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Zusammenfassung

MonodispersemagnetischeNanopartikel habenin denletztenJahrengroßeswissenschaftliches

Interessegeweckt. Die Kontrolle über die Monodispersitätder Partikel und ihre Ober-

�ächenbeschaffenheitführt zu einerReihenanotechnologischerAnwendungen.Ihr Einsatzals

nicht-�üchtige DatenspeichermedienundalsSensorenstehtim FocusindustriellerForschung.

MagnetischeNanopartikel stehenebenfalls kurz vor demroutinemäßigenEinsatzin der Be-

handlungvon Tumoren,beim Bio-Labelling und als Kontrastmittelin der Kernspintomogra-

phie.Nanopartikelwerdenmit wachsendemInteresseauchin derGrundlagenforschungbenutzt,

um die Lücke zwischenAtom- und Festkörperphysik zu schließen.Intrinsischemagnetische

Größenwie die magnetokristallineAnisotropie,dasmagnetischesMomentpro Atom und die

CurieTemperaturhängeninsbesonderevonderGrößederPartikel ab.

Die vorliegendeArbeit beschäftigtsich mit magnetischenCo=CoO Kern-HülleNanopar-

tikeln im Größenbereichvon 9-14nm. Die Nanopartikel sindmit Hilfe chemischerMethoden

hergestelltwordenundzeichnensichdurcheinenhohenGradderMonodispersität(� < 10%)

aus.Die untersuchtenkolloidalenPartikel bestehenauseinemfcc-artigenferromagnetischen

Co Kern,dervon einernatürlichgewachsenenCoO Hülle umgebenist. DasHauptzieldieser

Arbeit bestehtin der direktenKorrelationvon Struktur und Magnetismusder Partikel. Zum

besserenVerständnisdesEin�ussesderantiferromagnetischenHülle undderCo=CoO Grenz-

schichtauf die magnetischenEigenschaftenwurdenebenfalls metallischeCo Partikel unter-

sucht.Diesesind durch die Reduktionder oxidischenHülle mit Hilfe einesreaktiven Plas-

mashergestelltworden.Ein ferromagnetisch/antiferromagnetischaustauschgekoppeltesSystem

zeigteinenzusätzlichenunidirektionalenBeitragzurmagnetischenGesamtanisotropie,derüber

densogenannten"ExchangeBias" gemessenwerdenkann.EineallgemeineBeschreibungder

Austauschanisotropiean Grenz�ächenzwischenFerromagnetund Antiferromagnetist bisher

nicht gelungen,daderExchangeBiassehrstarkvon derBeschaffenheitderGrenzschichtab-

hängt.Um denGrenzschichtmagnetismuszu untersuchen,werdenTechnikenbenötigt,die den

direktenZugangzur Grenzschichtermöglichen.Zum Vergleich mit metallischenPartikeln ist

eswünschenswert,dieOxidhüllezu reduzieren,ohnedabeiCo Atomezuentfernen.
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Zusammenfassung

DasSystemCo=CoO mit typischenCoO Schichtdicken von 2-3 nm ist ein Prototypsys-

temzur UntersuchungdesExchangeBias.Wie in dieserArbeit dargestellt,zeigendie Partikel

verglichenmit Filmen einensehrgroßenExchangeBias von bis zu � 0HE B = 0,4 T bei einer

Temperaturvon10K. Die mikroskopischenGrößen,diedenExchangeBiasbestimmen,sind(i)

diemagnetischenMomentederAtomeim KernundderHülle, (ii) dieAnzahlderbeitragenden

Grenzschichtmomenteund(iii) diemagnetischeAnisotropienvonCo andCoO. Zumquantita-

tivenVerständnisderAustauschanisotropieim untersuchtenSystemwird die genaueKenntnis

desmagnetischenMomentsundseinesOrbitalbeitragsalsMaßfür diemagnetischeAnisotropie

benötigt.

Zwei Messtechniken,die dieseInformationenliefern sind die FerromagnetischeResonanz

(FMR) und der Röntgenzirkulardichrismus(XMCD). Beide Verfahrenerlaubendie Bestim-

mungdesVerhältnissesvon Bahn-zu Spinmoment.FMR ist sensitiv auf denferromagnetisch-

en Kern währendXMCD im eingesetztenMessmodusober�ächensensitiv ist. XMCD erlaubt

dabei- wie in dieserArbeit deutlich gezeigt- dasSeparierendesmagnetischenSignalsder

Grenzschicht.Aus der besonderenKombinationbeiderTechniken bestimmtsich dasmagne-

tischeMomenteinesferromagnetischenKerns(� 5 nm) als fcc volumenartigwährendander

GrenzschichtunkompensierteCo2+ Momentemit großemOrbitalbeitragvorliegen.Diesesind

dabeiparallel andenferromagnetischenKerngekoppelt.Die effektive magnetischeAnisotro-

pieenergiedichtevon Co=CoO Partikeln ist mit Hilfe derFMR zu K ef f = 9� eV/Atom bei 15

K bestimmtworden.DieserWert ist viel kleiner als der hcp-artigeVolumenwertvon Co von

65 � eV/Atom [1] undliegt sehrnaheamfcc-artigenVolumenwertvon 8,5 � eV/Atom [2]. Das

magnetischeAltern derNanopartikel unterLaborbedingungenist mit frequenzabhängigerFMR

in einemZeitraumvon 18 MonatennachderProbenpräparationuntersuchtworden.Nachder

DepositionstelltsichinnerhalbvonStundeneineHüllenstärkevon2,0-2,5nmein,dienachdrei

Wochenauf circa3 nm anwächst.Ab diesemZeitpunktwirkt die Hülle alsselbstpassivierende

Schutzschichtauf denferromagnetischenKernunddie fortschreitendeOxidationverlangsamt

sichauf einigeAtomepro Tag.DiesesExperimentzeigt,dassFMR Untersuchungenebenfalls

zurBestimmungkleinerstrukturellerVeränderungengenutztwerdenkönnen.

Zur Messungder magnetischenEigenschaftenvon rein metallischenNanopartikeln sind

die Co=CoO Partikel mit Hilfe desreaktiven Plasmaätzensin-situ (i) durchSauerstoffplasma

von ihrer Ligandenhüllebefreit und (ii) durch Wasserstoffplasmavollständigreduziertwor-

den.DieseMethodeerlaubtdie Ober�ächenmodi�kationeinzelnerPartikel ohneAgglomera-

tion oderBewegungderPartikel auf demSubstratbis zu BedeckungennaheeinerMonolage.

Leicht größereBedeckungenführenzumVersinternderPartikeln in deroberenLagewährend

die Partikel in der unterenLagedurchdenKontaktzum Substrat�xiert sind.Durch dasent-
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Zusammenfassung

fernender organischenHülle bildet sich ein Zweilagensystem,dassenkrechtzum Substrat

eine"gerichtete"AustauschkopplungderPartikel zeigt.An diesemPartikelsystemwurdenele-

mentspezi�scheHysteresenaufgenommenunddieProbenmorphologiegenauestensuntersucht.

Die ResultatesindalsParameterin Simulationeneinge�ossen,diedenLandau-Lifshitz-Gilbert

AnsatzzurBeschreibungderBewegungderMagnetisierungfolgen.Die Berechnungenzeigen,

dass(i) die metallischenPartikel ein sehrkleinesK ef f von 1,5 � eV/Atom aufweisenund (ii)

die Stärke der Austauschkopplungesnahelegt, dassim Mittel nur vier atomarePaarean der

GrenzschichtzwischenPartikeln ausuntererund obererLage austauschgekoppelt sind. Das

magnetischeMoment der rein metallischenPartikel wird mit XMCD auf 1.56 � B /Atom an

Einzellagenbestimmt.Die Reduktionim Vergleich zum Volumenwertvon 1.72 � B /Atom re-

sultiertausdemBeladenderPartikel mit ProtonendurchdasWasserstoffplasma.DurchdasAn-

lassenbei950K konntederWasserstoff ausgetriebenwerden.Hiernachwird einmagnetisches

Momentvon 1.83� B /Atom beobachtet.DieseErhöhungzumVolumenwertkannauf denAn-

teil derOber�ächenatomevon circa10%zurückgeführtwerden.Die reduzierteSymmetrieder

Ober�ächenatomemanifestiertsichin derErhöhungihresBahnmoments.In zukünftigenUnter-

suchungenkanndie Ober�ächenanisotropievon rein metallischenPartikeln bestimmtwerden.

Im Vergleichzu ultradünnenFilmen habenNanopartikel denVorteil, dassdie Kontakt�äche

zumSubstratsehrklein ist undsomitderEin�uss derGrenzschichtSubstrat/Ferromagnetver-

nachlässigtwerdenkann.

Um magnetischeundstrukturelleEigenschaftenderNanopartikel zukorrelieren,sinddetail-

lierte strukturelleUntersuchungenmit Hilfe der Transmissionselektronenmikroskopie (TEM)

durchgeführtworden.Hochau�ösendeTEM zeigte,dassdie Co=CoO Partikel im Kern aus

vielfachverzwillingtenfcc-artigenCo Kristallitenbestehen,währenddie fcc-artigeCoO Hülle

polykristallin ist. Die Schichtdicke der CoO Hülle ist mit Hilfe energiege�lterter TEM zu

2-2,5 nm bestimmtworden.Die passivierendeHülle umschließtdabei in Abhängigkeit des

Gesamtdurchmesserseinen 5-9 nm starken Co Kern. Aus diesenResultatenlässt sich fol-

gern,dassdie geringeeffektive magnetischeAnisotropieenergiedichteK ef f = 1,5 � eV/Atom

der metallischenPartikel auf die vielfachverzwillingte Strukturzurückzuführenist. Einzelne

Kristallite mit zufällig verteiltenAnisotropieachsenreduzierenK ef f erheblichundbildenpro

Nanopartikel eineeffektiveuniaxialeAnisotropie.FürCo=CoOPartikel bewirkt dieCoOHülle

eineErhöhungvonK ef f , wodurchdiePartikel magnetischgehärtetwerden.
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Summar y

Monodispersemagneticnanoparticleshave generatedhugeinterestin appliedresearchwithin

the last years.Thecontrolof their monodispersityandsurfacepropertiesleadsto a varietyof

nanotechnologicalapplications.Theuseasnon-volatiledatastoragemediaandsensorapplica-

tionsarein the focusof industry. Moreover, magneticnanoparticlesarecloseto beemployed

in tumortherapy, bio-labellingor contrastagentsin magneticimaging.To anincreasingextend

thesearestudiedin fundamentalresearchaswell, sincenanoparticleswith diametersof a few

nm bridgethegapbetweenatomicandsolid statephysics.In particular, the intrinsic magnetic

propertiesof �ne particlessuchasthemagnetocrystallineanisotropy, thesaturationmagnetiza-

tion andtheCurietemperatureareaffectedby thereductionof their size.

The subjectof this thesisis the investigation of magneticCo=CoO core-shellnanoparti-

clesandmetallicCo nanoparticleswith diametersin the rangeof 9-14nm. Thenanoparticles

have beenpreparedby meansof organometallicsynthesis,andthey exhibit a high degreeof

monodispersity(� < 10%). The colloidal Co=CoO nanoparticlesconsistof a fcc ferromag-

neticCo corecoveredwith anaturallyformedantiferromagneticCoO shell.Themainpurpose

of this studyis thedirectcorrelationof structureandmagnetismin theparticles.For betterun-

derstandingof the in�uence of the antiferromagneticshell andthe Co=CoO interfaceon the

magnetismof theparticlespuremetallicCo nanoparticleswerestudied.Thesehave beenpre-

paredfrom Co=CoO particlesby reductionof theoxidic shellwith areactiveplasmatreatment.

A ferromagnetic/antiferromagneticexchangecoupledsystemshowsanadditionalunidirectional

contributionto thetotalmagneticanisotropy energy whichcanbemeasuredby theso-calledex-

changebias.A generaldescriptionof exchangeanisotropy at ferromagnetic/antiferromagnetic

interfacesis still lacking, sinceexchangebias strongly dependson the interfaceconditions.

To addressthe interfacemagnetismexplicitly, techniqueshave to beappliedwhich give direct

accessto the interface.For direct comparisonto metallic nanoparticlesit is desirableto have

controlon theoxideshellwithoutany lossof Co atoms.
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Summary

ThesystemCo=CoO with typical layer thicknessesof 2-3 nm of theantiferromagnetCoO

is aprototypefor exchangebias.As shown in this thesis,thenanoparticlespresentaverystrong

exchangebiasof � 0HE B = 0.4 T at 10 K comparedto Co=CoO thin �lms. The microscopic

quantitieswhichgoverntheexchangebiasare(i) themagneticmomentsof thecoreandtheshell

Coatoms,(ii) thenumberof contributinginterfacemoments,and(iii) themagneticanisotropies

of Co andCoO. Themagneticmomentandits orbital contributionarequantitatively measured

tounderstandthemicroscopicmechanismswhichdeterminetheexchangebiasandthemagnetic

anisotropy energy.

Two techniqueswhich provide thenecessaryinformationwith submonolayersensitivity are

FerromagneticResonance(FMR) andX-ray MagneticCircularDichroism(XMCD). Explicitly,

theratio of orbital-to-spinmagneticmomentcanbemeasured.FMR probestheferromagnetic

core,only, while XMCD in the total electronyield modeis surfacesensitive and- asdemon-

stratedin this thesis- can be employed to extract the contribution of buried interfaces.The

uniquecombinationof bothtechniquesyieldsa fcc bulk-like Co magneticmomentof a ferro-

magneticallyorderedCo core(� 5 nm) anduncompensatedCo2+ momentsat the Co=CoO

interfacecarryinga large orbital moment.XMCD studiesat two differentoxide shell thick-

nessesshow thattheinterfacemomentsarecoupledparallel to thecore.Theeffectivemagnetic

anisotropy energy of Co=CoO particleshasbeendeterminedby FMR to K ef f = 9 � eV/atom

at T = 15 K which is muchsmallerthanthehcpbulk valueof 65 � eV/atomat T = 0 K [1] and

surprisinglymatchesthefcc bulk Covalueof 8.5� eV/atom[2]. By frequency-dependentFMR

in ambientconditionsin a 18 monthsperiodof time aftersamplepreparation,it hasbeenmea-

suredthatdirectlyafterthedepositionof theparticlesonasubstratea2-2.5nmthick CoOshell

formswithin hours.After threeweekstheshellgrowsto about3 nm.Fromthispointof timeon

theCoO shellactsasa self-passivatinglayer for eachindividual particle.Theoxidationslows

down to a few atomsperday. This experimentdemonstratesthatsmallstructuralmodi�cations

canbeaddressedby FMR investigations.

In order to verify andto comparethe resultsof Co=CoO particlesto puremetallic parti-

cles,anin-situ reactive plasmaetchingprocesshasbeenemployed.By successive oxygenand

hydrogenplasmaexposureit waspossible(i) to remove theorganic ligandsand(ii) to reduce

theentireCoO to metallicCo. This methodallowedthecontrolledmodi�cation of thesurface

without any agglomerationor movementof the particleson the substratefor coveragesup to

onemonolayer. Slightly largercoveragesadmittedto partialsinteringof particlesin a top layer

while particlesin thebottomlayerremained�x edto thesubstrate.Theremoval of theorganic

ligandsled to theformationof a doublelayersystemwhich shows exchangecouplingbetween

particlesperpendicularto thesubstrate.Usingdetailedstructuralandmorphologicalstudiesas
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Summary

input parametersfor theory, Landau-Lifshitz-Gilberttypeof simulationshave beenperformed

to simulateelement-speci�chysteresisloops.Thecalculationshave shown that(i) themetallic

particlesexhibit a low effective magneticanisotropy energy densityK ef f = 1.5 � eV/atomat

T = 15 K which is lessthan20% of the fcc bulk Co anisotropy constant.(ii) The exchange

couplingstrengthsuggeststhat in mediumonly four atomicpairsof Co atomsareexchange

coupledat the interfacebetweentop andbottomlayerparticles.Themagneticmomentof the

metallicparticleshasbeendeterminedto be1.56� B /atomby meansof XMCD investigations

onmonolayersamples.Thereductioncomparedto thebulk magneticmomentof 1.72� B /atom

hasbeenassignedto thehydrogen-loadof particlesduringthehydrogenplasmaexposure.An-

nealingat T = 950K successfullydissociatescobalthydrideandformspureCo nanoparticles

anda total magneticmomentof 1.83� B /atomhasbeenfound.Theenhancementcomparedto

the bulk magneticmomentcanbe explainedby the contribution of about10% surfaceatoms

in reducedsymmetrywhich is manifestedin anenhancedorbital moment.In futurestudiesthe

surfaceanisotropy canbemeasuredin puremetallicnanoparticles.Comparedto ultrathin�lms

the nanoparticleapproachhasthe big advantagethat the contactareato the substrateis very

smallandthusthein�uence of thesubstrate/ferromagnetinterfaceis negligible.

