hser 1T is therefore more interesting to see the
behavior of the ratio of w and g This is
presented in Fig. 5a in a grayscale plot of the same
sample area as before. Especidly in the regions of
low magnetic moment, the noise in w /ugq; IS
rather high. In Fig. 5b linescans of the ratio of orbital
to spin moment as a function of Fe thickness for 0
and 2.1 ML Ni overlayer are shown, obtained at the
same positions in an identical way as the linescans
shown in Fig. 3b (white rectangles in Fig. 53). The
values for w, /ug.; are mostly between 0.05 and
0.10 for both Fe/Co/Cu(001) and = 2.1 ML Ni/Fe/
Co/Cu(001). Between 4 and 7 ML Fe, the statistical
error is too high to state a clear trend, especialy
when there is Ni on top of the film. A decrease of the
orbital moment when reducing the Fe thickness
below 2 ML is seen from Fig. 5b. Though not so
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Fig. 4. (8 Co L, absorption asymmetry image of the difference between peak and pre-edge intensities for opposite helicities. Different
levels of gray correspond to different values of the asymmetry, as explained in the legend. The imaged areais the same asin Fig. 3a (b) Ni
L, absorption asymmetry image. Different levels of gray correspond to different values of the asymmetry, as explained in the legend. Note
that here, in contrast to panel (a), the grayscale is symmetric around zero. Around the x coordinate 180 pm, the Ni magnetization is

antiparallel to the Co magnetization.

significant, another reduction of w, /ug; May be
present for increasing the Fe film thickness above 10
ML.

5. Discussion

The Fe effective spin magnetic moments observed
here for uncovered Fe/Co/Cu(001) agree qualita

tively well with those found by Schmitz et al. (3.0
pg in phase I, 1.1 pg in phase I1) [43], although our
values are systematically lower. The value of 0.7 pg
at 8 ML Fe thickness (region Il) contrasts the result
of Refs. [39,40], where a drop in the dichroism by a
factor of about ten between phase | and phase || was
observed. The spin moment of 0.7 pg has to be
interpreted as the depth-weighted average of dl Fe
layers. We assume here a probing depth of 17 A [59]
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Fig. 5. () Result of the pixel-by-pixel sum-rule analysis for the ratio of Fe orbital to effective spin moment u, /us .. Different levels of
gray correspond to different values of u, /us ., @ explained in the legend. The white rectangles indicate the positions at which linescans are
presented in panel (b). (b) Horizontal linescans of w, /g o Of the uncovered Fe/6 ML Co/Cu(001) layer (open symbols) and of ~2.1 ML
Ni/Fe/6 ML Co/Cu(001) (solid symbols) at the positions indicated in panel (8). The linescans result from a seven-pixel vertical average

across the width of the rectangles shown in (a).

in which the secondary electron signal is reduced by
a factor of 1/e, and an average Fe layer spacing of
1.77 A [22,23]. A vaue of 0.7 pg would then be
consistent with, for example, 2 ML ferromagnetic Fe
(2.2 pug) on top of 6 ML non-ferromagnetic Fe, or
with 1 ML ferromagnetic Fe at the surface, 5 ML

non-ferromagnetic Fe in the interior, and 2 ML
ferromagnetic Fe at the Fe—Co interface. Our result
thus supports the conclusion from photoelectron
diffraction in magnetic dichroism of 8 ML Fe/Co/
Cu(001) [45] and spin-resolved vaence band photo-
emission [46] that ferromagnetism is present at the
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surface of Fe/Co/Cu(001). It has to be noted though
that a constant amount of ferromagnetic Fe at both
interfaces plus non-ferromagnetic Fe in between
would lead to a decreasing apparent magnetic mo-
ment with increasing Fe film thickness. This is
obviously not what we observe here (cf. Fig. 3b).
The situation is therefore probably more compli-
cated. There exist several theoretical studies about
the magnetic structure of fcc Fe on Cu(001) [61-68]
or on Co(001) [69] which result in a layered
antiferromagnetic arrangement of either monoatomic
or biatomic Fe layers of different moments. The
actual magnetic configuration depends sensitively on
the Fe film thickness. In a real system consequently
the influence of surface and interface roughness can
not be neglected, and the magnetic structure of the
Fe films in phase Il is probably not just described in
terms of magnetic and non-magnetic Fe layers. We
will come back to that point later when we discuss
the coupling behavior across the Fe films in phase I1.

The value of 2.0 g for the spin moment of bcc Fe
is dightly lower than the expected Fe bulk moment
of 2.2 pg [70], but it agrees well with XMCD
measurements of thicker bcc Fe films [2]. Hunter
Dunn et al. obtained values of 3.4 and 2.25 g for
Fe/Cu(001) in region | and IlI, respectively, using
XMCD [14]. We believe that the discrepancy be-
tween our values of Fe/Co/Cu(001) and their values
for Fe/Cu(001) could be again mainly explained by
systematic errors in the sum-rule analysis, and may
not be significant enough to conclude a different
magnetic behavior of Fe related to the presence of
the Co layer. In Ref. [43], in contrast, the Fe spin
moment was even found to be about 0.2-0.3 pg
lower in Fe/Cu(001) compared to Fe/Co/Cu(001).

An important issue for measurements of the
absorption by total or partia electron yield is satura-
tion effects [15,57-59]. Saturation effects arise when
the penetration depth of the X-rays in the film for a
given angle of incidence becomes comparable to the
electron escape depth. They can be especially serious
for Fe because of the high absorption at the Fe L,
edge. The X-ray penetration depth, which is several
thousands of A below the Fe L, , edge, is reduced to
the order of only 100 A at the L, absorption
maximum [59]. These effects can normally only be
accounted for if a series of measurements for varying
angle of incidence is performed. Nakagjima et al.

extracted quantitative information from comparison
of absorption measurements carried out in transmis-
sion, and absorption measurements using the total
electron yield [59]. From the information given in
Ref. [59] we can judge the influence of saturation
effects on the present measurements. Whereas for
very thin Fe films no saturation effects occur, at 14
ML Fe they can result in an underestimation of the
effective spin moment of about 8%, and of the
orbital moment of up to 50%. Thus in Fig. 6, a
tentative correction of the linescan data of Fig. 5b is
shown, where the correction factor varied linearly
from one at 0 ML Fe to two at 14 ML Fe. The most
prominent difference with respect to Fig. 5b is
consequently seen at Fe thicknesses above 8 ML.
Considering the error bars in Figs. 5b and 6, the
numbers derived here for the ratio of orbital to spin
moment are in agreement with those of Ref. [43] for
Fe/Co/Cu(001) (0.06 and 0.07 in phases | and II,
respectively), and with those of Ref. [14] for Fe/
Cu(001) (0.07 in phases | and Ill). In thicker Fe
films, however, a value of only 0.043 has been
measured in transmission [2].

A somewhat surprising result is the decreasing
trend of the orbital moment for the very thin Fe
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Fig. 6. Horizontal linescans of Fe u, /ug o Of the uncovered Fe/6
ML Co/Cu(001) layer (open symbols) and of ~ 2.1 ML Ni/Fe/6
ML Co/Cu(001) (solid symbols) like in Fig. 5b, corrected for
saturation effects. A factor that varied linearly in Fe thickness
from one at 0 ML Fe to two at 14 ML Fe was assumed for the
correction.
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films. Usualy it is assumed that a reduction of
atomic coordination and dimensionality in the sub-
monolayer thickness range leads to an increasing
orbital contribution to the magnetic moment [71,72].
Such a tendency has been observed experimentally
for decreasing thickness of Co films on Cu(001) [73]
and Fe atomic monolayers in L1, FeCu layered
compounds [50,51]. The answer for the opposite
thickness behavior of the Fe orbital moment in Fe/
Co/Cu(001) may be found in the details of the
hybridization between Fe and Co €electronic states.
Theoretical calculations could help to check for such
an influence of the Co underlayer on the Fe orbital
moment. Another point that should be considered in
the discussion of orbital moments is the connection
to magnetic anisotropy. In a simple perturbation
model the anisotropy of the orbital moment is linked
to the magnetocrystalline anisotropy [74]. This leads
to higher orbital moments in samples magnetized
along the preferred magnetization axis compared to a
magnetization direction along a had axis
[49,52,53,75-78]. For increased strength of the
anisotropy, the orbital moment difference between
measurements with saturation along the easy and
hard axes is increased in a way that the hard axis
orbital moment is reduced, and the easy axis orbital
moment enhanced [52,53,78].

Fe films on Cu(001) show a perpendicular aniso-
tropy in the thickness range 0—-11 ML [29-32]. From
the structural similarity of Fe/Cu(001) and Fe/Co/
Cu(001) [39-42] it would be plausible that the
intrinsic spin—orbit-derived anisotropy of Fe in Fe/
Co/Cu(001) is aso perpendicular, and that it is the
in-plane anisotropy contribution of the Co layer that
forces the Fe/ Co bilayer magnetization into the film
plane. A higher perpendicular magnetocrystalline
anisotropy of the thinner Fe film would thus be
correlated with a lower orbital moment, measured in
the in-plane magnetized Fe/ Co film. This could be a
reason for the observed reduction of the Fe orbital
moment at very low Fe thicknesses (cf. Fig. 6).
Following Ref. [74] there should be alinear relation-
ship between the magnetocrystalline anisotropy and
the orbital moment difference, with the propor-
tionality constant being the spin—orbit coupling
parameter times a prefactor that depends on the band
structure. This factor should be between 2.5 and 5
meV/ g for 3d transition metals [52,53]. Experimen-

tally, for Co/Au a factor as low as 0.8 meV/ g was
found [78], whereas a factor of roughly 4 meV/pg
could explain observations made in Ni films [49].
The thickness dependence of the magnetocrystalline
anisotropy of Fe/Cu(001) follows approximately a
240 peV/t + const. behavior [31,32], where t is the
Fe thickness in ML. This converts into an estimate of
the expected Fe orbital moment anisotropy of rough-
ly 0.05 pg /t+ const.,, or 0.02ug o /t + const., with
Hserr = 2.5 Wg. The observed reduction of the orbital
moment at low Fe thicknesses is thus of the same
order of magnitude as the expected influence of the
magnetocrystalline anisotropy. The enhancement at
Fe thicknesses above 10 ML could be analogously
explained by the lower perpendicular anisotropy in
phase 111 [32].

We now turn our attention to the antiferromagnetic
alignment of the Ni layer with respect to the Co layer
around 55 ML Fe thickness (Fig. 4), and its
influence on the Fe spin moment (Fig. 3). If we
assume ferromagnetic Fe layers at both interfaces,
then these layers would experience a strong direct
ferromagnetic coupling to the respective neighboring
magnetic layers (Co or Ni). In the case of anti-
ferromagnetic alignment of Co and Ni, the Fe layers
at both interfaces should consequently be aigned
oppositely to each other. This leads to a lower
apparent moment compared to a ferromagnetic align-
ment. The small positive net Fe moment seen
experimentally in that case (= 0.25 p.g) could thus
be due to the (incomplete) cancellation of these
interface contributions. As a model, a5 ML Fe film
composed of two ferromagnetic layers at the Fe—Co
interface, two non-ferromagnetic layers above, and
one oppositely magnetized atomic layer at the Ni—Fe
interface will provide about 0.2 p, when measured
by XMCD. This s close to the experimental value. It
could, however, aso be explained by a model in
which just the interface layer at the Co—Fe interface
contributes to ferromagnetism.

The question remains why a higher moment is
observed in the uncovered Fe/Co film around 5.5
ML Fe thickness. One could think of relating this to
ferromagnetic contributions from Fe interface layers
from both interfaces as in the case of Ni/Fe/Co, but
this time aligned parallel. Quantitatively, however,
this does not give exactly the experimental observa-
tion. Assuming the same model as before but with a
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paralel aignment of al contributing layers (i.e., one
Fe layer at the Fe—Ni interface and two Fe layers at
the Co—Fe interface being ferromagnetic with the
magnetization pointing all in the same direction) a
vaue of 1.3 g is expected by XMCD. This is about
a factor of two higher than what is observed. The
reason for the different Fe moment with and without
the Ni overlayer can thus not just be the presence
and absence of antiferromagnetic alignment of mag-
netic Fe interface layers within the Fe film. As
mentioned before, the very simple model where we
assume ferromagnetic and non-ferromagnetic layers
does not adequately describe the thickness depen-
dence of the Fe spin moment in phase 1. Although
the value of 0.7 wg a 8 ML is a clear hint for a
ferromagnetic surface layer magnetically aligned
with the Co film, a much higher value would be
expected at 5 ML, where the contribution of the
non-ferromagnetic layers is relatively decreased. It is
thus feasible that there is a partial antiferromagnetic
aignment of the Fe surface with respect to the Co at
the uncapped 5 ML Fe/Co film. The experimental
observations could be explained as the result of the
influence of interface roughness and magnetic frus-
trations with and without Ni overlayer. A more
realistic model with layerwise or bilayerwise anti-
ferromagnetism will have to be taken into account.
There is aso the possibility that without Ni a 90°
orientation of the magnetization of the Fe surface
layer around 5 ML Fe thickness is present after the
application of the external field, similar to the ‘spin-
flop’ state in antiferromagnets. One has aso to
consider the presence of non-collinear moments
induced by frustrations at step edges, as proposed by
Lorenz and Hafner [66], which might further compli-
cate the interpretation, or the existence of a non-
collinear spin-spira phase in the Fe layer [67,68].
In (001)-oriented Fe/Nig,Fe,q multilayers, anti-
ferromagnetic coupling between the Nig, Fe,, layers
has been observed around 9 A Fe layer thickness
[47]. This Fe layer thickness coincides quite well
with the thickness of 5.5 ML, at which we observe
the antiferromagnetic coupling between the Ni and
Co films. Escorcia-Aparicio et a. concluded from a
magneto-optical Kerr-effect study of Co/Fe/Co/
Cu(001) that antiferromagnetic coupling between the
two Co layers is present in the entire thickness range
of phase Il, namely from 7.4 to 16.4 A [41,42]. They

distinguished between ‘weak’ and ‘strong’ antiferro-
magnetic coupling. Whereas split hysteresis loops
were observed in the former regime, no saturation
was possible in fields up to 1.9 kOe in the latter
regime [41,42]. ‘Strong' antiferromagnetism was
found around 7 A Fe thickness. This corresponds to
dlightly less than 4 ML, and is thus somewhat lower
than the value we find in the Ni/Fe/Co trilayers. We
nevertheless think that it is the same underlying
mechanism that is responsible for both. Having Ni
instead of Co as one of the sandwiching layers could
account for the difference in Fe film thickness for the
antiferromagnetic interlayer coupling.

In contrast to Refs. [41,42] we do not observe
antiferromagnetic coupling other than around 5.5 ML
Fe thickness. In studies of interlayer exchange
coupling [79] it was never observed that antiferro-
magnetic coupling occurred over an extended thick-
ness range as it was claimed for the ‘weak’ anti-
ferromagnetic coupling in Co/Fe/Co in Refs.
[41,42]. We therefore believe that the split mag-
netization loops in phase |l of Refs. [41,42] have
other reasons. It is conceivable that the influence of
step-induced uniaxia in-plane anisotropies becomes
dominant in the case of small (ferromagnetic) inter-
layer coupling, leading to a two-step magnetization
reversal process with reduced remanence. Another
explanation could be a biquadratic (90°) coupling of
the two Co layers caused by a higher substrate
roughness than in our case. In that case, though, one
would expect to observe aso a region of ferromag-
netic coupling, since biquadratic coupling is thought
to be the consequence of competing ferromagnetic
and antiferromagnetic contributions mixed by film
morphology [80,81].