To correlatethemagneticpropertiesto thestructureof thenanoparticlesdetailedtransmis-

sionelectronmicroscopy (TEM) investigationshavebeenperformed.High-resolutionTEM has

shown thattheCo=CoO particlesconsistof multiply twinnedfcc Co coreanda multigrainfcc

CoO shell. The thicknessof the CoO shell hasbeendeterminedto be 2-2.5 nm by energy-

�ltered TEM. ThepassivatingCoO shell encasesa metallicCo coreof 5-9 nm dependingon

thetotalparticlediameter. With theseresultsthelow effectivemagneticanisotropy energy den-

sity K ef f = 1.5� eV/atomfoundfor metallicCo nanoparticlescanbeexplainedby themultiply

twinnedstructureof theferromagnet.Individualgrainswith randomlyorientedanisotropy axes

reduceK ef f remarkablyandproduceaneffective uniaxialanisotropy. In thecaseof Co=CoO

nanoparticlestheoxideshell increasesK ef f which resultsin amagnetichardening.
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Preface

The magnetismof small particleshasbeeninvestigatedover many decades.The sizeswhich

canbepreparedandareof technologicalinterestrangefrom clustersconsistingof a few atoms

to nanoparticlesandcolloidsof a few micrometerdiameter. Magneticnanoparticlesareof inte-

restnot only for appliedresearchbut to anincreasingextendalsofor fundamentalstudies.The

reasonfor this trendis thatbesidesbeingpromisingcandidatesto further increasethedensity

of magneticstoragedevicestowardstheTBit/inch2 rangeor for medicalapplications,nanopar-

ticles with diametersof a few nm bridgethe gap betweenatomicandsolid statephysics.All

effortsonadetailedunderstandingof themagnetismof individualparticlesarehinderedby the

factthatparticlespreparedbyclusterbeamtechniquesororganometallicsynthesisareneverper-

fectly alike. Hence,themagneticcharacterizationaverageover thepropertiesof particleswith

differentsizes,surfaceconditionsandshapes.For suf�ciently smallsizedistributions,however,

the measurementsyield generalconclusionswhich arebasedon the increasingimportanceof

�nite-size effectsin smallerparticles.

As for smallerparticlestheratio of surface-to-volumeatomsincreases,they allow to study

surfaceeffectsonavarietyof fundamentalphysicalproperties.In thecaseof magneticnanopar-

ticles surfacemagnetismcanbe studied.Often large surfacemagneticanisotropiesbeingac-

companiedby an enhancedorbital contribution to the magneticmomentat the surface,i. e.

orbital magnetismcanbeinvestigated.In this thesisCo nanoparticleswith diameters9-14nm

andsharpsizedistributionsarestudied.Theparticleshavebeenpreparedby meansof colloidal

chemistry. Due to the preparationtechniquenaturalsurfaceoxidationcannotbe avoidedand

consequentlycore/shellparticleshave beenformed.Eachparticleconsistsof a ferromagnetic

coreandanantiferromagneticshell.Dueto thecore/shellstructureof theparticlesoneexpects

the presenceof an exchangeanisotropy. The exchangeanisotropy governsthe exchangebias.

Also the orbital momentwill be differentat the interfaceascomparedto the inner region of

the particle.As the anisotropy of the orbital momentis connectedto the magneticanisotropy

energy, a measurementof this fundamentalquantityprovidesalsoinformationon theenviron-

ment that is seenby the atomicmagneticmomentswithin the particlecore.The methodsof
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Preface

choiceto addressthe above mentionedpointsare ferromagneticresonance(FMR) andx-ray

magneticcirculardichroism(XMCD). Thecorrelationof magnetismandstructureof thepar-

ticles is achieved by detailedtransmissionelectronmicroscopy (TEM) andscanningelectron

microscopy (SEM) studies.Reactive plasmaetchingallows to (i) remove the organic ligands

surroundingeachnanoparticleand(ii) reducetheCoOsurfacelayer. Consequently, puremetal-

lic particlescanbeinvestigated.

In chapter1 of this thesisthe fundamentalphysicalquantitiesmagneticmomentandmag-

netic anisotropy andtheir evolution with particlesizearediscussedasa generalintroduction.

Theexchangeanisotropy in Co=CoO systemsis introducedin section1.4.Chapter2 describes

theexperimentaltechniquesFMR andXMCD. Theorganometallicsynthesisof Co=CoO core-

shell nanoparticlesis presentedin chapter3. Detailedstructuralandmorphologicalinvestiga-

tionsarepresentedin chapter4. Differentsamplepreparationtechniquesandtheself-assembly

of particleshavebeenevaluatedby meansof TEM, SEM,andatomicforcemicroscopy (AFM).

The effect of surfacecleaningby Ar + ion etchingandthe reactive plasmaetchinghasbeen

trackedby x-ray absorptionspectroscopy (section4.3).Themainpartof this thesisis thedis-

cussionof the magneticpropertiesof Co=CoO core-shellnanoparticleinvestigatedby FMR,

XMCD andSQUID magnetometry(chapter5). Firstly, the individual propertieslike magnetic

blocking, the orbital contribution to the total magneticmoment,the exchangebias,the mag-

netic anisotropy, the magnetizationdynamicsand the nanoparticleagingareaddressed.Sec-

ondly, the magneticresponseof ordered3d rod structuresareexamined.By reactive plasma

exposuretheoxideshellcanbereduced.In chapter6 themagneticmomentof metallicparticles

aredeterminedfrom XMCD measurementsby meansof magneto-opticalsumrules.Moreover,

theplasmatreatmentcanbeemployedto form exchangecoupleddoublelayerstructures.The

hysteresisloopsof sucha doublelayer samplehasbeenrecordedunderUHV conditionsand

simulatedby micromagneticcalculationsbasedon thestructuralandmorphological�ndings.
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Abbre viations

AFM Atomic ForceMicroscopy

EDX Energy DispersiveX-ray Analysis

EELS ElectronEnergy LossSpectroscopy

EF-TEM Energy-�ltered TransmissionElectronMicroscopy

EPR ElectronParamagneticResonance

FC FieldCooling

FMR FerromagneticResonance

FWHM Full Width atHalf Maximum

HR-TEM High-resolutionTransmissionElectronMicroscopy

MAE MagneticAnisotropy Energy

SAED SelectedAreaElectronDiffraction

SEM SecondaryElectronMicroscopy

SQUID SuperconductingQuantumInterferenceDevice

TEM TransmissionElectronMicroscopy

TEY TotalElectronYield

UEA UnidirectionalExchangeAnisotropy

XAS X-ray AbsorptionSpectroscopy

XMCD X-ray MagneticCircularDichroism

ZFC ZeroFieldCooling
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1. General Intr oduction

1.1. From the Atom to the Solid State: Magnetic

Moment of 3d Transition Metals Fe, Co, and Ni

Themagnetismof singleatomshasthreedifferentorigins:The intrinsic spinof theelectrons,

their motionaroundthenucleus(orbital momentum)andtheappearanceof a non-zeroorbital

momentumin an external magnetic�eld [3]. The latter is a generalpropertyof matterand

the magneticmomentis inducedantiparallelto the appliedmagnetic�eld. This phenomenon

is calleddiamagnetism.Atomswith completely�lled shellswhich carryno netmagneticmo-

mentexhibit this diamagneticbehavior only. Materialswhich have at leastone incompletely

�lled shellpossessintrinsic magneticmomentswhich align parallelto anexternal�eld (para-

magnetism).In thefollowing thediscussionis concentratedon paramagneticatomsonly. Iron,

Cobalt,andNickel areparamagneticatomswith an incompletely�lled 3d shell.Theseclassi-

cal materialsshow ferromagnetismin the solid stateat room temperature.In this sectionthe

evolutionof themagneticmomentfrom thesingleisolatedatomto thesolidstateis discussed.

Single Atoms and Ions

For nottooheavy elementstheelectroniccon�gurationof multi electronatomscanbedescribed

by the Pauli exclusionprinciple and the threeHund's rules.The spin momentum~si and the

orbitalmomentum~l i of all individualelectronsin anincompletely�lled shellof theatomcouple

within theRussel-Saunderscouplingschemeby their vectorsums[4]:

~S =
X

i

~si and ~L =
X

i

~l i (1.1)

and the total spin momentumand the total orbital momentumare coupledby spin-orbit

interaction.Similar to theoneelectronformalismtheresultantatomicmomentaS andL couple
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1. GeneralIntroduction

to givea resultanttotalangularmomentumJ :

J = L + S (1.2)

TheRussel-Saunderscouplingschemeis illustratedin Figure1.1for atwo electronsystem.This

schemeis basedonthefactthattheelectronsaredominatedby electrostaticinteractionbetween

them.It is valid for light elementsincludingthe3dtransitionmetalseries.This�nding motivates

theorderof summingup theindividual orbital momentaandtheindividual orbital momentato

theresultanttotal angularmomentumJ . All experimentsonly measurethez-componentof the

totalangularmomentumJz alongtheaxisof thenegativeexternal�eld � H .

Jz

s1

s2

J
L

S

l1

l2

- H

Figure1.1.:Russel-Saunderscouplingof two spinsandthetwo orbitsformingatotalangularmomentum

Jof unpairedelectronsin anatom.

For the heavy elementswith larger spin-orbit interactionthe individual spin-orbit interac-

tions are treated�rst, beforethe sumof the total angularmomentaof all the electrons
P ~j i

is calculated.This type of interactionis calledj-j coupling.However, all the phenomenadis-

cussedin this thesisarebasedonthelight elementswheretheL-S couplingrepresentsthevalid

description.

Thetotal magneticmoment� tot of a freeatom[5] canbecalculatedusingthesimpleequa-

tion:

j� tot j = g �
p

J (J + 1)� B (1.3)

whereg is theLandéfactor:

g = 1 +
J (J + 1) + S(S + 1) � L(L + 1)

2 � J (J + 1)
(1.4)
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Table 1.1.:Electroniccon�gurationsof freetransitionmetalatomsandtheresultingquantumnumbers

L, S,andJ accordingto Hund's rulesandtheir correspondinggroundterm.TheLandég-factorandthe

resultingtotalmagneticmoment� tot arealsogiven.

Element Con�guration S L J GroundTerm g � tot

Iron 3d64s2 2 2 4 5D4 3/2 6.71� B

Cobalt 3d74s2 3/2 3 9/2 4F9=2 8/6 6.63� B

Nickel 3d84s2 1 3 4 3F4 5/4 5.59� B

The g-factorwould be 1 for pureorbital magnetismand2 for purespin magnetismwhich is

the freeelectronvalueof g. Theseequationsonly hold aslong asL andS aregoodquantum

numbersandthecouplingfollowsthethird Hund's rule (J = L � S for lessthanhalf full shells

andJ = L + S for all othercases),whichmeansthattheatomis in its groundstate.In table1.1

theelectroniccon�gurations,thequantumnumbersandthegroundtermfor F e, Co, andN i are

presented.Fromthequantumnumbersthe total magneticmoment� tot andtheLandég-factor

canbecalculatedfrom equations1.3and1.4. Thevaluesof � tot andg arealsogivenin table1.1.

Theorbital � L andthespin � S magneticmomentcanbecalculatedfrom � L = � gL hL zi and

� S = � gShSzi , respectively. Onemaynotethatin literaturesometimestheratioof expectation

valueshL zi =hSzi is usedto discusstheorbital contribution to themagneticmomentasin [6],

for example.In this thesistheratioof orbital-to-spinmagneticmoment� L =� S is employed.

Thecalculationsof theg-factorandthe total magneticmoment� tot canbeadaptedto free

ions.For example,a freeCo2+ -ion givesidenticalresultscomparedto afreeCo atom,sincethe

two 4selectronsdo not give any contribution to themagneticmomentif the(small)hybridiza-

tion of 3d/4sstatesis neglected.A freeF e3+ -ion hasa 6S5=2 groundtermanda g-factorof 2.

Thesegroundstatecalculationsarecorrectfor freeatomsandionswherea sphericalpotential

canbeused.Whenparamagneticimpuritiesarestudiedin a hostcrystalthepotentialmustbe

adaptedto the crystalstructureof the host.For example,the total magneticmomentof Co2+

impurities is found to be � tot � 4:8� B dependingon the studiedsystem(seee. g. [7]). It is

foundto besigni�cantly reducedcomparedto the free ion magneticmoment.Dueto thehigh

degreeof symmetryof thesurroundingatomstheorbitalmomentis partlyquenched[8].

Cluster s of Atoms

The studyof the size-dependenceof the magneticmomentin free metallic clustersis a very

intuitive way of understandingthecouplingmechanismbetweenatoms.Neglectingtheorbital
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magneticmomentone �nds within the Heisenberg model that the exchangeinteractionH ex

betweentwo spinsSi;j of two differentatomscanbedescribedby:

Hex = � 2JSi � Sj (1.5)

whereJ is theexchangeintegral.Oneshouldnotethatthemagnitudeof J is typically 103 times

largerthanthedipoleinteraction[5]. Parallelalignmentof thespinsis favouredif J > 0, while

antiparallelalignmentis found for J < 0. The exchangeinteractionis short-range.Within

certainsizelimits - themonodomainlimit (discussedin section1.3) - all spinmomentsof an

agglomerateof F e, Co or N i atomsarealignedparallel.On theotherhandthetotal magnetic

momentis the sumof the spin momentandthe orbital moment.The atomsin a clusterform

bondsto theirnearestneighbors.Thesurroundingcrystal�eld partlyquenchestheorbitalmag-

netismdependingonthenumberof neighboringatomsandtheircrystalstructure.Theinterplay

of Coulombandexchangeinteractiondeterminestheshapeof thecluster. For example,acluster

of 5 N i atomsis thoughtto bea trigonalbipyramidwith � tot = 1:8� B perN i atom.If just one

atomis addedN i formsa moretightly boundN i 6 octahedronwith � tot = 1:5� B peratom[9].

More opensurfacesgenerallyyield largermagneticmoments.A N i 13 clusteris a icosahedron

with oneinterioratomand12atomsatthesurfaceshowingasmalltotalmagneticmomentof ap-

proximately1� B peratom.[9]. Closed-shellstructureshavealsobeenfoundfor N i 55 andN i 147

wherethenext shellsareclosed.Generally, theratioof surface-to-volumeatomsdecreasesand

the magneticmomentreducesslowly to the bulk magneticmoment.In table1.2 someresults

of thedependenceof themagneticmomentof theclustersizearesummarized.Clustersof 25

F e atomshave shown a total magneticmomentof � tot = 3� B peratomwhile thebulk value

Table1.2.:Magneticmomentperatomof freemetalclustersof F e, Co, andN i . All clusterexperiments

usedaStern-Gerlach-typemagneticde�ection setup.

Element Numberof Atoms magn.Moment Reference

F e 25 3� B [10]

500 2:2� B [10]

bulk 2:22� B [3]

Co 115 2:1� B [11]

56-215 2:2� B [12]

bulk 1:72� B [3]

N i 5 1:8� B [9]

740 0:68� B [9]

bulk 0:61� B [3]
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1.1. FromtheAtom to theSolidState:MagneticMomentof Fe,Co,andNi

of 2:2� B per atomhasalreadybeenreachedat a clustersizeof about500 atoms[10]. Co115

clusterscarryamagneticmomentof 115� 2:1� B [11]. Furthermore,it hasbeenfoundthatCo

clusterswith 56to 215atomsshow aconstantmagneticmomentperatomof � tot = 2:2� B [12].

Thedecreaseof themagneticmomentwith growing clustersizesfor Co hasbeendetermined

to belessdramaticthanfor F e. In thecaseof N i clustersthemagneticmomentgraduallyde-

clinesfrom 0:8� B to 0:7� B peratomfor N i 210 andN i 740 clusters,respectively. Additionally a

decreaseof theCurietemperatureTC from 627K in bulk N i to 353K in theN i 740 clustershas

beenreported[9].