In Refs. [41,42] two different regions of ‘strong’
antiferromagnetic coupling have been observed,
which could suggest some kind of oscillatory ex-
change coupling across the Fe layer. The second
region of ‘strong’ antiferromagnetic coupling was
found just at the Fe thicknesses where the films
convert to bee Fe (phase [11), and thus was obscured
by the reappearance of ferromagnetism. To test that
point, the authors of Refs. [41,42] grew adso a
Co/Fel/Co trilayer on a deliberately contaminated
Cu(001) substrate. It is known that carbon can
extend the thickness range of phase Il in Fe/ Cu(001)
[33-35]. A more pronounced region of ‘strong’
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antiferromagnetic coupling was then found in such
films at around 18 A Fe thickness [41,42]. In our
films, we conclude from the behavior of the spin
moment as a function of Fe thickness that the
conversion of fcc to bcc Fe is getting significant
dready at 9-10 ML Fe thickness (cf. Fig. 3b). This
is consistent with the observation from scanning
tunnelling microscopy that small amounts of bcc
precipitates in Fe/Cu(001) are present aready at Fe
thicknesses as low as 6 ML [27]. The complete
absence of a second region of antiferromagnetic
coupling in our Ni/Fe/Co films could thus just be
the consequence of the occurrence of the bcc Fe
phase, which gives rise to a direct strong ferromag-
netic coupling between the Ni and Co layers.

Such a second region of possible antiferromagnet-
ic coupling was indeed observed in a preliminary

experiment on Ni/Fe/Co/Cu(001) that was carried
out shortly after a bake-out of the chamber. Here the
pressure during Fe evaporation rose to 2 X 10~ 7 Pa
The result is presented in Fig. 7. It shows, from left
to right, the Co, Fe, and Ni L, asymmetry images of
a crossed double wedge similar to the double wedge
described above. Different shades of gray correspond
to different (positive and negative) vaues of the
asymmetry, as explained in the legend. The Fe and
Ni thicknesses are given at the upper and right axes,
respectively. Horizontal linescans of the asymmetry,
taken at 4+0.5 ML Ni thickness, are shown superim-
posed over the images. In the upper right corner of
the images a region with incomplete or rotated
magnetization can be recognized, which we ignorein
the following. Comparing the Fe image of Fig. 7 to
Fig. 3a, one can see that in the ‘dirty’ film the onset
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Fig. 7. Co, Fe, and Ni (from left to right) L, absorption asymmetry images of a crossed double wedge similar to the one shown in Figs. 3-5,
but prepared under worse vacuum conditions (pressure during Fe evaporation ~2X 10 Pa). Different shades of gray correspond to
different (positive or negative) values of the asymmetry, as explained in the legend. The Fe and Ni thicknesses are given at the upper and
right axes, respectively. Two distinct stripes of darker contrast are observed in the Fe and Ni asymmetry images at about 5 and 11 ML Fe
thickness. Linescans of the asymmetry, taken at 4=0.5 ML Ni thickness as 14-pixel vertical average, are shown superimposed.
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of the bcc phase, characterized by the bright contrast,
is located at 12—13 ML Fe thickness, about 1-2 ML
higher thickness than in the clean film of Fig. 3a (11
ML). At 5.5 ML Fe, basicaly the same behavior as
in the clean film is observed. At that Fe thickness the
Ni magnetization is oriented antiparallel to the Co
film, and the Fe asymmetry exhibits a distinctly
lower asymmetry at the same position. The differ-
ence of the ‘dirty’ film with respect to the clean film
is the observation of a second dark stripe in both the
Fe and Ni asymmetry images at around 11 ML Fe
thickness. Also in the Co image a dightly lower
asymmetry is seen at that position. This second dark
stripe could be a hint towards a second oscillation of
antiferromagnetic interlayer coupling. The difference
in thickness between the first and second region is
about 6 ML (=11 A). This is the same as found
between the regions of ‘strong’ antiferromagnetic
coupling in Refs. [41,42], and also similar to the
long period oscillations in most fcc transition metal
systems [79]. Unlike the first dark stripe at 5.5 ML
Fe thickness, however, the second stripe at 11 ML
does not show negative asymmetry at the Ni L, edge,
but just a value close to zero. This could of course be
a consequence of the smaller coupling strength in the
second antiferromagnetic maximum. Nevertheless,
the present images do not strictly prove antiferro-
magnetic coupling in that region. Another explana
tion could, for example, be a greatly enhanced
coercivity due to structural imperfections in the
transition region from fcc to bcc. A non-collinear
arrangement of Fe moments at that thickness, in-
duced by an enhanced step density, could also be a
possibility. On the other hand, the dark contrast in
the Co image of Fig. 7 is not explained by just an
enhanced coercivity in the Fe film, since the sample
was already magnetized a first time after deposition
of the Co layer. Altogether, we think that the present
data show indications suggesting oscillatory ex-
change coupling through the Fe layer in the system
Ni/Fe/Co/Cu(001).

6. Conclusions
We have used the combination of PEEM and

XMCD spectroscopy in a study of the magnetic
phases of Fe in Fe/Co/Cu(001) and Ni/Fe/Co/

Cu(001). This full-image microspectroscopic tech-
nique alows spectroscopic information to be ob-
tained on a microscopic scale. It can be used to
image element-resolved quantitative magnetic prop-
erties. Microspectroscopy of crossed double wedges
greatly facilitates the magnetic characterization of
layered systems, as shown in the present case.

The magnetic phases of Fe on Co/Cu(001) have
been identified, and their magnetic properties (effec-
tive spin moment, orbital moment) could be de-
termined simultaneously for any position in the
double wedge. Below 4 ML Fe, a high moment
ferromagnetic phase is found. The reduced net
magnetic moment between 4 and =10 ML Fe
thickness is due to a complicated non-ferromagnetic
configuration of fcc Fe. From the size of the ex-
perimentally measured spin moment we conclude
that at 7-9 ML Fe thickness, the Fe surface layer
contributes to the ferromagnetic signal of the film.
The antiparallel orientation of the Ni magnetization
in Ni/5.5 ML Fe/Co/Cu(001) is most likely due to
antiferromagnetic coupling across the Fe layer at that
thickness. It is not entirely clear what happens
without Ni layer at 5.5 ML Fe/Co/Cu(001). The
observed net magnetization of the Fe layer at that
thickness is probably also affected by antiferromag-
netic coupling between the Co film and the Fe
surface layer. Above =10 ML Fe thickness, the
films are again ferromagnetic in both the Ni/Fe/Co
and the Fe/Co systems, with a somewhat lower
moment than in phase I. The Fe orbital to effective
spin moment ratio does not show a distinctly differ-
ent behavior in the three phases. We interpret the
decrease towards small Fe thicknesses as an in-
fluence of Fe magnetocrystalline anisotropy on the
orbital moment. Images taken from Ni/Fe/Co/
Cu(001) trilayers prepared under enhanced residual
gas supply indicate that the magnetic coupling across
the phase Il Fe film might be due to an oscillatory
interlayer coupling. In addition to 5.5 ML Fe thick-
ness, in these images, reduced Ni and Fe apparent
moments were aso observed around 11 ML Fe
thickness, that is, at about 6 ML higher Fe thickness.
This could be the signature of a second antiferro-
magnetic maximum. Detailed field-dependent studies
should help to clarify the coupling behavior across
fcc Fe, and to deduce quantitative information about
the coupling strength.
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The spin reorientation transition in fcc Co/Ni/@@1) epitaxial ultrathin films as a function of Co and Ni
film thickness is studied by the combination of photoelectron emission microscopy and x-ray magnetic-
circular-dichroism spectroscopy at the INj 3 edge. This microspectroscopic technique allows one to extract
local quantitative information about the Ni magnetic properties on a submicrometer scale. Domain images in
the thickness range of 1.4—2.6 atomic monolay®ts) Co and 11-14 ML Ni show that the spin reorientation
occurs as a function of both Co and Ni thicknesses. Increasing the Co thickness or decreasing the Ni thickness
leads to a switching of the magnetic easy axis ff@®1] out-of-plane to/110) in-plane directions. A constant
effective Ni spin moment similar to the bulk magnetic moment is observed. The Ni orbital to spin moment
ratio shows distinctly different values for out-of-plane magnetization (G:@005) and in-plane magnetiza-
tion (0.053+0.005). This is discussed in terms of the connection to the Ni magnetocrystalline anisotropy. The
domain density of the perpendicular magnetization increases towards the spin reorientation transition line.

I. INTRODUCTION onto the magnetization direction. The intensity of photoemit-
ted electrons from a sample surface is most often used as a
A considerable portion of current research on ultrathinconvenient measure for the absorption.
magnetic films is focused on the direction of the easy axis of Sum rules have been proposed to deduce quantitative in-
magnetization. It is determined by the magnetic anisotropjormation from XMCD spectrd”** Although there has been
energy(MAE), which in epitaxial thin films contains impor- some dispute about the applicability of these rdfed>they
tant thickness-dependent contributions connected to the preseem to yield reasonable results for thel ransition
ence of a surface or interface, or to the elastic strain. Thenetals!*~*° These sum rules allow one to extract numbers
minimum of the sum of the MAE and the magnetostaticfor the spin and orbital magnetic moments from a compari-
demagnetizing energyshape anisotropydefines the easy son of the absorption cross section at theandL , edges of
axis of magnetization. Spin reorientation transitions of thetransition metals. They enable thus the separate determina-
easy axis of magnetization in ultrathin films may occur as dion of magnetic properties of different elements in the same
function of film thickness, temperature, or composition. Bothsample.
thin films with a magnetization in the film plane and perpen-  This element specificity has been used byriDet al. to
dicular to it have important technological relevance. Therestudy element-resolved anisotropies of a stack of three
fore measurement and control of the MAE are importantatomic monolayer(ML) Co on top of 30 ML Ni on
technical issues. Cu(00D .4 Epitaxial Ni films on C¢001) show a spin reori-
The MAE is related to the anisotropy of the orbital mag- entation transition from an easy axis parallel to the film plane
netic moment, as discussed by Brunand later experimen- at film thicknesses below=8-10 ML to an easy axis per-
tally verified2=® The orbital moment should be higher for a pendicular to the film plane at thicknesses betwee ML
direction of magnetization preferred by the MAE® This  and 56-75 MLY~%The perpendicular magnetization is at-
opens the possibility of determining the angular dependenctibuted to a magnetoelastic contribution to the MAE caused
of the MAE in an element-selective way by measuring theby substrate-induced strain in the epitaxial Ni fifh2® The
orbital magnetic moment by magnetic circular dichroism inMAE of Co/Cu001), on the other hand, favors an in-plane
soft x-ray absorptiof)XMCD). XMCD probes the spin and easy axi€®~*? Although the gross magnetization direction is
orbital asymmetry of the unoccupied part of the band strucin the plane of the film in 3 ML Co/30 ML Ni/C{©01), it
ture just above the Fermi levITransitions of spin- and was possible by using XMCD to prove that the Ni film still
orbit-polarized core level electrons into the unoccupied partnaintains its perpendicular MAEThe stronger in-plane an-
of the exchange split valence bands are excited by circularlisotropy contribution of théthinnep Co film, however, re-
polarized x rays. The dichroism, i.e., the difference in ab-directs the magnetization direction of the entire film to the
sorption intensity upon reversal of helicity, thereby dependsn-plane direction.
on the projection of the direction of the incoming photons From this competition of Ni perpendicular MAE, Co in-