Another approachto study the magnetismof �nite structuresis the depositionof single

atomsandsmallclusterson cleansurfaces[13,14].Dependingon thesurfacemorphologyit is

possibleto form linear chains,e. g. Co atomicwires on the vicinal Pt(997) surface[15], or

two-dimensionaloblateclusterslike two monolayerthick islandson Au(111) [16,17]. In this

casethemagneticmomentstronglydependson thesubstrate.Co atomsor very smallclusters

onN a �lms show areductionof theratioof orbital-to-spinmoment� L =� S � 0:6 comparedto

thefreeatomratioof � L =� S = 1. Thereductionis thoughtto bedueto increasedhybridization

effectswith the substrate[18]. A moredramaticresulthasbeenfound for N i atomson Na.

The impuritiesshow no magneticresponsein the x-ray magneticcircular dichroismup to a

coverageof 1.2%of a monolayerimplying a non-paramagneticgroundstate[18]. This �nding

is explainedby thechargetransferfrom N a to N i which resultsin a completely�lled 3d shell

in N i .

Nanopar tic les

Thenext largermagneticobjectis themagneticnanoparticle.Thereis no well de�ned interval

in whichtheterm'nanoparticle'shouldbeused.Theterms' largecluster'or 'ultra�ne nanopar-

ticle' often de�ne speciesof similar size.Mostly the de�nition of similar objectsdependson

thescientists'physicalbackground.In thefollowing, thetermnanoparticleis usedfor thesize

interval 1.5nm- 20nm.A shortsummaryon theevolutionof themagneticmomentof metallic

nanoparticlesis givenin table1.3.

Within the last decadenovel nanoparticlepreparationtechniquesand improvementsof

known synthesistechniquesin colloidal chemistryhave beendeveloped[21–23]. With these

advancesit is possibleto preparemagneticnanoparticleswith diametersin therangeof 1.5nm

to 15 nm with a very narrow sizedistribution (� < 5%). MonodisperseCo particleshave been

preparedby decompositionof an organometallicprecursorin hydrogensaturatedsolution in

the presenceof a stabilizingpolymer[19]. It hasbeenreportedthat thesenanoparticleswith
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Table 1.3.: Reportedresultsof the evolution of the magneticmomentper atomfor Co nanoparticles

between150and80000atoms.

Species No. of Atoms Diameterd Shape � tot peratom Ref.

Co in polymer 150 1.5nm spherical 1:94� B (5T) [19]

matrix 2:1� B (30T)

310 2.0nm spherical 1:83� B (5T) [19]

1:9� B (30T)

Co islands 400 4:0nm� 2ML prolate 2:4� B [16]

onAu(111) 1300 7:2nm� 2ML 2:2� B [16]

1600 8:2nm� 2ML 2:0� B [16]

freeCo nano- 80000 12nm spherical 1:7� B [20]

particlesonSiO2

150 atomsand310 atomsper particledo not show oxidationin the stabilizingpolymer. The

magneticmomentsperCo atomin theparticleare1:94� B peratomand1:83� B peratomin an

appliedmagnetic�eld of 5 T, respectively. It hasbeenproventhat in this casethein�uence of

thepolymersis rathersmall.Thereis supposedlyno in�uence on themagneticmomentof sur-

faceatoms.In evenhigher�elds upto B = 30T one�nds a linearenhancementof themagnetic

momentperatomto 2:1� B peratomand1:9� B peratomfor theCo nanoparticleswith 150and

310atoms,respectively [19]. This enhancementis explainedby analignmentof non-collinear

surfacespinsdueto a stronguniaxial surfaceanisotropy. Comparablemagneticobjectswith

a similar numberof atomsper particleareCo islandson Au(111) surfaces.Prolateparticles

with a thicknessof two monolayersandabout400,1300,and1650atomsper islandcarry a

magneticmomentper atomof 2:4� B , 2:2� B , and2:0� B , respectively [16]. Here,practically

all atomswithin theCo islandsarearrangedin reducedcoordinationwhich resultsin a higher

magneticmomentperatomthanevenfor smallersphericalnanoparticles[19]. Much largerCo

nanoparticleson SiO2 with a mediumdiameterof 12 nm that correspondsto approximately

80000atomsalreadyshow abulk-like magneticmoment(� tot = 1:7� B peratom)[20].

In summary, �nite structures,e. g. sphericalnanoparticleswith diameterssmallerthan 5

nm,show anenhancedtotalmagneticmomentperatom.Themicroscopicorigin is thereduced

dimensionality. As long as the ratio of surface-to-volume atomsremainslarge (� 10%) an

enhancementof the total magneticmomentperatom- dueto theatomsin reducedsymmetry

- is detected.Largermagneticstructuresaredominatedby thehugenumberof volumeatoms

showing abulk-like totalmagneticmoment.
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Solid State

The magneticpropertiesof the room-temperatureferromagnetsF e, Co, andN i arewell un-

derstood.In a �rst approximation,themagneticmomentperatomis temperature-independent.

This statementholdsaslong asno structuralchangesor meltingof thespecimentakesplace.

However, the macroscopicmagnetization(A/m), which usually is the measuredquantity, is

temperature-dependent.Thegroundstatemagneticmomentcanbedeterminedfrom themag-

netizationM at T = 0 K, whereall momentsof the ferromagnetarealigned.At highertem-

peraturesthe magneticmomentsstartto �uctuate, spin wavesareexcited thermally, andonly

the averagemagnetizationis detected.Thereforethe magnetizationdecreaseswith increasing

temperature.At theCurietemperatureTC thethermalenergy overcomestheexchangecoupling

andthe individual magneticmomentscanrotateindependently. Above the Curie temperature

themagnetizationof thesamplevanishes,which doesnot meanthat themagneticmomentsof

theparamagnetvanish,too. For the itinerant3d transitionmetalsthe ferromagneticproperties

arelistedin table1.4.

Table 1.4.:Solid statepropertiesof theroom-temperatureferromagnetsF e, Co, andN i [3]. Themag-

netizationM at T = 0 K, thecorrespondingmagneticmoment� tot peratomandtheCurietemperature

TC arelisted.

Element M (T = 0 K) � tot peratom TC

F e 1740kA/m 2:22� B 1043K

Co 1446kA/m 1:72� B 1388K

N i 510kA/m 0:61� B 627K

1.2. Cobalt Oxides

Two differentCo oxidesexist: CoO andCo3O4. Cobaltmonoxide(CoO) is an insulatorand

crystallizesin the rocksaltstructureshowing a lattice constanta = 0.42614nm at 305 K [6].

An ionic bondbetweenCo2+ andO2� is formed.In theantiferromagneticstatebelow theNéel

temperatureTN � 293K CoO shows a monoclinicstructurethat canbe describedasa large

tetragonaldistortionalongthecube's edgeswith c/a< 1 with anadditionalsmalldeformation

alongtheh111i direction[24]. At 10K thecell parametersof thedeformedface-centeredlattice

are determinedto a = 0.42666nm and c = 0.42151nm which correspondsto a ratio c/a =

0.988[6].
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Table1.5.:Theoreticalandexperimentalresultsof thespin� S andtheorbital � L contributionto thetotal

magneticmoment� tot perCo atomin CoO. Themagneticmomentsof freeCo2+ andCo3+ ionsare

alsolistedusingHund's rules.Notethatthespinandorbitalmagneticmomentaregenerallynotparallel.

Thus,thetotalmagneticmomentis calculatedby equation1.3takinginto accounttheLandég factor.

Method � S(� B ) � L (� B ) � tot (� B ) � L =� S(� B ) Ref.

LSD 2.38 0.25 2.63 0.11 [25]

LSD+OP 2.52 1.01 3.53 0.4 [25]

XMCD in nanoparticles 0.6-1.1 [26]


 -raydiffraction 2.40 1.58 3.98 0.66 [6,24]

Co2+ usingHund's rules 3 3 6.63 1 [3]

Co3+ usingHund's rules 4 2 6.71 0.5 [3]

In the antiferromagneticstatethe Co momentsare coupledferromagneticallyin f 111g

planeswith the momentsin adjacentf 111g planesaligned antiparallel.The ionic quasi-

octahedralenvironmentdeformsthe3d orbitalscomparedto the freeCo2+ ion. An insulating

gap of 0.4 eV width hasbeencalculatedby the local spin density(LSD) approach[25]. The

quenchingof theorbitalmagneticmomentin CoO is incomplete.Thus,Co2+ ionscarrya large

magneticmomentwith a largeorbital moment.LSD calculationsincludinganorbital polariza-

tion correctionOP [25] show a smallerorbital contribution to thetotal magneticmomentthan

theexperiment.In table1.5sometheoreticalandexperimentalresultsonthemagneticmoments

of CoO arelisted.

Co3O4 hasa spinelstructure.Unlike the rocksaltmonoxideCoO, which hasonly a single

type of cobalt ions (Co2+ ) locatedat octahedrallattice sites,the Co3O4 hasboth octahedral

Co3+ andtetrahedralCo2+ sublattices.The lattice constantis a = 0.809nm [27]. The spinel

Co3O4 is antiferromagnetic,too. The Néel-TemperatureTN = 40K is remarkablyreduced

comparedto CoO.

1.3. Magnetic Anisotr opy of Nanopar tic les: Individual

Proper ties and Collective Phenomena

Thegroundstateof a magneticsystemis generallynot invariantto therotationof themagne-

tization.This effect is namedmagneticanisotropy. Theenergy densitydifferencebetweenthe

total magneticgroundstate(easyaxis of magnetization)andthe energy densityin any other
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speci�c directionis theso-calledtotal magneticanisotropy energy density. Usually this differ-

enceis givenby two distinctdirectionsin a crystal.The two microscopicoriginsof magnetic

anisotropy arethedipole-dipoleinteractionbetweenthemagneticmomentsandthespin-orbit

interactionwhich couplesthespinsto thelattice.Theexchangeinteractionintroducedin equa-

tion 1.5 doesnot contribute to themagneticanisotropy becausethescalarproductof thespin

vectorsis independentof theangleswith respectto thecrystalaxesof thelattice.Dipole-dipole

interactionleadsto theso-calledshapeanisotropy andthestrengthof spin-orbitinteractionde-

terminesthe magnetocrystallineanisotropy energy density(MAE). For F e, Co, and N i the

magnitudeof MAE is on theorderof � eV/atomandtiny comparedto thetotalenergy of abulk

crystal(� 1000eV / atom).For any magneticapplication,however, the MAE is the quantity

whichdeterminestheeasydirectionof magnetization,coercive �elds, andthethermalstability,

for example[19,28].

Magneticinteractionsof denselypackedparticleslike Co particlemultilayersin a diamag-

netichostmayleadto interestingphenomenalikesuperspinglassorderingandcollectivemem-

ory effects at low temperatures[29,30]. Therefore,in quasi two-dimensionalwell-separated

arraysof nanoparticlesas the onesinvestigatedin this thesisit is useful to split up the dif-

ferentcontributionsof the total magneticanisotropy energy densityin two categories:(i) the

individual magneticanisotropy of a singlenanoparticleand(ii) themagneticanisotropy dueto

dipolar interactionsand/orpercolationof thenanoparticles.Firstly, a shortreview on themag-

neticanisotropy of anindividual nanoparticleis givenandafterwardstheinteractionsbetween

nanoparticlesandtheir consequencesarediscussed.

Individual Proper ties

Thesourceof theso-calledshapeanisotropy is the long-rangedipolar interaction.A magnetic

dipole ~� i (Am2) producesamagnetic�eld ~H i (A/m) atdistance~r i :

~H i (~r i ) =
3(~r i � ~� i ) � ~r i

r 5
i

�
~� i

r 3
i

(1.6)

Theresultingdipoleinteractionenergy Edd betweentwo dipoles~� i;j atdistance~r ij is:

Edd = �
� 0

4�

�
~� j � ~H i

�
=

� 0

4�

�
(~� i � ~� j )

r 3
ij

�
3(~r ij � ~� i ) � (~r ij � ~� j )

r 5
ij

�
(1.7)

Themagneticdipolesarelocatedatdistinctplaceswithin thelattice.Hence,thedistancevector

~r ij is correlatedto thecrystallatticeaxeswhich meansthat thedipolar interactionenergy Edd

dependson the relative orientationof the magneticmomentwith respectto the crystalaxes.

Theanisotropicpartof theshapeanisotropy caneasilybedescribedin termsof a freeenergy
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densityfunctionF approach[31], sincethetotal freeenergy of a systemwith constantnumber

of atomsequalsthesumof all contributionsto theMAE andtheshapeanisotropy at a constant

temperature[32]. For a homogenouslymagnetizedsampletheshapeanisotropy energy density

Fdd [33] is givenby:

Fdd =
1
2

� 0(NxM 2
x + NyM 2

y + NzM 2
z ) (1.8)

with thecomponentsof themagnetizationM i andthecomponentsof thedemagnetizationtensor

N i which ful�ll Nx + Ny + Nz = 1. Here,themagnetizationM hasto beusedin unitsof A/m.

Thediagonalelementsof thedemagnetizationtensorcanbecalculatedin termsof thegeneral

ellipsoid [34]. The demagnetizationtensorof a sphericalparticleandan in�nite thin disk are

thelimiting casesof thisgeneralapproach.For thein�nite thin diskonecalculates

Fdd =
1
2

� 0M 2 cos2 � (1.9)

with Nx = Ny = 0 andNz = 1 andthe z-componentof the magnetizationtransformedto

M z = M cos� . Theshapeanisotropy alwaysfavorsaneasydirectionof magnetizationin the

�lm plane.

For a sphericalparticlewhereall threeprincipalaxesof theellipsoidhave identicallengths

it follows from equation1.8 that Nx = Ny = Nz = 1=3. Hence,a sphericalparticledoes

notshow shapeanisotropy. Sincethewholethesisdealswith imperfectlyshapednanoparticles,

one may have to take into accountshapeeffects of individual particles.As an example,an

unusualnon-sphericalnanoparticleinvestigated in this thesis(chapter4) hasdimensionsof

7 nm � 6 nm � 5 nm of theprincipalhalf-axesof anellipsoid.Theratiosof thehalf-axesa;b;c

are
c
a

� 0:71 and
b
a

� 0:86 (1.10)

Tabulateddata[34] of thehalf-axesratiosandthedemagnetizationfactorsyield

Nx � 0:28 Ny � 0:33 Nz � 0:38 (1.11)

whichgiveamaximumdifferenceNz � Nx = 0:1. Hence,theshapeanisotropy of anextremely

non-sphericalnanoparticleis 10%of theshapeanisotropy of athin �lm andcannotbeneglected

anymore,if themagneticresponseof a singlenanoparticleis detected.In general,the investi-

gatednanoparticlesarecloserto spheres.Sinceall measurementsperformedin this thesisare

averagingover anarrayof many particleswith randomlydistributedaxesof theellipsoidsthe

shapeanisotropy of asingleparticleis neglected.

The secondsourceof magneticanisotropy besidesthe dipolar interactionis the spin-orbit

interaction.The orbital motion of the unpairedelectronsis in�uenced by the electrical�eld

producedby the surroundingatomsin the lattice. The perturbedorbital motion couplesthe
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spinsto the lattice.Perturbationtheorycanbe employed to explain this effect. The spin-orbit

coupling(LS-coupling)canbeapproximatedby theoneelectrontermĤ = � � L̂ � Ŝ where� is

thespin-orbitcouplingconstant.Theconstant� is on theorderof 0.05eV thatis muchsmaller

thanthebandwidthof 3dmetals(few eV) [35] justifying thisperturbationansatz.Thisapproach

revealsanenergy correctionof themagneticgroundstatein 2nd orderfor uniaxialsymmetries

and in 4th order for cubic systems.It hasbeenfound that the magnetocrystallineanisotropy

energy density(MAE) is proportionalto thedifferenceof theorbital magneticmomentin the

easyandhardaxisof themagnetization

M AE = � �
�

4� B
� (� easy

L � � har d
L ) (1.12)

Theparameter� re�ects theelectronicstructure.Theeasydirectionof magnetizationis found

wheretheorbitalmagneticmomentandthereforethetotalmagneticmomentis thelargest.Per-

turbationtheorygivesreasonablequalitativeagreementto theexperiment.Morepreciseresults

areobtainedby ab initio methodswhich incorporatetheLS couplingby a full relativistic ap-

proach.Veryhighaccuracy in thesecalculationsis neededsincethemagneticanisotropy energy

is tiny comparedto the total energy per atom(� 1000eV/atom).Fastercomputers,however,

have leadto remarkable,quantitativeagreementbetweencalculationsandexperiments[36–39]

andhaveshown thattheparameter� is not truly aconstant[40].

The spin-orbit coupling is the origin of several contributions to the MAE. In cubic envi-

ronments(fcc N i andbcc F e) the orbital magneticmomentis nearlycompletelyquenched.

A small anisotropiccontribution of � L is obtainedusing fourth-orderperturbationtheory

K4 / � 4=�W 3. �W is the bandwidthof the 3d band.In an uniaxial lattice (hcp Co) second

orderperturbation�nds the secondorderanisotropy K 2 / � 2=�W [41]. Experimentalvalues

at T = 300 K of the secondand fourth order termsof the MAE aregiven in table 1.6. One

musttake carewhencomparingcomputedandmeasuredanisotropy coef�cients, sincethecal-

culationsusuallyconsiderno thermal�uctuations (T = 0 K). It is well known that the MAE

is temperature-dependent[1]. Hence,the experimentaldatamust be either measuredat 4 K

or at leastextrapolatedfrom the temperaturedependenceat higher temperatures[28]. Addi-

Table1.6.:Volumeanisotropy coef�cient of secondandfourthorderat roomtemperature[3].

Element Structure K2 K4

� eV=atom � eV=atom

F e bcc 0 3.5

Co hcp 31.1 9.9

N i fcc 0 -0.4
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tional enhancingcontributionsto theMAE arealwaysfoundin low dimensionalsystems,e.g.

ultrathin magnetic�lms [32] or one-dimensionalchains[15]. Typical origins arestressat the

sample/substrateinterface,stepsthat reducethe symmetry, grain boundaries,or rough inter-

faces.

The magneticanisotropy of singlemetallic nanoparticlesis usuallydescribedin termsof

an effective anisotropy K ef f . Contributionsto K ef f arethe volumeanisotropy K V which is

usuallyconsideredto bebulk-likeandthesurfaceanisotropy K S. Theeffectiveanisotropy K ef f

dependson the ratio of surface-to-volumeatomswhich canbe controlledby the nanoparticle

diameter. Thesurfaceanisotropy K S itself combinestheanisotropy of a �at surface(facet)and

the stepanisotropy causedby the bentsurface.In Figure1.2 the atomicstructureof an ideal

spherical12 nm particle is shown. Facetsform on the surfacewhich are usually the closest

packed onesfor a given crystal structure,for examplethe (111) planefor the fcc structure.

Thefacetsareconnectedby a largenumberof steps.Thesmallertheparticlethemoresurface

atomscomparedto the total numberof atomsin the particlearelocatedat the boundariesof

differentfacetswhich enhancesthestepanisotropy remarkably. Hence,it is surprisingthat the

phenomenologicalapproachassumingperfectspheres

K ef f = K V +
S
V

K S = K V +
6
d

K S (1.13)

seemsto work reasonablewell for nanoparticles[42]. Here, for perfectspheresthe surface

of the nanoparticleis given by S = � d2 andthe volumeby V = (� d3)=6. d is the particle

KV

KS

Figure 1.2.: Illustration of the surfaceand volume contributions to the effective anisotropy constant

K ef f . Thebendingof thesurfaceof thenanoparticlecorrespondsto anidealsphereof 12 nm diameter

usingthebulk latticeconstantof fcc Co (a= 0.35447nm).
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diameter. Thisphenomenologicalansatzis similar to surface-andvolume-separatedanisotropy

in ultrathinmagnetic�lms. In caseof ultrasmallConanoparticles(d < 2 nm)thissimplemodel

hasbeensuccessfullyappliedto explain a largerK ef f for smallerparticles,althoughparticles

of lessthan2 nmdiameterarefar from beingperfectspheres[19].

The effective magneticanisotropy is the all-dominantquantity of many phenomenain

magnetism.For nanoparticlesthe two most importantconsequencesdriven by the magnetic

anisotropy arethe singledomainlimit andthe superparamagneticlimit. Thesetwo limits are

brie�y discussedhere.Magneticnanoparticlesarein thesingledomainstate,if thecreationof a

domainwall costsmoreenergy thanit is savedby thereductionof thestray�eld of thenanopar-

ticle. Thedomainwall energy Edw = � dw � d2 = � d2
p

AK ef f is neededto form a domainwall

in a sphericalnanoparticleof diameterd. � dw is the domainwall energy density, A � 10� 11

J/m is the exchangestiffnessconstant.The magnetostaticenergy differencebetweena single

domainanda doubledomainstateis � Ems � (� 0M 2
SV)=3 with thesaturationmagnetization

MS in unitsof A/m andtheparticlevolumeV [43]. For materialswith a stronganisotropy the

critical diameterof theparticledc is reachedwhenEdw = � Ems :

dc � 18

p
AK ef f

� 0M 2
S

(1.14)

Assumingbulk valuesof hcpCo of � 0M 2
S = 24� 105 J/m3 andK ef f = 4:1 � 105 J/m3 at room

temperaturethecritical diameteris calculatedto dc � 15 nm.For fcc Co thecubicanisotropy

constantK ef f = 0:6�105 J/m3 [2] is smalleranddc reducesto about7 nm.Oneshouldnotethat

for smallparticlestheeffectivemagneticanisotropy differsmuchfrom thebulk valuedueto the

largesurfacecontribution. Singledomainparticlesshow a broadrangeof coercive �elds from

� 0Hc = 0 to � 0Hc = 2K ef f =MS. The �rst appliesfor small anisotropy andsmall diameter

while theupperlimit is reachedfor particlesizescloseto thecritical diameterdc [42].

The secondimportantconsequenceof the magneticanisotropy is the superparamagnetic

limit reachedby thereductionof particlesize.Below thecritical volumethemagnetizationdi-

rectionof a nanoparticleat a giventemperatureis not stableanymore.Consideringanuniaxial

single-domainparticlethemagnetizationcan�ip betweenthe two directionsof theeasyaxis.

This random�uctuation is thermallyactivated.Thetime-averagedmagnetizationof suchapar-

ticle is zero.Oneshouldnote that the time-averagingis identical to the time window of the

techniqueof investigation.Themagnetizationprocessof asingle-domainnanoparticleinvolves

therotationof themagnetizationin thedirectionof theexternal�eld. The �rst theoreticalap-

proachof magnetizationreversalhasbeensuggestedby StonerandWohlfarth[44]. Theenergy

E at a certainangle� with respectto the easyaxis of magnetizationof particlewith uniaxial
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1. GeneralIntroduction

anisotropy is describedby:

E(� ) = K ef f V sin2(� ) (1.15)

V is theparticlevolume.Theenergy barrierK ef f V separatesthetwo energeticallyequivalent

easydirectionsof magnetization.When the thermalenergy kB T exceedsthis energy barrier

themagnetization�uctuatesbetweenthetwo minima.NéelandBrown [45,46]suggesteda law

describingtherelaxationtime � asa functionof theinvolvedenergies:

� = � 0 � exp
K ef f V
kB T

(1.16)

with theso-calledattempttime � 0 � 10� 12 s - 10� 9 s. Theprobability for a stablemagnetiza-

tion canbeexpressedby P(t) = exp� t=� . TheremanentmagnetizationM R is obtainedafter

a time t accordingto M R=M 0 = exp� t=� whereM 0 the remanentmagnetizationat t = 0.

When� is muchlarger thanthecharacteristicdetectiontime of the experiment,no changeof

the magnetizationis detectedin the time window t, and the particleshows stableferromag-

netism.In standardmagnetometrythetimewindow is around100sandanunstabledirectionof

magnetizationis detectedwhenthecondition30kB T > K ef f V is ful�lled. Theblockingtem-

peratureTB canbede�ned by this simpleequation.In thecaseof FMR experimentsthe time

window is on the orderof 10� 10 s. Accordingly, the equationfor stablemagnetizationreads

2(� 1)kB T < K ef f V. Vice versa,whentheblockingtemperatureandtheparticlediameterare

measuredthe effective anisotropy energy K ef f V canbe estimated.Oneshouldnotethat this

estimationoftenyieldstoo largevaluesfor K ef f V, sincetheblockingeffect scalesby thethird

powerwith thediameterof theparticle,andasmallsizedistribution is alwayspresent.Further-

more,themodelof Stoner-Wohlfarthparticlesis oftennot ful�lled for realparticlesystems.

AbovetheblockingtemperatureTB andbelow theCurietemperatureTC , however, theparti-

cleskeeptheirspontaneousmagnetizationwhichhowever �uctuatesin time.In anexternal�eld

themagnetizationof anarrayof non-interactingidenticalparticlesfollows theLangevin law:

M (B) = M S � L
� �B

kB T

�
= MS �

�
coth � �

1
�

�
with � =

� B
kBT

(1.17)

whereM S is thesaturationmagnetizationof thearrayof particles,L is theLangevin function,

and� themagneticmomentof a particle.M S is connectedto theparticlemagneticmoment�

by MS = N �� . N is thenumberof particles.Consequently, theeachindividualparticlebehaves

likeaparamagnetwith agiantmagneticmoment.Thesusceptibility� of suchasuperparamag-

netis proportionalto � / � 2

T .

Theseresultsarestrictly valid only for individual particlesor arraysof non-interactingpar-

ticleswith identicaldiameter. However, realmagneticparticlesalwaysshow somesizedistri-

bution f (V). The integral over all Langevin functionswith distributedvaluesof themagnetic
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moments� = M SV hasto becalculated.Themagnetizationprocessof non-interactingsuper-

paramagneticparticlesis describedby aweightedsumof Langevin functions[47]:

M (B) = M S �

1Z

0

L
� � (V)B

kB T

�
f (V)dV (1.18)

Moreover, thedistribution of particlevolumesresultsvia K ef f V in a distribution of blocking

temperatures.For asingleparticletheblockingtemperatureis de�ned from equation1.16to

TB =
K ef f V

kB ln (� =�0)
(1.19)

with � the characteristicdetectiontime of the experiment,i. e. � = 100 s for SQUID mag-

netometryand� = 10� 10 s for FMR. For a singleparticleTB coincideswith the maximum

magnetizationof azero-�eld cooled(ZFC)measurement.In aparticleensemblewith somesize

distribution,however, theblockingtemperatureTB of thesystemis no longerwell-de�ned.TB

hasto be assignedto a distinct particlevolume.In this thesis,the blocking temperatureof a

particleensembleis de�ned asthemeanblockingtemperatureTB ;mean , accordingto themean

particlevolume.Oneshouldnotethatin caseof log-normalvolumedistributionsthemeanpar-

ticle volume lies at a slightly larger volume than the peakof the volume distribution which

correspondsto themostprobableparticlevolume.Assumingsphericalparticles,TC � TB , and

a constanteffective anisotropy energy densityconstantK ef f one�nds that themeanblocking

temperatureTB ;mean is remarkablysmallerthantheZFC maximumwould suggest.ZFC mag-

netizationsimulationsusingthe Néel-Brown model(equation1.16) have shown that TB ;mean

is reducedby a factor1.5-2comparedto theZFC maximumpositionfor volumedistributions

� V = 0:25 � 0:45 which aretypical for chemicallypreparedparticles[48]. Note that the re-

ductiononly dependson thevolumedistribution of theparticlesandnot on themeanvolume.

Thus,it is astatisticaleffect.

Collective Phenomena

Mostexperimentsmeasurethecollectivemagneticresponseof ananoparticlearray. Topreparea

squarelatticewith onelayerof nanoparticlesona1 cm2-substrateatacenter-to-centerdistance

of dcc = 15 nm 4:4 � 1011 nanoparticlesareneeded.The maximumdipolar interactionenergy

Edd;max (parallelalignmentof magneticmoments)of two point dipolescanbe calculatedby

equation1.7. For 2 nmparticles(310atoms,1:9 � B ) one�nds Edd;max = 140� eV atadistance

of 15 nm. Two 12 nm particles(80000atoms,1:7 � B ) show a maximumdipolar energy of

Edd;max = 7:3 eV at thesamedistance.Thecouplingof anarrayof nanoparticlesdependson
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themagnitudeof themoment,the relative directionsof themoments,andthecenter-to-center

distanceof the particles.In practice,the particlescanbe treatedasnon-interactingmagnetic

objectswhenthe center-to-centerdistanceexceeds� ve timesthe particlediameter. However,

mostof the studiespresentedin this thesisshow a center-to-centerdistanceof lessthantwo

timestheparticlediameter. Theparticleinteractionscannotbeneglected,but, however, remain

small in many casesasindicatedin thediscussionof theresults.

The sum over all dipoles in in�nite cubic lattices(sc, bcc, fcc) is zero [49] yielding an

antiferromagneticorderof dipoles.In �nite structuresthedipolesumdoesnotvanishproducing

thedemagnetizing�eld. Themagneticgroundstateof a �nite dipolarcoupledsystemcannotbe

calculatedeasily. However, somegeneralrulescanbedrawn. Themagneticgroundstateof fcc

orderedparticlesarrangedin anellipsoidwith anaxis ratio c=a> 6 hasbeencalculatedto be

ferromagnetic[50]. Thus,a ferromagneticorderof dipolarcoupledperfectlyorderedidentical

particlesis expectedfor samplesbeingnot too thick (e. g. surfacearea1 cm2 andthickness<

1 mm).Also chain-like structuresreveala ferromagneticorder[51]. In sampleswith a random

distribution of magneticdipolesthe orderedstatewill be the oneof a spin glass[52]. In 2D

arraysof dipolar coupledparticleswith randomlydistributedanisotropy axesandsomesize

distribution themagneticgroundstatecanonly becalculatedby numericalmethods[53].

1.4. Exchang e Anisotr opy in Co/CoO Systems

Whensystemswith aferromagnetic-antiferromagneticinterfacearecooledbelow theNéeltem-

peratureof theantiferromagnetandtheCurietemperatureTC of theferromagnetis largerthan

the Néel temperatureTN an unidirectionalexchangeanisotropy UEA is inducedin the sys-

tem[54,55].MeiklejohnandBean[56] discoveredtheexchangeanisotropy in 1957.By cooling

naturallyoxidizedCo particleswith diametersof 10nm- 100nmin anapplied�eld they found

ashift of thehysteresisloopof thespecimenin theoppositedirectionof thecooling�eld. When

thesamplewascooledin absenceof a�eld astandardhysteresisloop- symmetricalto theorigin

- hasbeenobserved.It shouldbenotedthattheexchangeanisotropy is alwayspresent.The�eld

coolingresultsin thealignmentof theantiferromagneticmomentsat theinterfaceparallelto the

ferromagneticallycoupledmomentsin thecoreof theparticle.After �eld cooling,theswitching

behavior of theparticlesis changedby thealignedfrozenspinsof theantiferromagnetactingas

aneffective magneticexchange�eld. This additional�eld directedparallelto thecooling�eld

supportsa magnetizationdirectionparallelto thecooling�eld andhardenstheantiparallelori-

entation.This effect is calledexchangebias.In thecaseof Co=CoO exchangebiasedsystems

themagneticanisotropy of theantiferromagnetis morethanoneorderof magnitudelargerthan
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FM

AFM

Spin structure influenced by:

-Interfacial roughness (stress)

-Interfacial diffusion

-Crystallographic orientation

-Grain boundaries (disorder)

(a) (b)

Figure1.3.:Interfacespinstructureof (a)anidealferromagnetic/antiferromagnetic(FM/AFM) interface.

Both,ferromagneticandantiferromagneticlayersaresinglecrystalswith anatomicallysmoothinterface.

(b) Polycrystallineferromagnetic/antiferromagneticinterface.Thestrengthof theexchangeanisotropy is

stronglyin�uencedby roughnessanddiffusionat theinterface,grainboundariesandthecrystallographic

orientation(seetext).

theoneof theferromagnet.Thus,thespinorientationof theantiferromagnetis not reversedin

typical laboratorymagnetic�elds of up to � 5 T.

At theinterfaceto theferromagnettheantiferromagnetexhibits localizednetmagneticmo-

ments.In Figure 1.3 (a) an atomically smoothinterfaceis shown. The topmostlayer of the

antiferromagnetis coupledferromagneticallyto theferromagneticmaterialandremainsuncom-

pensated.An unevennumberof antiferromagneticlatticeplaneswould give rise to this effect.

A morerealisticpictureis drawn in Figure1.3(b). Evenin antiferromagneticgrainswith com-

pensatedinterfacialspinplanes,theformationof unequalnumbersof parallelandanti-parallel

spinsis likely dueto roughnessandintermixing at the interface,disordergeneratedby grain

boundariesor tilted crystallographicorientationsof theantiferromagneticspinswith respectto

theferromagneticspins[54].