0163-1829/2000/68)/382410)/$15.00 PRB 62 3824 ©2000 The American Physical Society
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plane MAE, and(in-plane magnetostatic energy, it follows 370x370 nnf on the sample surface. Sum-rule analysis of
that spin reorientation transitions in Co/Ni/@01) can be these local XMCD spectra is used to present microscopic
expected to take place at proper combinations of Ni and Cémages of the effective Ni spin magnetic moment in the vi-
film thicknesses for which these energy contributions cancetinity of the spin reorientation transition. Analysis with re-
out® The total MAE of the Co/Ni stack may be designed to spect to the orbital moment reveals that a distinct jump of the
give a desired value by tuning the Co and Ni film thick- Ni orbital magnetic moment occurs right at the spin reorien-
nesses. The spin reorientation transitions in Co/Ni doubldation transition, in accordance with an intrinsic Ni elemental
layers are thus “enforced” in the sense that the elementaMAE favoring out-of-plane magnetization irrespective of the
anisotropies of the single constituents do not change thefnagnetization direction of the whole Co/Ni stack.
sign between out-of-plane and in-plane magnetization of the
entire bilayer. Therefore both the Ni and Co films experience Il. EXPERIMENT
transitions from their respective hard axis to the easy axis of
magnetization at the spin reorientation transition and vice The measurements were performed at the twin helical un-
versa. The element-resolved MAEs probed by XMCDdulator beamline for soft x-ray spectroscopy BL25SU of
should consequently exhibit a distinct change in orbital mo-SPring-8 in Japan. Circularly polarized light emitted in the
ment at the spin reorientation transition. first harmonic from one of the two undulators is monochro-
The rapidly decreasing size of technologically employedmatized by a varied spacing plane grating monochronigtor.
magnetic structures fuels the development of techniqueéfter having set the two undulators to opposite helicity, he-
which allow the imaging of magnetic domains on a submi-licity reversal was realized by closing one undulator and
crometer scale. Photoelectron emission microsd®BEM)  fully opening the other, which took about 10 min. The de-
combined with resonant excitation by circularly polarizedgree of circular polarization is expected to be between 95%
light is one that has already proved its feasibility for theand 99%. The light was incident to the sample under a graz-
study of magnetic microstructures and multilay&$ The  ing angle of 30° from the surface, with an azimuthal angle of
lateral intensity distribution of emitted low-energy secondary23° to the[110] axis of the Cu substrate. The entrance and
electrons is magnified by electron lenses. Magnetic contragtxit slits of the monochromator were set to 28t for the
is achieved by the XMCD effect: Circularly polarized radia- measurements presented here, which was enough to illumi-
tion tuned to elemental absorption edges leads to dichroismate a sufficiently large area on the sample. Since the light
in absorption and, hence, to a different secondary electroapot on the sample is an image of the exit slit, the exit slit
intensity for domains having different magnetization compo-setting is not critical, and does not influence the photon flux
nents along the direction of incoming light. Magnetic do- density or thelocal photon energy resolution. The local en-
mains can then be distinguished in the images by differenergy resolution is estimated to be better than 150 meV, so
grayscales corresponding to the secondary electron intensitthat the spectra can be regarded as representing mainly the
The consequent improvement is to take advantage of thiatrinsic line shape of the NL, 3 absorption. The energy
full spectroscopic information inherent to XMCD without dispersion resulting from having an image of the exit slit on
giving up the spatial resolution of PEEM. This implies scan-the sample surface was found to be only about 20 meV over
ning the photon energy and recording microscopic images dhe vertical dimension of the images taken higi#um). All
the secondary electron intensity for both photon helicities atmages were normalized to the electron current measured at
each energy step, not only at the absorption maximum. Locdhe last optical element, a gold-coated refocusing mirror.
XMCD spectra at any position can be analyzed from such a The experiments were performed at room temperature in
set of images. Instead of the qualitative information con-an ultrahigh-vacuum chambéase pressurexX10™¢ Pa in
tained in images of magnetic domains obtained at one fixethe sample preparation chamber an&k 08 Pa in the
photon energy, full quantitative information can be extractedEEM chambeérequipped with standard facilities for sample
from XMCD analysis of such a spectral series of images withpreparation and surface characterization. The surface of the
the same spatial resolution. With the availability of powerful Cu(001) single-crystal substrate was prepared and checked
third-generation synchrotron light sources, the acquisition oby Ar ion bombardment, annealing, Auger electron spectros-
such spectral series of absorption images became feasible éGopy, and low-energy electron diffraction. Nickel and cobalt
a reasonable time. The advantages of both methods, nameRjims were evaporated at room temperature by electron bom-
the element-selective quantitative information on electronidardment from high-purity rods. Deposition rates were 0.3
and magnetic properties by means of XMCD, and the lateraML/min for Ni and 0.7 ML/min for Co, while the overall
resolution of PEEM, are combined in this way for perform- pressure in the chamber did not exceed 10 8 Pa. The
ing microspectroscopy. evaporation rates were calibrated before preparation of the
In this contribution we present an XMCD-PEEM mi- wedges for continuous films evaporated under identical con-
crospectroscopic study of the spin reorientation transition irditions by means of the oscillations in the medium-energy
epitaxial Co/Ni/C00)) films. Both Co and Ni layers were electron diffraction intensity recorded during the growth.
prepared as crossed wedges with slopes rotated by 90° wiffhe accuracy of the film thicknesses cited here is estimated
respect to each other. In these samples the spin reorientatias 10%. The wedge-shaped films were prepared by position-
transition can be observed as a line separating the regions ifg apertures of X0.5 mnt in front of the sample, with a
in-plane and perpendicular magnetization, determined by thdistance to the sample surface of 1.5 mm in the case of Ni
cancellation of Co and Ni MAE and shape anisotropy energyand 1.1 mm in the case of Co. During deposition the sample
as a function of both layer thicknesses. XMCD spectra at theand mask assembly was slowly (0.1°/s for Ni, and 0.2°/s for
Ni L,3 edge were recorded for pixels corresponding toCo) rocked by =6° about the long axis of the aperture,
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which was set at a 90° different sample azimuth for Ni andbetween the two undulators depended on the photon energy
Co deposition. The total evaporation time corresponded to 14nd the position within the light spot on the sample surface.
ML for Ni and 4 ML for Co. This results in four A correction linear in energy was found to be sufficient to
320x 220 um? (NiXCo) regions of crossed wedges with account for that.
slopes of 46 and 18 ML/mm for Ni and Co, respectively. This energy-dependent correction factor was determined
The setup of the photoemission microscaf@cus IS-  from fitting a straight line to the ratio of two absorption
PEEM is identical to that described in previous spectra for opposite helicity while excluding from the fit the
publications® In short, it consists of a three-lens electro- peak regions in which the dichroism occurs. This was done
static straight optical axis microscope with an integralseparately for all pixels in the image. The correction was
sample stage and a variable-contrast aperture. The extractgfynd to vary smoothly over the image area. It was between
voltage was set to 10.0 kV and the aperture tquff for the 1605 and 18% on the low-energy end of the spectra and
measurements presented here, which resulted in a resolutigatween 16% and 21% at the high-energy end. The spectra
of about 0.5um. The projection lens voltages were adjustedwere then normalized to unity edge jump by adjusting the
to give a field of view of~95 um. The magnified image is intensity of the spectra to zero in the pre-edge region and to
intensified by a two-stage microchannel plate, and convertegne in the post-edge region. Saturation effects arising from
into visible light by means of a scintillator crystal. The image the finite penetration depth of the x rays at the Ni absorption
is then computer recorded with 12-bit resolution by a Peltiermaxima’~*°are estimated to have only a minor influence of
cooled cameraPCO SensiCam A 44 binning of camera  |ess than 2% for the spin moments and % for the orbital
pixels was used for the images presented here. One pixghoments at the angle of light incidence and film thickness
then corresponded to 0.80.37 wm? of the sample surface. ysed heré®
To reduce the amount of data, the region of interest was To simplify the automated processing of the spectra, a
limited to a rectangle of 192200 pixel, or 774 um?.In  complete sum-rule analysis, which was done as outlined in
this area, Ni and Co thicknesses varied in the ranges 10.7—Jdef. 14 or 41, was performed beforehand on the averaged
ML and 1.33-2.67 ML, respectively. spectra of 320 pixels, taken from a large domain in the lower
Exposure times of 30 s per image were used for the enhalf of the image. In particular, a background consisting of
ergy scans. A total of 105 images for each helicity werewwo step functions with relative statistical heights of 2/3 and
recorded as a function of photon energy. The width of thei/3 at the positions of thé; and L, absorption maxima,
energy steps in the scans was set to 0.65 eV beforé jhe respectively, was subtracted from the spectra in order to ob-
edge and in between the; andL, peaks, 0.26 eV near the tain the white line intensity. The width of these step func-
L peak, 0.34 eV near the, peak, and 1.4 eV in the pok;  tions was chosen as 0.5 eV. We assumed the resulting inte-
region. The helicity was reversed only once after completioryral of the helicity-averaged absorption spectra to correspond
of a full energy scan. The total time for acquisition of overto 1.4 Ni 3d holes, rather than determining the number of
8x10° data points took abaw2 h and 20 min, which in- holes from comparison to a sample with known moment as
cluded the moving time of the monochromator for wave-suggested in Ref. 41. This number enters linearly in both
length scanning and the time needed to reverse the helicityesults for the spin and orbital magnetic moments, and thus
The scans were statted h after preparation of the films. cancels if we use their ratio. It was chosen to be the same as
Although a considerable contamination by residual gas cafh Ref. 4; measurements of Srivastaaizal. of the white line
be expected at the Co surface after that time, we believe thasorption intensity of Ni/C@01) as a function of Ni thick-
the influence of gas adsorption on the magnetic and eletess also suggest a number close to 1.4 for Ni thicknesses
tronic properties of the Ni film capped by the Co layer is of above 10 ML* The difference between the absorption spec-
minor importance. Possible impacts on the MAE of thetra for opposite light helicities was corrected for the degree
Co/Ni double layer will be discussed in Sec. V. of polarization, which was taken as 97%. Evaluating the spin
and orbital magnetic moments by applying the sum fdiEs
to the proper integral of the difference spectrum and normal-
izing it to the white line intensity gives for Ni an effective
Sum-rule analysis of the 76 800 absorption spectra had tepin magnetic momentg q¢r=(0.32+0.015)u5 and an or-
be automated. The procedure for that is described as followsital magnetic momeni, = (0.045-0.01)ug . The effective
After subtraction of the camera offset, the data were normalspin magnetic moment is the quantity that is obtained from
ized to the mirror current. This gives a normalization to theapplication of the spin sum rufé.It includes the spin mag-
overall photon flux of the entire light spot. It turned out that netic momentus, plus a contribution from the magnetic
an additional correction was necessary to account for differdipole term £T,. The latter is zero in the bulk of cubic
ences between thategral and thelocal photon flux, caused crystals, but can be of the same magnitude as the orbital
by the angular distribution of the intensity in the undulatormoment in ultrathin filmg. If we identify these spectra as
radiation, which is also energy dependent. This is differenbelonging to a perpendicularly magnetized domain, the ef-
for the two helicities, since the source is located at differenfective spin moment of the film, corrected for the angle be-
positions for the upstream and downstream undulator. Fatween magnetization direction and light incidence direction,
the measurements presented here the ratio of local to integradould be 0.325/c0s 60%= (0.64-0.03)ug. This value is
photon flux of the downstream undulator, which was set tcealready slightly higher than the bulk value of the Ni mag-
deliver light of positive helicity(photon spin in light propa- netic moment (0.62g).*® The errors quoted here represent
gation direction, was found to be higher by about 18% than the statistical significance of the data. An additional system-
that of the upstream undulator. In addition, the differenceatic error, possibly up to 20%, may be present according to

Ill. DATA ANALYSIS
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FIG. 1. (@ Ni L, absorption spectra of 3%B70 nnt pixel —

(128,136. Spectra for positivénegative helicity are reproduced by

dotted(solid) lines. (b) Solid symbols: difference between the two

curves of panela). Line: template difference spectrum obtained

from averaging 320 pixels, shown here with different scaling at the

L5 and thelL, edge to fit the single-pixel data of pix€l28,136.