A generaldescriptionof theexchangebiasphenomenonis still lacking.Sinceexchangebias

is aninterfaceeffectandin experimentsthequalityof theinterfacedependson theinvestigated

systemandthepreparationtechnique,theexperimentaldataarespreadover a wide range.For

anidealinterfaceasshown in Figure1.3(a)amodelis suggestedthatpredictstheexchangebias

�eld (for a review seee. g. [54,55]).Here,both layersaresinglecrystalsexhibiting anatomi-

cally smoothferromagnetic/antiferromagneticinterface.Theantiferromagneticmonoxidesare

composedof atomicplanesof ferromagneticallyorientedspinswith anantiparallelalignment

of adjacentplanesshowing no net magnetization.The interfacial antiferromagneticspinsare

fully uncompensated.Themagnetizationreversalin the ferromagnetis assumedto bea cohe-

rentrotationwhile thespinsof theantiferromagnetremain�x ed.Theenergy for this rotationis
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1. GeneralIntroduction

equalto theUEA andcanbedescribedin termsof anexchangebias�eld [54]:

jHE B j =
� �

� 0MF M tF M
=

J � F M � AF M

a2
AF M � 0MF M tF M

(1.20)

with � � the interfacial exchangeenergy density, J the interfaceexchangeenergy, � F M and

� AF M the atomicmagneticmomentsof the ferromagnetand the antiferromagnet,aAF M the

(cubic) lattice parameterof the antiferromagnet,M F M the magnetizationof the ferromagnet,

andtF M the thicknessof ferromagnetic.Experimentally, however, it is alwaysobserved that

jHE B j is two to threeordersof magnitudesmallerthan predictedby this model.Obviously

this simplemodelassumingideal interfacesis not a realistic representationof the interfacial

environment.Intermixingandroughnesshave to be invokedto accountfor the largereduction

of theinterfacialcouplingstrength.Ohldaget al. [57] suggestthatonly a smallpinnedfraction

� of theuncompensatedinterfacialmomentscontribute to theexchangebias.Whenreplacing

� � andJ by theireffectivevaluesJef f = � � J and� � ef f = � � � � it hasbeenfoundthatonly

3%- 5%of amonolayerconstitutetheexchangebias.This �nding is auniquefeatureof several

differentlayeredsystemsasshown in [57].

In thisthesisnaturallyoxidizedCoparticleswith sizesof 9 nmto 14nmandnarrow sizedis-

tributionareinvestigated.Theparticleshavebeenpreparedby organo-metallicsynthesis.Since

theparticleshave a core/shellstructureof Co andCoO I will usethenomenclatureCo=CoO

in the following. A typical setof hysteresisloopsis shown in Figure1.4. Hysteresisloopsof

anarrayof Co/CoO nanoparticlesweremeasuredboth,afterzero-�eld cooling(ZFC)and�eld

cooling(FC)in 5 T from 370K to 10K. Theloopsweretakenat10K. TheZFCloopis symmet-

rical to theorigin. TheFC loop is shiftedalongthenegative �eld directionappliedduring the

coolingprocess.Thehysteresisloop of the ferromagnetis biasedby theantiferromagnet.The

strengthof the UEA is measuredby the exchangebias �eld H E B = j(H F C
1 + H F C

2 )=2j. The

FC coercivity H F C
C = j(H F C

1 � H F C
2 )=2j is alwaysfoundenhancedcomparedto theZFC hys-

teresisloop. [56,58,59].Both effectsdisappearat theNéel temperatureof theantiferromagnet

or theblockingtemperatureof theantiferromagnet.This �nding con�rms thatit is thepresence

of theantiferromagneticmaterialthatcausesthisanisotropy. In somecases[58,61]a vanishing

exchangebias is found below TN that is explainedby the �nite grain sizeor layer thickness

of the antiferromagnet.Here,it is assumedthat TN is reducedremarkablyfor a 2-3 nm thick

CoOlayerarounda ferromagneticcore.Below a critical sizeor thicknesson theorderof 1-3

nm smallantiferromagneticgrainsbecomesuperparamagneticabove a critical 'blocking' tem-

peratureTAF M
B of the antiferromagneticmaterial.The FC hysteresisloopsof an arrayof 13

nm Co/CoOparticles(Figure1.4) shows anexchangebias�eld of � 0HE B = 0.4 T. This �nd-

ing indicatesthestrongunidirectionalexchangeanisotropy (UEA) in thesample.An interface

36



1.4. ExchangeAnisotropy in Co/CoOSystems

Figure1.4.:Zero-�eld cooled(� ) and�eld-cooled hysteresis(� ) loopsof 13nmCo/CoO nanoparticles

measuredat10K. A magnetic�eld of � 0H = 5 T hasbeenappliedduringtheFCprocessfrom 350K to

10K. Coercive�elds for FCandZFCareindicatedby thearrows.The�gure hasbeenadaptedfrom [60].

exchangeenergy � E perunit area[55] for sphericalnanoparticlescanbecalculatedfrom

� E = � 0HE B MF M dF M =6: (1.21)

MF M is thesaturationmagnetizationof theferromagneticcorein unitsof A/m with adiameter

of dF M . Thefactor6 arisesfrom theratioof thevolumeto thesurfaceareaof asphere.

The temperaturedependenceof theexchangebias�eld hasbeenstudiedin the framework

of the random-�eld modelof anisotropy [62] for cubic AFM crystals.The authorspredicted

a linear decreaseof HE B (T) asa function of temperature.In many thin-�lm systems[54,55]

the predictedlinear temperaturedependencehasbeenobserved. In the caseof nanoparticles

or polycrystallineantiferromagnetswith a smallgrainsize,thetemperaturedegradationof the

exchangeenergy can be describedbetterby the model of thermalinstabilitiesof superpara-

magnetismof smallantiferromagneticgrains[63]. This approachcanalsoexplain that theex-

changebias�eld vanishesat temperaturesbelow TN takinginto accounttheblockingtempera-

tureTAF M
B of antiferromagneticgrains.Thetemperaturedependenceof theexchangebias�eld

HE B canbedescribedby HE B (T) = HE B (0 K)
�
1 � T=TAF M

B

� n
[60]. In thecaseof Co=CoO

particleswherethe exchangebias vanishesat T = 100-150K the degradationlaw suggests
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n = 3.2 [60]. This model includesthe linear decreaseof the exchangebiaswith temperature

with n = 1 andthesubstitutionof T AF M
B by TN of theantiferromagnet.

Usingdatafor Co with a layerthicknessof t = 8 nm (neglectingthesphericalshapeof the

particles),a bulk magnetizationof M F M = 1400kA/m, an exchangeenergy of 20 meV per

Co/CoObondanda squarelattice parameterof a2 = 0:182 nm2 of CoO onecalculatesthe

exchangebiasfrom equation1.20to be � 0HE B = 10:7 T that is indeedoneto two ordersof

magnitudelarger thanthe experimentalobservations.Using the effective Jef f = 0:04 � J for

Co/NiOthin �lms [57] one�nds aresultant� 0HE B = 0:43T. Thisestimatere�ects thedifferent

experimentssummarizedin table1.7fairly well takinginto accountthecrudeassumptions.One

maynote,that theexperimentalresultslisted in table1.7 andtheestimatefrom equation1.20

suggesta decreasingbiasing�eld with growing thicknessof the ferromagnet.The seriesof

experimentswith varyingthicknesstF M show this tendency for �lms [64] andparticles[58].
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Table 1.7.:Experimentaldataof Co=CoO exchangebiasedsystems.Thepreparationtechniqueandthearrangement(powder, matrix etc.) aregivenin the

�rst column.Particlediameterandthicknessof theCoO shell (or �lm) areshown for comparison.The �eld coolingprocedureis alwaysfrom above TN

of CoO(T � 300K ) to themeasuringtemperatureT in a applied�eld B F C . Theobservedcoercitive �elds andexchangebias�elds arelistedbesidesthe

temperaturewheretheexchangebiasvanishes.

Preparationtechnique Particle tCoO Procedure � 0HC � 0HE B T(� 0HE B = 0) Ref.

of Co=CoO diameter(nm) (nm) BF C , T (T) (T) (K)

Clustergunsputtering,in Al 2O3 matrix 4.7 1 5 T, 5 K 0 0 - [65]

compacted 4.7 1 5 T, 5 K 0.6 0.95 notgiven [65]

in CoO matrix 4.7 1 5 T, 5 K 0.76 0.74 TN [65]

PMMA spheretemplates,in carbon 3-4 unknown 1 T, 10K 0.62 0.34 180 [66]

Clusterbeamdeposition,in polyimide 6 1 2 T, 5 K 0.50 1.02 200 [58]

13 1 2 T, 5 K 0.24 0.36 200 [58]

Vapordeposition,in paraf�n 11.5 2 2 T, 10K 0.60 0.57 150 [59]

35 2 2 T, 10K 0.3 0.1 150 [59]

Electrodeposition,Powder 10-100 unknown 1 T, 77K 0.11 0.16 TN [56]

rf-sputtering,continuous�lm 2.7(�lm) 2.5 0.2T, 10K 0.36 0.23 186 [64]

11.9(�lm) 2.5 0.2T, 10K 0.09 0.06 186 [64]

39.8(�lm) 2.5 0.2T, 10K 0.03 0.02 186 [64]

Colloidal chemistry, coveredby ligands 9.5 2-3 5 T, 35K 0.27 0.20 100 this thesis

11.4 2-3 5 T, 10K 0.39 0.41 - this thesis

13.6 2-3 5 T, 10K 0.39 0.39 150 this thesis

39
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In this thesis,two complementarytechniqueshave beenusedto probethe magneticproper-

tiesof Co=CoO nanoparticles:FerromagneticResonance(FMR) andX-ray MagneticCircular

Dichroism(XMCD). Bothtechniquesallow to measuretheorbitalcontributionto thetotalmag-

netic momentwith different probing depths.This magneticcharacterizationis supportedby

SuperconductingQuantumInterferenceDevice (SQUID) magnetometryandelement-speci�c

hysteresisloopsusingthe XMCD effect. In addition,X-ray AbsorptionSpectroscopy (XAS)

suppliesinformation of the chemicalenvironmentof the investigatedspecimen.The results

arecomparedandcorrelatedto structuralandmorphologicalinvestigationsin termsof high-

resolutionTransmissionElectronMicroscopy (HR-TEM), energy-�ltered TEM, ElectronEn-

ergy LossSpectroscopy (EELS),SelectedArea ElectronDiffraction (SAED), ScanningElec-

tron Microscopy (SEM) and Atomic Force Microscopy (AFM). In this chapterthe physical

background,the efforts anddrawbacksandthe experimentalsetupsof FMR andXMCD are

discussed.Thedescriptionof all othermethodsis restrictedto theparticularexperimentalde-

vicesusedto achieve thepresentedresults.

2.1. Ferromagnetic Resonance

Spinresonancein ferromagneticmaterialsis similar to electronspinresonance[67]. Thetotal

magnetizationof a sample,e. g. a singlenanoparticle,precessesaroundthe directionof the

localstaticmagnetic�eld Bef f = � 0Hef f at theLarmorfrequency. Thebasicprinciplescanbe

discussedin termsof electronparamagneticresonance(EPR)[68].

Non-interactingparamagneticimpuritiesin adiamagnetichostshow theZeemaneffect [68]

in an externalmagnetic�eld. In the mostsimplecaseof a two-level system(S = � 1=2) the

energy difference� E betweenthe two statesis � E = g� B B0. Hereg is the Landég-factor,

� B Bohr's magnetonandB0 theexternallyappliedmagnetic�eld. In Figure2.1 (upperpanel)

thesplitting is shown. A transversealternatingelectromagnetic�eld of energy ~! caninduce
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m

c
m

n 
m

Figure 2.1.:Principleof anEPR(FMR) experimentof a two-level system(upperpanel).A degenerate

energy statesplitsby theexternal�eld B0. Magneticdipole transitionscanbe inducedby a transverse

microwave �eld at frequencies� = 9, 49, and80 GHz, for example.The lower panelshows a typical

frequency-dependentmeasurementfor paramagneticspecieswith g = 2. Thederivativeof theabsorptive

partof thesusceptibility� 00is detecteddueto theuseof a lock-in ampli�er.

magneticdipole transitionif bothenergiescoincide(~! = g� B B0). Thus,theLandég-factor

canbeeasilymeasuredby asingleexperimentful�lling theresonancecondition

! = 
 B0 (2.1)

with thegyromagneticratio 
 = g� B =~. For thefreeelectronvalueg = 2:0023one�nds



2�

=
g� B

h
= 28:02

GHz
T

(2.2)

Obviously, microwaveshave to be usedto studythis effect in magnetic�elds of 0-3 T which

canbereachedby standardelectromagnets.Accordingto equation2.1 onemayvary both the

microwavefrequency or theexternal�eld. However, mostexperimentalstationsoperateat �x ed

microwave frequency using the resonatortechnique[67] to increasesensitivity. The external

�eld is sweptandthe�eld atwhichresonanceis observedis de�nedastheresonance�eld B r es.

Sincea lock-in techniqueis usedfor thesignalacquisition,thederivative of theabsorptionis

detected.Theminimumnumberof spinswhich is necessaryfor signaldetectionis on theorder

of 1010 � 1014 [69] stronglydependenton the linewidth of thedetectedsignal.Thesensitivity
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of an EPR experimentincreasesat higher microwave frequency directly implying that high

magnetic�elds areneeded.Theexperimentspresentedin this thesisusea frequency rangeof

9-80GHz.Thus,magnetic�elds of B0 = 0.3T - 2.9T arerequiredfor paramagneticresonance

of materialswith g t 2.

Whenferromagneticmaterialsareexaminedthis type of investigation is calledFerromag-

neticResonance(FMR). In ferromagnetstheexchangecouplingresultsin ahugemagnetization.

Stronginternal�elds playanimportantrole,whichvarythelocalmagnetic�eld in theFMR ex-

periment.Additionally, theinternal�elds arevariedby theanisotropy �elds. Thelocalmagnetic

�eld canbeshiftedup to Teslasfrom thevalueof theexternal�eld.

Thephysicaldescriptionof themotionof themagnetization~M aroundits equilibriumposi-

tion is givenby theLandau-Lifshitzequation[28,33]:

d ~M
dt

= �



1 + � 2

� ~M � ~Bef f
�

+
�
M

�
~M �

d ~M
dt

�
(2.3)

with M = M (T; H ) the temperature-and �eld-dependentmagnetizationin units of A/m or

T, the effective magnetic�eld Bef f in units of T which includes(i) the external�eld, (ii) the

rf-microwave magnetic�eld of frequency � , and(iii) theanisotropy �eld. Thesecondtermon

the right handside denotesthe relaxationof the magnetizationtowardsthe direction of the

effective �eld Bef f with � beinga dimensionlessparameterthatprovidesa phenomenological

way of taking into accountall variousrelaxationmechanisms.Thus, it becomespossibleto

modelthelinewidth of theresonancesignal[28,33,70,71].In general,therelaxationin�uences

theresonance�eld, since� entersthe�rst termon theright handsideof theequation2.3. The

valueof alpha,however, isontheorderof 10� 2 orsmaller, andconsequently� 2 canbeneglected

within the�rst term.Moreover, for smallvaluesof � thesecondtermcanbetransformedinto

the so-calledGilbert form [33]. In this case,equation2.3 is usually termedLandau-Lifshitz-

Gilbertequationof motionandreads:

d ~M
dt

= � 

� ~M � ~Bef f

�
+

G

 M 2

�
~M �

d ~M
dt

�
(2.4)

HereG = � 
 M is the Gilbert relaxationparameter. G hasthe unit Hz. M in units of T has

to be usedhere.Figure2.2 shows both, the precessionof the magnetizationandthe damping

towardsthe axis of the effective �eld. Onemay notethat equation2.3 andequation2.4 only

hold for a singlemagneticobject like an ultrathin �lm [28] or a singlenanoparticlewherea

giant spin precessesaroundthe directionof the �eld axis. In caseof a nanoparticleensemble

thedistributionof anisotropy axeshasto betakeninto account.

To �nd the resonance�elds from equation2.3 two differentapproachescanbe employed.

Oneis thesolutionof coupleddifferentialequationsfor thetime-dependentmagnetizationcom-
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-M (M´ ´ Beff)

M´ Beff

Beff

M

Figure2.2.:Movementof themagnetizationaroundtheeffective �eld axis.TheLandau-Lifshitz-Gilbert

equationdescribesboththeprecessionaroundandtherelaxationtowardstheeffective �eld axis.

ponentswhich revealsresonanceposition,intensity(/ M ), signalshape,andthe linewidth of

theFMR experiment.Detailsarediscussedelsewhere[28,70,72].

Neglectingthedynamicsof FMR andfocussingon the resonancepositiona muchsimpler

approachhasbeenderived[73]. Here,insteadof theeffective �eld Bef f thefreeenergy density

is usedin theequationof motionof themagnetization.Theanisotropicmagneticenergiesdueto

thesampleshapeandtheatomicstructureof thesamplearedescribedin termsof symmetryas

shown below. Gilbert derivedthe identicalresultby usingtheLagrangeformalismto describe

theprecessionof themagnetization[74] solvingthefollowing equations:

d�
dt

= �



M sin�
@F
@�

and
d�
dt

=



M sin�
@F
@�

(2.5)

d� =dt andd�=dt arethederivativesof time of theEuleranglesandF denotesthefreeenergy

densityof thesystemarisingfrom thepotentialenergy. Assumingthattheprecessionis limited

to smallchanges� � = � (t) � � 0 and� � = � (t) � � 0 aroundtheequilibriumpositions� 0 and

� 0 one�nds by seriesexpansiontruncatedafterthelinearexpression:

@F
@�

=
@2F
@� 2

� � +
@2F
@� @�

� � and
@F
@�

=
@2 F
@� 2

� � +
@2 F
@� @�

� � (2.6)

Now, theperiodicsolutionsproportionalto ei! t arefoundfor � � and� � if thedeterminantof

thecoef�cients vanishes.Thesolutionis
�

@2F
@�@�

� 2

�
@2F
@� 2

�
@2F
@� 2

+
! 2

r es


 2
M 2 sin2 � 0 = 0 (2.7)

andtheresonancefrequency canbeexpressedas

! r es =



M sin� 0

s
@2F
@� 2

�
@2F
@� 2

�
� @2F

@� @�

� 2
(2.8)
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2.1. FerromagneticResonance

Thus,theresonancefrequency is givenby thedoublederivativesof F with respectto theangles

� and� . Equation2.8 mustbe evaluatedat equilibrium angles� and� of the magnetization

M = M (T; H ) in anexternal�eld. Here,M is neededin unitsof A/m. TheFMR experiment

probesthespatialdistribution of the freeenergy densityfrom which (i) magneticanisotropies

canbededucedwith highprecision(� eV resolution)and(ii) thegyromagneticratio
 andhence

theg-factorcanbedetermined.

Thefreeenergy densityF is expressedasthesumof all typesof magneticenergiesin agiven

system.Sincethedoublederivativesareneededin equation2.8, only anisotropiccontributions

have to betakeninto account.Themostimportantcontributionsaretheenergy densitiesof the

demagnetizing�eld andthecrystallographicmagneticanisotropy. In somecasesmagnetoelas-

tic effectsandmagnetostrictionplay an importantrole [28] that is neglectedin the following.

Examplesfor tetragonalsymmetriesaregiven in [72] and[70] taking into accountthe mag-

netocrystallineanisotropy energy densityconstantof secondand fourth order. Dealing with

magneticnanoparticlesall contributionsto themagneticanisotropy energy densityareusually

summarizedto aneffectiveanisotropy constantK ef f asdiscussedin section1.3.

In orderto quantifytheeffective anisotropy of theparticlesthedistribution of theeasyaxis

hasto be taken into accountexplicitly. For this purpose,the generalKittel relation [28] for

arbitraryanglesof theexternal�eld with respectto theeasyaxisof magnetization

� !



� 2
=

h
B r es cos(� �  ) + BA cos2 �

i
�
h
B r es cos(� �  ) + BA cos2�

i
(2.9)

hasto be used.Here � and  denotethe anglesof the easyaxis with respectto the particle

magnetizationandtheexternal�eld appliedin anFMR experiment,respectively. For simplicity,

the anisotropy �eld BA is assumedto be uniaxial and identical for all particles.Under these

assumptionWiekhorstetal. [75] derivedanumericalrelationthatcontainstheanisotropy of the

particlesafteraveragingtheresonance�elds B r es(� 0; ! ;  ) of theparticlesat their equilibrium

positionsgivenby � = � 0(B ;  ) over  :

B r es =
�

!



� "

1 �
�


 BA

!

� 2
#0:36

: (2.10)

This relation has been used to estimate the effective anisotropy energy barrier EA =

(� P BA )=2� 0 of F ePt [75] and Co=CoO [76] nanoparticleswhere� P is the magneticmo-

mentof aparticle.FromEA = K ef f V theeffectivemagneticanisotropy densityconstantK ef f

canbedetermined.

When nanoparticleensemblesare examinedwell above their blocking temperaturethe

isotropicsuperparamagneticregimeis reached[77]. In thiscase,theindividual totalanisotropy
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energy of a singleparticle is muchsmallerthanthe thermalenergy. Thus,the only contribu-

tion shifting theobservedresonance�elds from theparamagneticresonance�eld is theshape

anisotropy resultingfrom thesampleshapeandmorphology. Whentheparticlesaredeposited

asa single layer or a few layersof particleson the substrate,consequently, the dipolar stray

�elds of thewholeensembleareminimizedin anexternal�eld whentheparticlemomentsare

orientedin the�lm plane.Thisleadsto apreferentialalignmentof themagneticmomentswithin

the�lm plane.By thesolutionof theLandau-Lifshitz-Gilbertequation(dampingis neglected)

in thisspecialcaseone�nds thattheexperimentscanbedescribedby thewell-known Kittel res-

onanceconditionsfor thesituationthattheexternal�eld is appliedparallel(k) or perpendicular

(? ) to thesampleplane
� !




� 2
= B r esk

h
B r esk + f M ef f (B r esk)

i
(2.11)

� !



�
= B r es? � f M ef f (B r es? ): (2.12)

Here, f M ef f denotesthe effective anisotropy �eld arising from the sampleshapeand any

magnetocrystallineanisotropy. The volumetric �lling factor f takes into accountthe discon-

tinuousmediumof an arrayof nanoparticles.B r esk(? ) arethe observed resonance�elds. For

non-interactingparticlesandhenceasmallvolumetric�lling factorf thesecondtermsin equa-

tions 2.11 and 2.12 can be neglectedin the superparamagneticregime. Consequently, equa-

tions 2.11 and 2.12 readas paramagneticresonanceconditions(equation2.1) with B r esk =

B r es? . In thecaseof acontinuous�lm it follows thatthevolumetric�lling factorf = 1.

Themaineffort of themeasurementof nanoparticlesabovetheirblockingtemperatureis the

determinationof theg-factorandthustheratio of orbital-to-spinmagnetism.In ferromagnetic

materialsthedeterminationof theg-factorbasedonFMR experimentsis verycomplicateddue

to large intrinsic magneticanisotropy �elds being temperaturedependent[78]. In ensembles

of superparamagneticnanoparticlesabove their blocking temperature,however, the intrinsic

magnetic�elds becomenegligibly smalldueto thermal�uctuations.A straightforwardg-factor

analysisin termsof theparamagneticresonanceconditionsbecomespossible.

Experimental Setup

The FMR experimentspresentedin this thesiswereconductedin a wide rangeof microwave

frequenciesbetween9 GHz and80 GHz.At 9 GHz theso-calledresonatortechnique[67] has

beenusedfor enhancedsensitivity. Themeasurementsweremostlyperformedusinga TE102

resonatorproducinga rectangulardistribution of themagnetic�eld vectorof themicrowaves.

Detaileddescriptionscan be found in [67,79]. The resonatorhasan 11 mm sampleaccess
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2.1. FerromagneticResonance

holearrangedrectangularto boththemagnetpolesproducingthehomogeneousstaticmagnetic

�eld andthe incidentmicrowaves.Theaccessholeeasilyallows theuserto performangular-

dependentFMR measurementsof a typically 5 � 5 mm2 sizedsampleat room temperature.

Coolingof thesampleis achievedby a He continuous�o w cryostatallowing a minimumtem-

peratureof T = 20 K. For isolationa doublewall ion- andwater-freequartztube(Suprasil)has

beenusedthatcanbeevacuated.Thequartztubewhich is almosttransparentfor microwavesis

placedin theresonator. Thesmallabsorptionof thequartztubeis nearlyfrequency-independent

for themicrowaveX-band(8.8GHz- 9.8GHz).For experimentsatlow temperaturesthesample

is positionedwithin thequartztubeallowing amaximumsamplewidth of 4 mm.

Theslowly sweepingmagnetic�eld is producedby anelectromagnetreachinga maximum

�eld of 1.6 T. This magnetic�eld is superimposedby a small acmagnetic�eld which is pro-

ducedby two small additionalcoils reaching�eld amplitudesof up to 2 mT at a modulation

frequency of 10 kHz. The �eld modulationfrequency is usedas the time baseof a lock-in

ampli�er [67].

Microwavesarecreatedby a klystronat constantpower of 200mW. Themicrowave power

canbe chosenby a attenuatordown to 60 dB attenuation.The microwavesaredirectedby a

waveguide systemto the resonatorand a referencearm. The systemresonator/samplehasa

�x ed resonancefrequency. By an iris screw the microwave �eld within the resonatoris tuned

until no re�ectionsfrom thecavity aredetected.Smalllossesof microwavepower in thecavity

arepermanentlycompensatedby theincidentmicrowaves.Thusthesystemresonator/sampleis

permanentlyexposedto amicrowave�eld whichdoesnotdependontimeaslongasnoresonant

absorptionof thesampleoccurs.In thisstatethecavity hasaconstantquality factorQ [67]. By

sweepingthe magnetic�eld at somepoint resonantabsorptionof the microwavestakesplace

andthe absorptiondirectly changesthe quality factorQ of the cavity. Then,microwavesare

partially re�ected andguidedbackto the waveguidesystem.The re�ected power is detected

by a diode.Thesignalchannelis modulatedby the10 kHz �eld modulation.Both, thesample

signalchannelandthereferencesignalarefed to a lock-in ampli�er working at the time base

of the�eld modulationfrequency.

The lock-in signal(�rst derivative of theabsorptive partof thehigh-frequency susceptibil-

ity) is readoutby astandardPCcomputersystem.ThePCcombinesthelock-in signalwith the

actual�eld valuemeasuredby a teslameter. The accuracy of the magnetic�eld measurement

is � B=B � 10� 4. Themicrowave frequency canbedeterminedby a frequency counterwith a

relative uncertaintyof � � =� = 10� 6 � 10� 7. Thus,the�eld determinationis thequantitythat

de�nes theerrorbarof theexperiments.Typical uncertaintiesof theexperimentalsetupareon

theorderof � 2 mT that resultsin a g-factorerrorbarof � g = � 0:015in paramagneticreso-
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nance.Theexpansionto measurementsatseveralmicrowavefrequenciesenhancestheaccuracy

of theg-factordeterminationenormously.

At higherfrequencies(17 GHz - 80 GHz) all experimentswereperformedat roomtemper-

ature.Several setsof waveguidesystemsweremountedallowing an external�eld orientation

in theplaneof thesample(parallelcon�guration)or perpendicularto thesampleplane(normal

con�guration) at all frequencies.Low-resistivity manganin (Cu86M n12N i 2) hasbeenusedas

a substrate.The metallic substratewith the nanoparticleson top formeda part of a shortened

waveguidesystem.There�ected microwave power from thesampleis decoupledfrom the in-

cidentoneby a bidirectionalcoupleranddetectedby a semiconductordiode.The sweeping

magnetic�eld hasbeenmodulatedby a smallac-�eld (� 0.1-0.3mT) at 95 kHz enablingthe

sensitive lock-in detectionof there�ectedmicrowavepower.

2.2. X-ray Magnetic Circular Dichroism

The x-ray magneticcirculardichroism(XMCD) techniqueis basedon the changesin the ab-

sorptioncrosssectionof a magneticmaterialusingcircularly polarizedphotons.XMCD is a

magneto-opticaleffectwhich relatethespectroscopicspectra- measuredin transmissionor ab-

sorptiongeometries- to the magneticpropertiesof a given material.In this sectionthe basic

approachof theinterpretationof theXMCD spectrawill bediscussed.Theinteractionof x-rays

andmatter, i. e.thex-rayabsorptioncrosssection,is introduced.Theso-calledsaturationeffect

which is dueto the "self-absorption"of excitedelectronsin thesampleis reviewedandsome

consequencesfor nanoparticleabsorptionspectraarediscussed.The theoreticalapproachfor

the interpretationof the XMCD effect is presented.The developmentof the magneto-optical

sumrulesin core-level spectroscopy in the1990's resultedin a hugeprogressin the interpre-

tation of the measuredspectra,especiallyin the determinationof separatedorbital and spin

magneticmoments.Finally, theanalysisproceduresof theexperimentaldataandthetechnical

detailsof thesynchrotronbeamlinesgeneratedthepresenteddataaredescribed.

Basedonthepioneeringwork of Faraday[80] in 1846andKerr[81] in 1877for transmission

andre�ection geometries,respectively, magneto-opticalcharacterizationtechniquesarewidely

usednowadays,e. g. the magneto-opticalKerr effect (MOKE) usinglaserlight. Photonener-

giesof a few eV (within or closeto the visible range)areusedto excite intrabandtransitions

from occupiedto unoccupiedvalencestates.Dueto thedipoleselectionrulestheabsorptionin

theexchange-splittedvalencestatesis differentfor thetwo circularcomponentsof theincident

linearpolarizedlight. There�ectedbeam(in Kerrgeometry)is foundelliptically polarized,and
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2.2. X-ray MagneticCircularDichroism

theso-calledKerr rotationis ameasureof themagnetizationof thesample.However, thequan-

titative interpretationof intrabandtransitionsis verydif�cult [82] andthediscriminationof dif-

ferentmagneticelementsis generallynotpossible.Hence,theprobingof core-level excitations,

e. g. the L3;2 edgesof the 3d transitionmetalsis favorable,sinceeachelementof the investi-

gatedspecimenfeaturesits characteristicexcitationenergy. Thecorestatesarehighly localized

with well-de�nedquantumnumbersandthusthequantitativedescriptionof thetransitionssim-

pli�es. However, a continuousspectrumof circularly polarizedx-rayswith high photon�ux is

necessaryto performsuchmeasurements.Theserequirementsareonly availableatsynchrotron

radiationsources.The �rst experimentalproof of XMCD hasbeenmeasuredat theK edgeof

F e by Schützetal. [83] in 1987.

X-ray Absorption Spectr oscop y

X-ray absorptionspectroscopy (XAS) is an experimentaltechniquethat probesthe electronic

structureandgivesboth magneticandstructuralinformationof the investigatedsample.The

fundamentalinteractionsof x-rayphotonsandmatterarethephotoeffect,thescatteringprocess,

andtheproductionof electron-positronpairs.Within theenergy rangeusedfor x-rayabsorption

spectroscopy (10 eV - 100 keV) the creationof electron-positronpairs is not possible.The

scatteringinvolveselastic(Thomsonscattering)andinelastic(ComptonandRamanscattering)

processes.In theenergy rangeof 10eV to 30keV thephotoelectricabsorptionprocessis larger

thanthescatteringprocessby two to threeordersof magnitude[84] andsotheintensityI (E; d)

transmittedthroughmatterof thicknessd canbedescribedby LambertandBeer's law:

I (E; d) = I 0(E) � e� � (E )d (2.13)

whereI 0(E) denotestheincidentphotonintensityasa functionof energy and� theabsorption

coef�cient. Figure2.3 (a) shows a typical geometryfor transmissionexperiments.The x-ray

intensityI (E; d) passingthesampleof thicknessd is detected.Theabsorptioncoef�cient � (E)

is measuredby I =I0 asa functionof photonenergy h� . For ameasurablephotonintensityafter

transmissionthesamplemustbeof �nite thicknessof about2=� max [85]. � max is themaximum

absorptioncoef�cient in theenergy rangeof interest.In thecaseof Co L3;2 transmissionexper-

imentsone�nds � max (EL 3 ) � 5:9 � 107 1/m [85]. In literature,mostly thereciprocalvalueof

� (E) = 1=� x (E) is reportedthat is thex-ray attenuationlength.For Co one�nds a maximum

samplethicknessof 34 nm. However, for substratesupportedsamples,e. g. magnetic�lms or

nanoparticleson metallic or thicker dielectricsubstrates,the absorptioncoef�cient cannotbe

directly measuredin transmissiongeometry. Due to the thicknessof thesampleincluding the

substrateandthehighoff-resonantabsorptioncoef�cient of thephotonsin thesoftx-rayregime
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Figure 2.3.: X-ray absorptionspectroscopy in two detectionmodes.(a) shows a typical transmission

experimentthat directly yields the absorptioncoef�cient. In (b) the total electronyield of an in�nite

thick �lm is detectedthat is producedby the cascadinginelasticscatteringprocessesof the primary

Auger electrons.The x-raysdeeplypenetratethe sample(� x ). Freeelectronsescapefrom the sample

only closeto thesurfaceindicatedby theelectronescapedepth� e.