-0.5
Ni spin moment (up)

0.0 0.5

. . o FIG. 2. Result of the pixel-by-pixel sum-rule analysis for the Ni
the details of background subtraction, the contribution of th%ﬁective spin momenius ey - Different geometrical projections

magnetic dipole terr*>2*4he number of 8 holes, satu- onto the direction of the incident lighfrom bottom to top, 30°
ration effects, the degree of circular polarization, or the overabove image planeare represented by different grayscales, as de-
lap between B, and 2., final state$® Since the variation  fined in the legend. Ni and Co thicknesses are given at the top and
of the Ni thickness in the present case is relatively small, weight axes, respectively. The dotted white line highlights the spin
can safely assume that all of the above-mentioned sources aforientation line which separates regions with out-of-plane magne-
uncertainty in the determination of absolute numbers by thdization (bottom, two different grayscalpand in-plane magnetiza-
sum rules are virtually constant throughout the range of pretion (top, four different grayscalgs

sented data. They thus do not affect the comparison of mo-

ments within the same sample, but have to be kept in mind_ 1 g0 to fit the single-pixel difference data.

when discussing the absolute values of the magnetic mo- Knowing the area under the; andL, peaks of the tem-
ments or comparing to literature values. plate difference curve, the respective integrals of the single-
The XMCD spectra analyzed in this way served as a ttmpye| curve can be obtained by multiplication with the two fit
plate for the automated analysis of the single-pixel speCtraEarameters. It is assumed that the white line intensity of the
The difference curve of the template XMCD spectra was Cugpectra does not change within the images, being the same as
into two parts mainly associated with theog, and 21, in the template spectra. Some confidence into that assump-
cores, respectively, at 866 eV photon energy. The normakjon js established from checking the height at themaxi-
ized difference spectra of each pixel were then fitted by thagym of all of the normalized single-pixel spectra. It varied
template curve, using only two scaling factors as parameter@,y less than 5% over the entire image except for its upper
to fit the two parts. This method was checked to fit the SPECedge, where deviations of up to 10% were found. The two
tra reasonably well over the whole imaged area. Thereby it igegrees of freedom of the fit to the template curve are thus
assumed that the shape or energetic position of the differen(‘eedsny converted into the component of spin and orbital mo-

curves is constant. By using only two fit parameters conynents along the light incidence direction for each pixel of
nected to the dichroism intensity at thg andL, edges, the  the image.

fit procedure is very stable, which is a prerequisite for ob-
taining meaningful information from noisy or scattered
single-pixel data. An example is shown in Fig. 1. It shows in
the top panel (@) typical absorption spectra of a

0.37x0.37 um? area of the sample for positive and nega-

IV. RESULTS

Figure 2 shows the result for the Ni effective spin moment

tive helicity (o, ando_, respectively. The corresponding
dichroism is shown in the bottom pan@) as the difference
between these two curvésolid symbol$. The line in Fig.

1(b) is the template difference spectrum, scaled at lthe
edge by a factor of-0.92 and at thé., edge by a factor of

Mseff- The component ofiso¢; along the direction of the
incident light(from bottom to top is represented in a gray-
scale, as defined in the legend at the bottom of the image.
The Ni and Co thicknesses of the crossed double wedge are
given at the top and right axes, respectively. Two distinct
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regions with different domain structures are distinguished in Ni thickness (ML)

Fig. 2, separated by a line that goes from approximately 1.9 1 12 13 14

ML Co thickness on the left hand side to about 2.2 ML on 0

the right hand sidéwhite dotted line in Fig. 2 Below that

line only domains with two different shades of gray, light
and dark gray, are found. The average values here are
+0.32ug. As mentioned before, this is attributed to perpen-
dicularly magnetized domains, belonging to an absolute
value of the spin moment of twice that number, Qug4 In

the top part of the image, domains with four different gray-
scales are present. They are seen in Fig. 2 as black, dark >
gray, bright gray, and white domains. The corresponding val-
ues of the effective spin moment are0.52ug for the black

and white and+0.22ug for the dark and bright gray do-
mains. This can be attributed to an in-plane magnetization
along four equivalent easy axes along the foLt0) direc-

tions. To be able to distinguish all four in-plane magnetiza- 200 Lo R ;
tion directions, the crystal had been deliberately mounted 0 50 100 150

3 : =
= 100 Hae 2.0

Co thickness (ML)

150

with an oblique azimuthal incidence angle of23° with x pixel

respect to th¢110] direction. The projections of the[110] 10 um

directions onto the incoming light are thus —

+ cos 30° cos 23* +0.80; those of the =[110] are

+ cos 30° cos 67% +0.34. The image displays thus perpen- -0.05 0.00 0.05
dicularly magnetized domains below the dotted line and do- Ni orbital moment (u5)

mains that are magnetized along easy in-pléh0) direc-
tions on top of that line. Thewg ¢ values of the geometrical FIG. 3. As Fig. 2, but for the Ni orbital moment, . Different
projections of the different in-plane and perpendicular do-geometrical projections onto the direction of the incident light
mains correspond all to an absolute value of the effectivefrom bottom to top, 30° above image plarare represented by
spin moment of Ni of~0.65u5 . This is slightly higher than different grayscales, as defined in the legend.
the Ni bulk moment of 0.62g. As mentioned in Sec. I, . " ) .
however, systematic errors of the order of 20% may be inof th_e orb_ltal moment, where it is close to canceling with the
volved in the determination of absolute numbers by sum-rulé"3 dlchr_0|sm. . . . .

The interesting quantity for the interpretation of the or-

analysis. bital moment, independent of the magnetization direction, is
The two regions are separated by a stripe of about - the ratio of the orbital to spin momeng, /use¢s. Further-

;’.V'd”;’ n W(;"CE tt?]e Spt'}r]‘ r?\lquendtact:lor}[htgies pIacAe. It.s pos'.‘more, assumptions made in the sum-rule analysis concerning
lon depends both on the NI and L0 tNICKNESS. A SPIN T€0My, o 1y mper ofd holes, degree of circular polarization, and

entation from perpendicular to in-plane configuration takesye getermination of the white line intensity do not influence
place for decreasing Ni thicknedlg; or increasing Co thick-  thay ratio. However, it is clear from Fig. 3 that the statistics
nessdc,. The position of the line of the spin reorientation of the present single-pixel data do not allow the pixelwise
transition can be approximated by, =0.116y;+0.62 ML interpretation in terms of orbital moments. To improve the
(dco.dyi in ML). The apparent average moment in thatstatistical error inu, /usess, the information from several
stripe is close to zero. Approaching the spin reorientatiorpixels has therefore to be averaged. Since we are interested
transition from the perpendicularly magnetized area in thén the behavior of the orbital moment across the spin reori-
bottom, the average domain size seems to be decreasingntation transition, averaging of pixels with a common dis-
Though it is hard to tell from the present image, the interiortance from the dotted line has been employed. The result is
of the spin reorientation transition region probably consistsshown in Fig. 4. Here the orbital to spin moment ratio
of small unresolved domains. mLl s ess is plotted as a function of the distance from the
Figure 3 shows, analogously to Fig. 2, the Ni orbital mo-spin reorientation line. The left hand side of Fig. 4 corre-
ment of the double wedge. The same domain pattern is responds to the in-plane region of the image, the right hand
ognized although the noise in that image is much higherside to the out-of-plane region. In the centet the spin
especially at the top, where the Ni signal is attenuated by aeorientation transitionseveral data points are outside the
thicker Co overlayer than at the bottom. The reason for thelot area of Fig. 4 because of division by zero. Each data
higher noise in the image of the orbital moment distributionpoint contains information of 192 pixels along a line parallel
is that the absolute values of the integrals of theandL, to the spin reorientation transition /usess iS obtained
dichroism are subtracted in the orbital moment sum-ruldrom the slope of a straight line fit through the origin to a
analysis, in contrast to the analysis of the spin momentplot of x| Vs uge¢f Of these 192 pixels. This way the relative
where they are summed. The worse statistics of the smallaveight of pixels with moments’ projections close to zero is
signal and noisier dichroism of tHe, edge compared to the automatically reduced.
L5 edge has thus a much stronger influence on the statistics Although there is considerable scatter, the orbital moment
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Kii(dni) = KRidni KR

Kco(deo) = Keoleot K, )

In order to follow the usual interpretation #f° andK® as

0.02-  jn-plane out-of-plane bulk and interface anisotropies, for each film the contribu-

0.00 . \ | | tions from both interfaces have to be summed, and the com-
-20 -10 0 10 20 mon interface between Ni and Co has to be equally divided
distance from spin reorientation (um) onto KY; and Kg,. Although the Co thicknesses in the

FIG. 4. Orbital to Spi t ratin. / function of present case are clearly too low for a separation into bulk and
- 4. Orbitallo spin moment ralidy /is.er @S @ UNCLON OF = o\ ¢4 06 tarms, we use the linear approximation of @yfor

the distance from the spin reorientation line. Each data point is aly, o ooy o of(limited) comparison with published literature
average of 192 pixels along a line parallel to the spin reorientation

v o L values.
transition in Fig. 2. Solid lines mark the averagg/us ¢+ ratio in . . . o
the in-plane regior{left hand sid¢ and in the out-of-plane region As mentloned In'Sec. IV, the conditidi(dy; ,dco) =0 is
(right hand sidg approximately fulfilled for dco,=adyi+dg, where «

=0.115+0.015 anddy,=(0.62-0.18) ML. Inserting that
r{'nto Eqg. (1), both of the coefficients for the thickness-
dependent and the thickness-independent pars udve to

be zero. From the thickness-dependent coefficients, a rela-
ionship betweerk; andK2, is established:

in the out-of-plane region is seen to be distinctly higher tha
in the in-plane region by more than 002.¢. The thick
horizontal solid lines in Fig. 4 mark the average/us s
values of the data points that are within the extent of that
line. On the in-plane side the average is 0.88%8005 and on

the out-of-plane side 0.0800.005. In addition, from a look KR“_ L uoM2;
at the data of Fig. 4 one might infer a decreasing trend in the . T 3
magnitude of the orbital to spin moment ratio towards the Ko™ 2 #oMgo

spin reorientation transition from both sides. Although the
former finding—the sudden change in the orbital moment atJsing bulk momenf§ and atomic volumes for epitaxial
the spin reorientation—can be clearly stated, the latter i€£o/Cy001) (Ref. 46 and Ni/CY001) (Refs. 47 and 48
close to the statistical error. Similar averaging line scans pafilms, one gets: uoM (Z:O: 87.0 peV/atom and %Iuomﬁ“
allel to the spin reorientation line for both perpendicular and=11.6 peV/atom. Putting these values into Eg), one ob-
in-plane magnetization did not show any such systematigyins the resumgoz(lg(y_r 25) ueV—(8.6+ 1.1)K§i.This
trend. We thus conclude that the orbital moment is approxitinks the thickness-dependent part of the Ni MAE to the
mately constant on both sides of the spin reorientation, bufhickness-dependent part of the Co MAE in order to repro-
shows distinctly different values for in-plane and out-of- gyce the experimentally observed slope of the reorientation
plane magnetization. line.
It has been discussed in the literature that the perpendicu-
V. DISCUSSION Iar anisotropy of Ni films on O@Ol) aris_es _from a
thickness-dependent magnetoelastic contribution to the
From the position of the spin reorientation line in the MAE,2021:23-2527.2§ o | K,{’“>o, The MAESs of both pure Ni
two-dimensionatly;, dc, space of Fig. 2, several statements and Co films on C(001) have been measured already previ-
about the contributing anisotropy energy terms can be mad@u5|y by conventional techniques. Values M‘&i:
The energy difference of in-plane magnetization minus out-1 24, eV/atom?* +30 weViatom® +34 weV/atom?

of-plane magnetization may be written as and +38 ueV/atom(Ref. 26 are reported in the literature,
obtained from ferromagnetic resonance measureff&its

E(dyi,dco) =Kni(dyi) + Keo(dco) and magnetic Kerr effect measuremefitThe correspond-

1 ing values forKgO using Eq.(3) are then calculated to lie

— Zup(M2dy+ M2 de.), 1 between~—20 and —140 weV/atom. This agrees well

ZMO( NI codeo) @) with values found in literature, which range from

—16 peV/atom(Ref. 29 over—77 peV/atom(Ref. 3D to
whereKy; K¢, denote the differences in the MAE between —320 ueV/atom®® The slopex of the transition line in Fig.
the in-plane and out-of-plane magnetization for the Ni and? is thus explained by the ratio of Co and Ni effective
Co layer, respectively, withug=47x10"" VsA 'm™! anisotropieg Eq. (3)].
and My;,M¢, saturation magnetizations per unit volume. The extrapolated intersectiafy of the spin reorientation
The last two terms describe the magnetostatic demagnetizirigne with thedy;=0 line is somewhat more difficult to dis-
energy.E(dy;,dc,) =0 at the spin reorientation. It is obvi- cuss, not only because the error related§as much bigger
ous from the tilt of the reorientation lin@otted line in Fig.  than the error inx, but also because the separation into bulk
2) that Ky;(dy;) increases with increasingy; and that and interface properties for Co is problematic at very low
Kco(dco) decreases with increasimtt,. A linear behavior  thicknesses, where the Co films may not even be completely
is often assumed to simplify the thickness dependence dflosed. From the thickness-independent coefficients of Eq.
Kni Keo: (2) follows
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1 5 b the Ni effective spin moment is found to be about constant
EMOM Co™ KCO) do- (4) over the whole image, with roughly the value of the Ni bulk
moment. This is in agreement with Ref. 51, where a Ni spin
This allows one to estimate the thickness-independent part shoment of 0.@.g in the center layers of Ni/G001) was
the MAE, K§;+Kg,, to be between +50 and calculated, while an enhanced moment of Q.g3vas pre-
+ 150 ueV/(surface atom). Negative interface anisotropiesdicted for the surface layer. A strongly reduced moment, as
have been reported in the literature for the Ni-Cu interfacdfound in Cu/Ni/Cu/S{001) (0.1ug at 30 A Ni film
[—163 weV/(surface atomj® —65 weVi(surface atom§®  thicknes$,>? can be excluded. This could be an effect related
or —83 weV/(surface atom)Ref. 19] and the vacuum-Co to the different substrate. Previous XMCD measurements of
interface[ —420 ueV/(surface atom)Ref. 29]. Under the 28 ML Ni/Cu(001), by contrast, yielded even a spin moment
assumption that the vacuum-Co and Ni-Cu interface contrias large as 1.2g 38
butions in Co/Ni/C(001) are the same as the above- The behavior of the ratio of orbital to spin moment across
mentioned literature  values of Co/@01) and the spin reorientation transitidifig. 4) is most interesting. It
Cu/Ni/Cu001), respectively, the MAE connected to the is very likely connected to the Ni magnetocrystalline anisot-
Co-Ni interface has to be relatively high and positive. Aropy Ky;, which according to the above discussion is posi-
previously published value is 94 ueV/(surface atomj° If  tive over the whole range of the image. That means that for
we assume the above-mentioned literature values to be rethe Ni layer the easy axis of magnetization is out of plane. In
evant in our film, the Co-Ni interface contribution would the upper part of the image the magnetization direction is
have to be of the order of 500 ueV/(surface atomto lead  consequently along hard in-plane directions with respect to
to a positive value oKy;+KZ2,. the Ni MAE, in the lower part along easy out-of-plane direc-
It is known from scanning tunneling microscopy that tions. The latter seems to be connected to a distinctly higher