(100eV - 1000eV), the transmittedintensityis zero.Insteadthe total electronyield (TEY) is

measuredwhich is directly proportionalto theabsorptioncoef�cient within certainlimits [86].

The limitationsarediscussedbelow. In Figure2.3 (b) the typical geometryfor TEY detection

is shown.

Eachabsorptionprocessis mostlikely followedby theemissionof oneor severalelectrons.

In a simplepicture,the x-ray absorptioncanbe describedby two independentprocesses:ex-

citation of a photoelectrontestingthe atomic potential,creationof a core hole followed by

therearrangementof theelectronsinto thegroundstate.Therearrangementproducesprimary

(spin-polarized)Augerelectrons.Thefurthertheexcitedatomis away from thesamplesurface

thelesslikely theAugerelectronsmayescapefrom thesample.TheTEY signalis dominated

by theinelasticallyscatteredelectroncascade(notspin-polarized)originatingfrom theprimary

Augerelectrons[85]. Above approximately50 eV spin-polarized(spin-upor spin-down) elec-

tronsproduceanequalnumberof secondaryelectronsperprimaryelectron.Thetotalnumberof

secondaryelectrons(TEY) is thereforeproportionalto thenumberof Augerelectronsproduced

by coreholedecay. Thus,theTEY is agoodmeasureof thex-rayabsorptioncoef�cient.

Theabsorptioncoef�cient � (E) is mainly determinedby theelectronicstructurewithin the

specimen,andis proportionalto thesumof thetransitionprobabilitiesPi;f from theinitial state

ji i to the�nal stateshf j:

Pi;f =
2�
~

jhf jV̂ ji ij 2� f (E) (2.14)

whereV̂ and� f (E) arethetime-dependentperturbationpotentialandthedensityof �nal states,
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respectively. Finally, onehasto sumoverall initial statesji i with bindingenergy lower thanthe

energy of theexciting photons.

The absorptionspectrumof eachelementshows characteristicjumps indicating the suc-

cessive excitationof the coreshells,i. e. K (1s); L 1(2s); L 2(2p1=2); L 3(2p3=2) etc.The energy

region in thevicinity of thesetransitionscanbedivided into theso-callednearedgex-ray ab-

sorption�ne structure(NEXAFS) re�ecting excitationsof the photoelectroninto unoccupied

valencestates,andtheextendedx-rayabsorption�ne structure(EXAFS)regionwherethepho-

toelectronis excited into a continuumstateandscatterswith the neighborsof the absorbing

atom(for a review seee.g. [87,88]).

Basic Principle of XMCD

X-ray magneticcirculardichroismis basedon x-ray absorptionspectroscopy usingcircularly

polarizedlight. The differenceof the absorptionspectrafor left andright circularly polarized

photonsis called XMCD. The differencearisesfrom the imbalanceof majority and minor-

ity electronsin a ferromagnetor a paramagnetin an applied�eld that leadsto differentcross

4s

3d

EF

3/22p

2p1/2

Energy

l+s

l-s

left right

+h -h

M   k

L3

Figure2.4:Basicmodelof XMCD in the3dtransitionme-

tals.Left (right) circularly polarizedx-raysexcite spin-up

(spin-down) electronsof the spin-orbit split 2p3=2;1=2 le-

vels. In a secondstep,the electronacceptingunoccupied

statesof theexchange-split3d bandactasa spindetector.

Spin conservation in optical transitionsleadsto a predo-

minantly probing of the majority bandunoccupiedstates

by left-circularly polarizedlight with respectto the mag-

netizationdirection.Right polarizedx-raysact vice versa

testingtheminority band.Both helicitiesof light therefore

show a differentcross-sectiondueto the imbalanceof un-

occupiedstates.Theeffecthasoppositesignsfor L3 andL2

transitionsdueto thespin-orbitcouplingin thecorelevels:

L3 (l+s) andL2 (l-s).
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sectionsand�nally to differentabsorptionscoef�cients for bothhelicitiesof light. Due to the

electricdipoletransitionrulesin opticsfor circularlypolarizedlight

� s = 0 � l = � 1 � j = 0 or � 1 (2.15)

thespin is conserved.Left or right circularly polarizedphotonstransfertheir angularmomen-

tum (� ~ or + ~) to theexcitedphotoelectrons.Figure2.4 illustratestheexcitationof thecore

electronsfrom thespin-orbitsplit 2p3=2;1=2 levelsto thevalencebandof the3dtransitionmetals.

Left circularly polarizedlight transferstheoppositemomentumto theelectronwith respectto

right circularly polarizedlight. Thespinpolarizationis oppositeat the two 2p levelssincethe

levelsshow oppositespin-orbitcoupling(L3: l+s andL2: l-s).

Thegeneratedphotoelectronsprobein asecondsteptheexchange-splitvalenceband.Majo-

rity andminority bandshave a differentnumberof electron-acceptingunoccupiedstatesacting

asa spindetector. Thus,thecrosssectionsdiffer for bothhelicitiesof light. Thecrosssections

canbeevaluatedfrom thetransitionprobabilitiesdescribedasmatrix elementsof theelectron

excitationprocess[89]. As a result,theabsorptioncoef�cients (whicharemeasured)alsoshow

adifferencefor left andright circularlypolarizedlight.

The discussionabove assumesthat the magnetizationdirectionof the sampleis �x ed and

the XMCD differenceis the differenceof the two helicitiesof light. Most experiments,how-

ever, switch themagnetizationdirectionanddetecttheXMCD signalat constanthelicity. The

equivalenceof bothapproacheshasbeenshown in [90], for example.

Depth Sensitivity and Saturation Effect

The differentabsorptioncoef�cients andthusthe XMCD signalcanbe measuredby the de-

tection of the amountof transmittedx-rays or the countingof secondaryelectronsescaping

thesample.The two detectionmodespresentedin Figure2.3 show stronglydifferentprobing

depths.Transmissionexperimentsfor Coarepossiblefor thicknessesupto 30-40nmin thesoft

x-rayregimeyieldinginformationof thecompletetransmittedcrosssection.TheTEY detection

methodmainly probesthe atomsat or closeto the surfaceof the specimensincethe electron

escapedepth� e lies on theorderof 1.7nm - 5.0nm for thepure3d metalsF e, Co, or N i and

theiroxides[91]. Thecombinationof both,transmissionexperimentsandTEY detectionwould

yield the most completeinformation aboutthe investigatedspecimen,i. e. bulk and surface

properties,respectively.

Sincesubstratesupportedsampleswereinvestigated,the TEY detectionmodeis usedfor

XAS experimentsthroughoutthis thesis. In the following the proportionality of the TEY
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Y(E) / � (E) is critically surveyedsincetheproportionalityis notalwaysful�lled. Theenergy

dependentelectronyield Y(E) is de�ned by

Y(E) =

1Z

0

I (x; E)� (E)e� x=� edx: (2.16)

Herex is the locationwith respectto thesurfacewheretheabsorptionprocesstakesplace,� e

theelectronescapedepth,and� (E) thephotonabsorptioncoef�cient. Thephotonintensityat

depthx andenergy E is expressedby

I (x; E) = I 0 � e� x� (E ) (2.17)

whereI 0(E) representstheincidentintensity. At normalincidence(� = 0� in Figure2.3(b)) the

x-ray intensitydecayswith the x-ray attenuationlength� x = 1=� (E) producingthe primary

Augeryield. Secondaryelectrons,however, only leave thesamplefrom a muchshorterdepth

describedby theelectronescapedepth� e. Theenergy dependentabsorptioncoef�cient causes

a modi�cation of I 0(x; E) per absorptionlayer dx resultingin smallerintensitieswhere� is

largest(L3;2-edges)[85]. This effect is often neglectedsince� x � � e andthusthe variation

of the signal originatedfrom different depthsis very small. When the angleof the incident

x-rayswith respectto the sampleplaneis off-normal (� 6= 0� ), e. g. for probingan in-plane

magnetization,thepenetrationdepth� x � cos� of thex-raysshrinksandat grazingangles� x �

cos� � � e is found. In this caseall x-rays contribute to the sampledrain currentand the

measuredsignalis proportionalto theincidentx-ray intensity. TherelationY(E) / � (E) does

not hold anymore.Fromthin �lms (seee. g. [85,89,92])it is well known how correctionscan

beappliedto themeasuredspectra.For samplesof �nite thicknessd one�nds:

Y(E) /
� (E)

1 + � e
� x

cos�
�
�
1 � exp

�
�

�
1
� e

+
1

� x cos�

�
� d

� �
: (2.18)

Equation2.18shows thatonly in the limit of small valuesfor either� = 1=� x or d (or both)

theoftencitedlinearrelationY(E) / � (E)d=cos� is justi�ed. This modellingis alsoextend-

ableto multilayersamples[89,92].Experimentally, thenecessarycorrectionsareobtainedfrom

thickness-andangular-dependentmeasurements[92,93].

In thecaseof nanoparticlesthecorrectionof saturationcannotbedescribedwithin simple

analyticalcalculationsdueto themorecomplex geometry(spheres)andthelateralcon�nement

of the particleson the nanometerscale.The differencesof supportednanoparticlesin com-

parisonto a continuous�lm of �nite thicknessariseasfollows: (i) thenanoparticlevolumeis

moreuniformly sampledthana �lm of comparablethickness.Thus,secondaryelectronsgen-

eratedat somedistancefrom thenanoparticlesurfaceescapemoreeasily. (ii) the illumination
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cross-sectionandconsequentlythe amountof light absorbedwithin the singlenanoparticleis

independentof theangleof incidence(� = 0� � 80� ) for well-separatedspheres.Small inter-

particlespacingsyield smallereffective probingdepthsdueto partialshadowing of x-raysand

theabsorptionof freeelectronsby theneighborsin theTEY detectionmode.Oneshouldnote

that themagnitudeof themeasuredsignalincreasesat grazingincidence,sincethenumberof

illuminatednanoparticlesincreases.After correctsignalnormalizationno angulardependence

shouldbeexpected.

Theexperimentalproof [94] of theabove considerationswasrecentlyfoundby measuring

XAS andXMCD of 10nmmicellarCoparticlesatdifferentanglesof incidence.Spectraatnor-

mal incidenceandat � = 60� coincidewithin 2% in thecompletespectralrange.However, the

reportedresultsin literatureonXAS andXMCD usuallyneglectthesaturationprocess[95,96].

Fauthet al. suggesta numericalansatzto estimatethe saturationeffect in nanoparticles[94].

Within thesecalculationsthegenerationof secondaryelectronsafterabsorptionandAugerde-

cay insidea sphericalnanoparticlearesimulatedby a MonteCarloalgorithm.As a result,the

linearrelationbetweenthenumberof absorbedphotonsandtheabsorptioncoef�cient � (E) is

valid until theattenuationlength� x = � � 1 reachestheorderof theparticlediameter. Co trans-

missionexperiments(freeof saturation)�nd � x = 17nm(35nm)at theL3 (L2) edge[85] being

just a factorof two to four timeslargerthanthetypical diameterof theparticlesinvestigatedin

this thesis.Furtherevaluationof theexpectedtotal electronyield signalby calculatingthees-

capedepthprobabilityof thesecondaryelectrons(� e(Co) = 2:2 nm[91]) showsthatdeviations

from thelinearrelationY(E) / � (E) arefoundfor x-ray attenuationlengthsof lessthan100

nm. Thus,the pre-edgeregion remainsunaffected(� x � 100nm). The calculatedtotal elec-

tron yield of theL3, L2 peak,andpost-edgeregion arefound to bereducedby approximately

18%,15%,and4%,respectively. These�ndings directly imply thattheL3;2 peakareasareun-

derestimatedresultingin anerroneousdeterminationof themagneticmomentswhenapplying

themagneto-opticalsumrulesto theexperimentalXAS andXMCD spectra.In chapter6 these

dif�culties areaddressed.

To evaluatetheeffective probingdepthof TEY measurementsof nanoparticlesystemsthe

above describedmodellingof secondaryelectronshasbeenperformedon substratesupported

9.5nm Co=CoO core-shellparticlesusingthecharacteristicelectronescapedepthesof 2.2nm

(Co) and 3.0 nm (CoO) [91]. One shouldnote that the CoO electronescapedepthwas es-

timatedandnot experimentallyveri�ed. The calculationswerekindly provided by K. Fauth.

Figure2.5shows theintegratedtotal electronyield asa functionof nanoparticlecrosssections

from the substrateto the upperpoint of the nanoparticlesphere.Simulationswereperformed

for both,anisolatedCo=CoO core-shellparticle(4.5nm Co corediameter, 2.5nm CoO shell

54



2.2. X-ray MagneticCircularDichroism

Figure 2.5.: Integratedtotal electronyield contribution asa function of crosssectionswith respectto

the substrateplaneof an isolated9.5 nm Co=CoO core-shellparticleanda particlesurroundedby 12

neighborsatacenter-to-centerdistancedcc = 13nm. Theparticlecenteris setto zeroheight.For details

seetext.

thickness)anda particlethat is surroundedby 12 nearestneighbors(two shellsof a perfectly

hexagonalorderedtwo-dimensionalparticlearray)at a center-to-centerdistancedcc = 13 nm.

Theescapingelectronshave to passthe ligandshell beforedetection.TheTEY signalin Fig-

ure2.5is calculatedfor low absorptioncoef�cients � (pre-edgeregion) to explicitly investigate

the electronescapedepthsof the electronsin the sphericalgeometry. The nanoparticlecenter

is setto zero.The integratednormalizedtotal electronyield is foundasymmetricalto thepar-

ticle centerdueto the fact that theelectronescapedepthis smallerthantheparticlediameter.

The isolatedparticleshows a electronescapedepth(1/e-value) in the TEY of 5 nm which is

remarkablyenhancedcomparedto theelectronescapedepthvaluesfor thin �lms givenabove.

The neighboringparticlesblock mostelectrons(� 80%) generatedat the lower particlehalf

sphere.Hence,the1/e-valueof theTEY is foundat shorterdistance(4 nm) from thetop most

point of the particlespherewith respectto the substrate.However, the valueis still enhanced

comparedto the�lm. In summary, it canbeconcludedthattheparticle'ssphericalshaperesults
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in a deepersamplingdepthof a TEY experiment.Thestrongestcontribution to theTEY (slope

of the integratedtotal electronyield) is found aroundthe upperCo=CoO interfaceat 2.3 nm

- 2.7 nm from the particle's top mostpoint. As a result,the interfacemagnetismof Co=CoO

particlescanbeaddressedwith highsensitivity.

By variationof thenumberof Coatomsin metallicandoxidic environmentit is now possible

to scalethesamplingdepthpro�le to referencespectraof Co andCoO. Therelative contribu-

tionsfrom Co andCoO signaturesto themeasuredXAS spectracansupplyinformationabout

theCo metalcorediameterandtheCoO shellthickness.Themethoddescribedhererepresents

anindependentexperimentalapproachof thedeterminationof theparticlecompositionbesides

HR-TEM, for example.

Theoretical Appr oach to XMCD: The Magneto-Optical Sum Rules

Theinterpretationof theXMCD differencespectrais basedontheso-calledsumrules.Theuse

of theserulesprovidestheseparatedeterminationof theorbital momentandthespinmoment.

However, anumberof approximationsandlimitationsarediscussedthroughouttheliterature.A

brief overview - limited to 3dmetalswheretheL3;2-edgesin thesoftx-rayregimeareexamined

- is givenbelow.

Magneto-opticalsumrules in generalarecommonlyfound in atomicphysics [97]. Using

anatomisticpicturewhichonly takesinto accountintra-atomichybridizationof thewave func-

tions,threesumrulesfor x-rayabsorptionweresuggestedin 1988,1992and1993:

1. The integratedx-ray absorptionis proportionalto the groundstateexpectationvalueof

thenumberof holesin the�nal state(unoccupiedstatessumrule) [98].

2. TheintegratedXMCD signalis proportionalto thegroundstateexpectationvalueof the

operatorLZ actingon theshellwhich thephotoelectronreceives(orbital sumrule) [99].

3. Thelinearcombinationof theXMCD signalat thecoresplit edgesis proportionalto the

expectationvaluesof the two operatorsSZ andTZ actingon the shell that receivesthe

photoelectron(spinsumrule) [100].