room-temperature-grown Ni/Q001) films become increas- Orbital to spin moment ratio. This confirms the connection of
ingly rough with thicknesé® However, only a small effect of Orbital moment anisotropy and magnetocrystalline anisot-
roughness on the Ni-vacuum interface anisotropy has beei®Py. According to Brunbthere should be a proportionality
found® We have to recall at that point that the measure-Petween the orbital moment differendeu for out-of-plane
ments were made more th& h after the preparation of the and in-plane magnetization and the MAE:
Co/Ni layer. Contamination by residual gas adsorption is
most likely to influence the vacuum-Co interface. Surface
contamination can be expected to drastically decrease the Ko EGAuL 5
absolute value of the vacuum-Co interface contribution to NTUAH pg ®)
the MAE, and could also lowe¥ -, to some extent for the
Co film thicknesses imaged here. Both terms energetically
favor the out-of-plane magnetization. We have indeed ob¢ is the spin-orbit coupling parameter, which for Ni is about
served in Co/Ni crossed wedges that the spin reorientatiohO (Ref. 47 to 100 meV(Ref. 53, andG andH are density-
line moved towards higher Co thicknesses as a function of-states integralsG/H=1 only if the exchange splitting is
time; i.e.,E(dy;,dc,) is becoming more positive with time, larger than the bandwidth. For transition metals, a rough es-
namely, with increasing contamination. This could also actimate forG/H is 0.2 or smallef,leading to a proportionality
count for a discrepancy between the present data and thosefector between Awx, and the MAE of about
Ref. 18. There, 2 ML Co has been found to be sufficient to—2.5-5 meVjg. It was pointed out later by van der Laan
pull the magnetization of an underlying Ni film into the film that Eq. (5) is only approximately true for the case of a
plane in the complete thickness range between 0 and 18 MIlgompletely filled majority spin ban® For Ni, though, this
whereas out-of-plane magnetization is observed in our datean be assumed to be the case. In Ref. 4 a much higher
between~13 and 14 ML Ni and 2 ML Cdcf. Fig. 2. proportionality factor ok~ —17 meV/ug was calculated for
Taking the large scatter in published anisotropy valueNi. Another calculation of Hjortstarat al.yielded a factor of
and the relatively large error into account in the determina~ —18 or ~—26 meV/ug, depending on whether the or-
tion of do, it is wise to draw only qualitative conclusions bital polarization correction is included or ridtAccording
about the surface and interface contributions to the totalo the value we use, the difference between our measured
MAE from the present data. Altogether, the positive value oforbital moments for out-of-plane and in-plane magnet-
the sum of the thickness-independent term(§;t-Kg,) is  ization  Awuy=(uy 1/ ps err po/ts,erd #s,er= (0.080
probably the result of a large positive Co-Ni interface con-—0.053)x0.65.5=(0.018+0.004)ug corresponds to an
tribution. It overcompensates the negative contribution fromMAE of either ~60 ueV/atom (for —3 meViug) or
the Ni-Cu interface and the possibly remaining small nega=~300 ueV/atom(for —17 meViug).
tive anisotropy from the Co surface. The ratio between the For the interpretation of our data we have assumed here
thickness-dependent MAEs of Ni and Co is in good agreethat the influence of changes in the magnetic dipole t€m
ment with values for other epitaxial Co and Ni ultrathin film on the effective spin momentiset=us— 2T, is small. In
systems on Q@02 from the literature. fact it has been observed that the magnetic dipole &Fgis
Besides the above statements about the magnetic anisatf the same magnitude as the orbital monfesg that the
ropy energies, quantitative PEEM-XMCD microspectros-observed changes ji, / us o5 (cf. Fig. 4 can be considered
copy at the NiL,3 edge allows one to extract position- as mainly representing the changesgp. For 3d metals
dependent  element-resolved  magnetic  informatiorlike Ni it is furthermore expected that MAE contributions
concerning spin and orbital moments. The absolute value afelated toT, are much weaker than contributions due to the

s s _
KNi+KCo_
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orbital momenf Experimentally we did not observe a sig- domain size in such systems revealed a dependence on the
nificant difference inugqts between in-plane and out-of- film thickness and, more prominently, on the domain wall
plane magnetization. energy>”®® As the latter is reduced by the reduction of the
The value of 6QueV/atom for the MAE agrees in mag- effective anisotropy energ§(dy;,dc,) upon approaching
nitude with the above-discussed thickness-dependent literdhe spin reorientation transition, smaller domains become en-
ture MAE values for Ni/C(001) films.2%?%%326Here 300 ergetically more favorable. This explains well the experi-
ueViatom, though, would be a factor of 5 too high. In com-mentally observed decrease of domain size as approaching
paring to anisotropy energies, however, one has to keep ithe spin reorientation transitiogf®® In our study on
mind that the orbital moments measured by XMCD represen€o/Ni/Cu001) we also see this striking dependence of do-
a depth-weighted average over the probing depth of the seerain size of the perpendicularly magnetized domains on the
ondary electrongabout 25 A for Nj.“° The highly positive distance from the spin reorientation lilewer part of Fig.
contribution to the MAE of the Co-Ni interface could lead to 2). Alternatingly up and down magnetized stripe domains,
a higher orbital moment anisotropy in the top Ni layers withoriented perpendicularly to this line, are formed. Closer to
respect to lower layers and, consequently, to a higher valuthe spin reorientation transition they split into smaller stripes,
of Au, . In 13 ML Ni, the exponential attenuation of the thus reducing the average domain width. We interpret this
secondary electron signal leads to a contribution ofoehavior in accordance with the above-mentioned studies by
1.45/13 from the topmost atomic layer and to a contributionthe balance of magnetostatic energy reduction by stripe do-
of 0.65/13 from the bottommost layer. Thus, for example, amain formation and the cost of domain wall energy neces-
+200 ueVisurface atom Co-Ni interface anisotropy con-sary to create these domains.
fined to the top layer and a 3@eV/atom-volume MAE dis-
tributed evenly over the film would be observed as 70
neV/atom. Moreover, the depth distribution of magnetic an-

isotropy, which is phenomenologically described by a linear \we have used the combination of XMCD and PEEM in a
dependence on thickness, is not known. . study of the thickness-dependent spin reorientation transition
In-an XMCD study of 3 ML Co/33 ML Ni/C¢001), Durr in yitrathin epitaxial Co/Ni/C(001) films. This full-image
et al. found an even higher orbital moment anisotropy formicrospectroscopic technique allows one to obtain quantita-
Ni.* Their value, measured in a transverse geometry, Correye magnetic information with microscopic spatial resolu-
sponds to _an orbital moment difference of (0.028tjon at any position of an image. Looking at the spin reori-
+0.014)ug . Calculations of Hjortstanet al, by contrast, entation transition in crossed double wedges of Co and Ni
gave orbital moment differences of 0.Qa¢ or 0.004ug for  results in images where the transition from in plane to out of
calculations with and without an orbital polarization correc-plane magnetization direction can be followed in two-
tion, respectively, taking a tetragonal distortion of/a  dimensional thickness space. The easy axis of magnetization
=0.94. Their absolute value for the angle-averaged orbitagwitches from in plane at lower Ni thicknesses or higher Co
moment (i} +2x{)/3 at that distortion without orbital po- thicknesses to out of plane at higher Ni thicknesses or lower
larization is 0.04Zg , which is quite close to our experimen- Co thicknesses. The condition for zero MAE difference be-
tal value (0.08-2X0.053)x0.65u/3=0.04up. Including tween in-plane and out-of-plane magnetization can be ap-
orbital polarization they arrive at 0.064 .2’ proximated by a linear dependence on both thicknesses.
All in all, a low proportionality constanK;/Au, of  From this we deduce the relative size of the Co and Ni
about—4 meV/ug is required for an agreement of our ex- thickness-dependert‘bulk” ) MAE and the double-layer
perimental data with the expected Ni MAE. It is clear thatthickness-independeritsurface”) MAE. Both are in good
the uncertainties in this constant do at present not allow coragreement with values found in literature.
clusions on the exact size of the MAE from XMCD measure- Pixel-by-pixel sum-rule analysis of the images results in
ments. Ultimate quantitative insight into the relation betweerimages displaying the Ni spin and orbital magnetic moments,
magnetocrystalline anisotropy and orbital moment anisotprojected onto the propagation direction of the illuminating x
ropy will depend on further detailed theoretical studies.rays. The Ni effective spin moment is constant with an ab-
However, the measured anisotropy of the orbital moment isolute value of~0.65ug. The orbital moment is distinctly
qualitatively well accounted for by the behavior of the mag-higher for out-of-plane magnetization than for in-plane mag-
netic anisotropy. netization. We interpret this difference as reflecting the Ni
As the last point to discuss, the domain configurationMAE, which leads to an anisotropy in the orbital moment
close to the spin reorientation transition is left. The basiowith respect to the magnetization direction. The Ni MAE
features seen in Fig. 2, i.e., a decreasing domain size on tHavors perpendicular magnetization for all thicknesses, so
perpendicular side of the reorientation and a distinct stripe ithat in-plane and out-of-plane magnetization directions of the
which no clear in-plane or out-of-plane magnetization is vis-Co/Ni bilayer represent hard and easy axes for the Ni layer,
ible, resemble those of spin reorientations imaged irrespectively.
Co/Au(111) wedges*®® (Note that in our study the spinre-  The formation of perpendicularly magnetized domains
orientation happens as a function of two independent paranwith decreasing size upon approaching the spin reorientation
eters, the Ni and Co film thicknesses in the crossed doublgansition can be explained by magnetostatic stray field en-
wedge, in contrast to these earlier repoislms exhibitinga  ergy minimization for decreasing domain wall energy.
perpendicular anisotropy can lower the magnetostatic energ¢MCD-PEEM microspectroscopic studies with improved
by the formation of alternatingly up and down magnetizedlateral resolution will have the potential to investigate mag-
domains’® Analytic calculations for the average netic moments in very small domains and even in domain

VI. SUMMARY
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