The operatorsL Z , SZ , andTZ arethe orbital, the spin,andthe magneticdipole operator, re-

spectively, actingon thequantizationaxis.Theimportanceof thesesumrulesis thattheexper-

imentallymeasuredXMCD integratedareais directlyconnectedto theground-stateproperties.
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2.2. X-ray MagneticCircularDichroism

For atransitionbetweenacorelevel c towardsavalencelevel l with n electronsin theground

state,thesumrulesreadasfollows [101]:
R

(I � 1
c+1 =2 � I +1

c+1 =2)d! +
R

(I � 1
c� 1=2 � I +1

c� 1=2)d!
R

(I � 1
c+1 =2 + I +1

c+1 =2 + I 0
c+1 =2)d! +

R
(I � 1

c� 1=2 + I +1
c� 1=2 + I 0

c� 1=2)d!
= A(c;l ; n)hL Z i (2.19)

and

A(c;l ; n) =
l(l + 1) � c(c + 1) + 2
2l(l + 1)[2(2l + 1) � n]

(2.20)

for theorbital sumrule.Thespinsumrule is expressedby:
R
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c� 1=2 + I 0
c� 1=2)d!

=

= B(c;l ; n)hSZ i + C(c;l ; n)hTZ i

(2.21)

with

B(c;l ; n) =
l(l + 1) � c(c + 1) � 2

3c[2(2l + 1) � n]

C(c;l ; n) =
l(l + 1)[l(l + 1) + 2c(c + 1) + 4] � 3(c � 1)2(c + 2)2

6cl(l + 1)[2(2l + 1) � n]

(2.22)

TheI q
c� 1=2 arenormalizedabsorptioncrosssectionsfor polarizationq= -1,1,or 0 corresponding

to left, right circularlyor linearlypolarizedlight, respectively. Theindicesc� 1=2 correspondto

thetwo spin-orbitsplit corelevel edges.TheI q
c� 1=2 integralsareproportionalto thesumof the

transitionmatrixelementssquared.Theintegralsarecalculatedfor photonangularfrequency !

from �1 to + 1 , althoughonly transitionsto �nal statesl n+1 shouldbeincluded.Fromthese

sumrulesthemagneticmomentscanbedetermined:

� theorbitalmagneticmoment:� L = � � B
~ hLZ i

� thespinmagneticmoment:� S = � 2� B
~ hSZ i

� themagneticdipolemoment:� T = + � B
~ hTZ i

Thedeterminationof themagneticmomentsfrom XMCD differencespectraby usingthesum

rules are limited by several aspects[101]. At �rst, energy independentcrosssections� are

assumed.If the rangeof integrationis not too large this holdsin a �rst approximationfor the

measuredintensityI / � assumingthattheproportionalityconstantis independentof energy.

Accordingto thedipoleselectionrules,therearetwo possibletransitionsfrom thecorestate

c. The conservation of the orbital angularmomentumimplies transitionsto l = c + 1 and

l = c � 1 states.The sum rules for thesetwo channelsare different.The x-ray absorption
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spectracontainbothcontributionswhichcannotbeseparatedeasilyandmake thesimultaneous

applicationof the two differentsumrulesimpossible.However, in thecaseof L3;2 absorption

edgesof the 3d transitionmetals,the ratio of the radial dipolematrix elements2p ! 4s(l =

c � 1) to 2p ! 3d(l = c + 1) is small[102]:

jh4sjj r jj2pij 2

jh3djj r jj2pij 2
�

1
50

(2.23)

ThemeasuredXMCD differencesignalis stronglydominatedby the2p ! 3d transitionsand

the2p ! 4s areneglected.

In the atomisticpicture the initial and �nal statesare treatedas pure stateswithout any

intermixing which generallydoesnot hold for the 3d metals.The radial integral is assumed

to beindependentof energy andspindirection,which bringsadditionalcomplicationsinto the

spin sumrule. For example,it hasbeenshown [103] for the L3;2 edgesof N i that the radial

matrix elementsarenot constantbut vary linearly with thephotoelectronenergy by 30%from

the bottomto the top of the 3d band.The orbital sumrule is not affectedby this additional

complication.The total discrepanciesbetweenthewell-known valuesof F e, Co, andN i and

the separatedmagneticmomentsdeterminedby the sum rules are found to be about4% to

10%for theorbital sumrule andup to 30%for thespinrule checkedby experiment[104] and

theory[105].

However, the sumrulesyield an easyapproachto the interpretationof XMCD difference

spectra.Experimentallythevalidationof themin thecaseof F e, Co, N i �lms hasbeenchecked

by many experiments(for reviews seee.g. [106,107]).Thesumrulesdo not take into account

intermixingof thecoreholesc� 1=2andc+ 1=2. Hence,theapplicationfor thelight 3delements

fails. In this caseab initio calculationsexplain the measuredspectrataking into accountthe

intermixing [38]. In compoundsandalloys the validity of the sumruleshasto be proven in

all cases.For systemsin reduceddimensionsespeciallythemagnitudeof hTZ i hasto betaken

into accountto calculatecorrectmoments.Throughouttheliteratureone�nds many examples,

wherehTZ i is neglected.Thecritical readershouldbeawareof this fact.

Experimental Determination of Magnetic Moments

For the heavy 3d metalsthe determinationof the orbital andspin magneticmomentsaccord-

ing to thesumrulesfrom experimentalspectrais straightforward.However, it shouldbeagain

emphasizedthat the spectrahave to be free of saturationeffectsasdiscussedabove. In Fig-

ure 2.6 the necessarystepsareillustrated.From majority andminority XAS spectraboth the
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Figure 2.6.:Experimentalmajority andminority x-ray absorptionspectraof 8 nm metallicCo particles

recordedatapplied�elds of � 1.5T, normalincidence,and15K. In darkgrey theXMCD areaX AS + �

X AS � is shown. The separationenergy ESep divides the L3 andL2 peakareas.The light grey area

representstheisotropicpeakareaA iso = A (X AS + + X AS � )=2 afterstepfunctionsubstractionto account

for excitationsinto continuumstates.Fromthethreeareas� AL 3 ; � AL 2 of theXMCD andtheisotropic

peakareaA iso theorbital andspinmagneticmomentscanbeevaluatedseparately.

XMCD differenceX AS+ � X AS � andthe isotropicspectrum(X AS+ + X AS � )=2 arecal-

culated.Theintegratedareaof theXMCD differenceis dividedinto thecontributionsfrom L3

andL2 at theseparatingenergy ESep andtheareas� AL 3 and� AL 2 areachieved.Theisotropic

spectrummustbe freedfrom transitionsto continuumstates.It is commonto usea 2:1 step

function [104] for removal of the L3 andL2 edgejumpsaccordingto the quantumdegener-

acy (2j+1). The thresholdsareset to the peakpositionsof the isotropicspectrum.This area

is de�ned asA iso in the following. Experimentally, the determinationof A iso that normalizes

the XMCD spectrumon a per-unoccupied-3d-statebasisgivesthe largestuncertaintiesin the

magneticmomentevaluation[92].

Finally, thethreeareas� AL 3 , � AL 2 , andA iso de�ne thespinandorbitalmagneticmoment

(for a review seee.g. [108]):

� ef f
S = � 2

nh

PC cos�
�

� AL 3 � 2� AL 2

2A iso
(2.24)
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� L = �
4
3

nh

PC cos�
�

� AL 3 + � AL 2

2A iso
(2.25)

Herenh de�nes thenumberof unoccupied3d statesoftendenotedasthenumberof 3d holes.

In thefollowing nh is setto 2.49calculatedfor fcc bulk Co [104]. Sincesynchrotronbeamlines

donotoffer perfectlypolarizedlight onehasto divideby thedegreeof circularpolarizationPC .

Finally, thecos� accountsfor theangleof incidentlight with respectto thesamplemagnetiza-

tion direction.As alreadymentioned,thespinsumrulesuppliesa linearcombinationof � S and

� T . Thus,onemeasuresaneffective spinmoment� ef f
S = � S � 7� T . In cubicsymmetries� T

canbeneglected[89] while its contribution increasesfor lower symmetriesof �nite structures

likemonatomicwires[15].

Fromequations2.24and2.25onemayeasilycalculatetheratio of orbital-to-spinmagnetic

momentmL =mef f
S :

� L

� S � 7� T
=

� L

� ef f
S

=
2R + 1
3R � 2

with R =
�A L3

�A L2

: (2.26)

Throughouttheliteratureit is verypopularto give this relative value,sinceone�nds it directly

from theXMCD differencespectrum.Theratio � L =� ef f
S is independentof thenumberof unoc-

cupied3d states,thedegreeof polarization,andtheangleof incidenceof light andreducesthe

discusseduncertainties.Moreover, this value(after � T correction)canbedirectly comparedto

theg-factoranalysisby FMR by therelation� L =� S = (g � 2)=2 andconsequentlyallows the

independentmeasureof theidenticalmicroscopicquantityby two experimentaltechniques.

Experiments at Sync hrotr on Facilities

Thesynchrotronexperimentspresentedin this thesiswereperformedat two synchrotronfacil-

ities: MAX-Laboratoryin Lund,SwedenandBessyII in Berlin, Germany. Sincethemagnetic

propertiesof Co-basednanoparticlesare in the focus of this thesis,the measurementswere

conductedat beamlinesproviding circularly polarizedlight at the Co L3;2 edges.Suitablefor

suchinvestigationsarethebendingmagnetbeamlinesD1011atMAX-LaboratoryandPM-3at

BessyII. Bothbeamlinesareequippedwith amodi�ed SX-700monochromatorworking in the

soft x-ray regimeunderUHV conditions.Detaileddescriptionsof thebeamlinescanbefound

in [109,110]for D1011and[111] for PM-3beamline,respectively.

BeamlineD1011operatesin anenergy rangeof 30 eV - 1500eV. At a typical ring current

of 100mA it provides2 � 1010 � 2 � 1011 photonspersecondat a photonenergy of 800eV for

exit slits of width 6 � m and92 � m, respectively. Theenergy resolution(� E/E) varieswith the

width of the exit slit from � E/E = 800 (92 � m slit) to � E/E = 3600(6 � m slit). The degree
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2.2. X-ray MagneticCircularDichroism

of circular polarizationPC is tunableby a local modulation(bump) of the electronbunchin

theaccelerator[109]. Besideslinearpolarizedlight theoperationmodesallow a PC of 63%or

85%dependingon themagnitudeof thebump(0.25mrador 0.50mrad).TheUHV endstation

is equippedwith a pair of solenoidsinto which soft iron polesare�tted giving static�elds up

to � 50 mT. The solenoidsaremountedon a platform,which is fully rotatableaboutthe ma-

nipulatoraxis [110]. This providesthe possibility to apply magnetic�elds at differentangles

to the photonbeamdirection.Samplecooling is achieved by a continuous�o w He-cryostat

reaching25 K at the sample.The beamspotsizeon the sampleis lessthan1 � 3 mm2. The

photonabsorptionis detectedby theelectronyield escapingthesampleusingboththesample

draincurrentanda channelplatedetector. Thesmallcurrents(pA - nA) areampli�ed andthen

transformedby a frequency converterwhosesignal is recordedby a standardPC system.To

scalethe signalto the incoming�ux a gold grid is installedasa I 0 monitor section.In order

to measuretheXMCD a pair of XAS is recordedin remanence.Thesamplemagnetizationis

�ipped by two methods:(i) by a 50 mT �eld pulseor (ii) by heatingthesampleabove the its

blockingtemperaturefollowedby a �eld coolingprocedurein 50mT to themeasuringtemper-

ature.All spectrapresentedin this thesisaretheresultof at leastthreemeasurementsfor each

magnetizationdirection.Thetypical recordingtime of onespectrumis about15 minutes,thus

themeasuringtime for onesetof parametersis 2-3 h dependingon themagnetizationreversal

procedure.

Theoperatingenergy of beamlinePM-3 at BessyII synchrotronfacility lies in therangeof

30 - 1900eV. Circularlypolarizedlight is collectedabove thesynchrotronplaneby apremirror

collimatingthelight to themonochromator. All spectraaremeasuredatadegreeof polarization

PC = 0:92. Theenergy resolutionusedhereis � E/E> 4000.TheUHV endstationis equipped

with a fast-switchingsuperconductingmagnet(� 3 T) applyingthe magnetic�eld parallelor

antiparallelwith respectto thepropagationdirectionof theincominglight. Thesampleis cooled

by a lHe systemachieving a lowest temperatureof 15 K at the sampleposition.The x-ray

absorptionis detectedin the total electronyield modeapplyinga negative potentialof 100 V

to thesamplein orderto pushtheexcitedelectronsaway. Typical currentsareon theorderof

2-50 pA measuredby an ultrahighprecisionamperemeter. Measurementsin an applied�eld

show typically a reductionof thedraincurrentby a factorof 2 to 10 comparedto thezero�eld

signal,sincefreeelectronsmayreturnto thesamplebecauseof theLorentzforce.Thus,extreme

careis takenin theisolationof thesamplewith respectto thechamberin orderto measurethe

draincurrentwith highestaccuracy. Theisolationof thesampleis realizedby a kaptonfoil on

which thesamplesaregluedby epoxi resinshowing a resistanceof morethan200G
 (range

of theOhmmeter).Thecomputersystemallows fully automaticcontrolof thephotonenergy,

theapplied�eld andthecurrentdetection.TheXMCD is recordedby switchingthemagnetic
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�eld at eachenergy point which increasesthe accuracy of magneticmomentevaluationsince

thebeamcharacteristicdoesnot changedramaticallybetweentwo points.A �eld sweepfrom

+1 T to -1 T takesabout15 s. All spectraarenormalizedby a gold grid I 0 monitor section.

Additionally, theelectronbeamcurrentin theacceleratoris detectedateachpoint.

Thepossibilityof measurementsin anapplied�eld allows theuserto take element-speci�c

hysteresisloops.Theloopswerealwaysmeasuredatthemaximumof theL3 dichroicsignaland

at a referencepoint in thepre-edgeregion to accountfor changingdraincurrentsasa function

of the appliedmagnetic�eld. The validity of this procedurehasbeenexperimentallyproven

by the comparisonof hysteresisloopsof the identicalsampleby SQUID magnetometryand

hysteresisloopsusingtheXMCD effect [112].

2.3. Other Structural and Magnetic Characterization

Techniques

Additionally to FMR andXAS/XMCD investigationsvariousother, mostlystructuralandmor-

phologicalcharacterizationmethodswereemployed to obtain informationon both, structure

andmagnetismof the Co=CoO particles.Here,only a shortdescriptionof the experimental

setupsis given that areusedto achieve the presentedresults.For moredetailedinformation

especiallyon theoperationprinciplesthereaderis referredto theliterature.

BesidesthealreadymentionedFMR andXMCD, SQUID magnetometryis a powerful tool

to measurethe �eld- and temperature-dependentmagneticresponseof a magneticsample.

Changesof the magneticstray �eld of the dipole are detectedby linear motion of the sam-

ple throughso-calledpick-upcoils.A well-shieldedSQUID sensor"counts"thechangeof �ux.

Finally, themagnetizationof thesampleis achievedby a�t routineconsideringthestray�eld of

themoving pointdipolewith respectto thedetectingcoils.Theexperimentswereperformedin

a commerciallyavailableQuantumDesignMPMS-XL SQUID magnetometersystemworking

at �elds up to 5 T andin a temperaturerangeof 2-400K. Both, theso-calledrapid-scan(RSO)

andthestandardlinearmotionmodeswereused.

Thestructureof individual nanoparticlesandtheir assemblyinto superlatticesweremostly

characterizedby TEM. For conventionalTEM andSAED a Philips CM12 anda JEOL 3010

microscopewereutilized which bothareworking at anaccelerationvoltageof 200kV. Images

werealwaystakenby a multipixel CCD camera.Diffractionpatternswerecalibratedby a gold

standardasa reference.HR-TEM studieswereperformedwith theBerkeley atomicresolution

microscopeworking at 800kV anda TecnaiF20microscopewith anoperatingvoltageof 200
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kV anda point resolutionof 0.24 nm. A Philips CM200 �eld emissionmicroscopesupplied

themicrochemicalanalysiswith a probesizeof 0.8 nm usingan imagingenergy �lter andan

energy-dispersive x-ray analyzerbothwith anenergy resolutionof 2 eV. For all TEM investi-

gationsCu gridswith anamorphouscarbonor silica �lm wereusedassubstrates.

The samplemorphologyof arraysof Co=CoO particleswas additionally investigatedby

SEM employing a LEO 1530standardelectronmicroscopeusingthein-lensdetectorat 10 kV

accelerationvoltage.Topographicimagesof plasmatreatedsampleswererecordedwith aDig-

ital InstrumentsAFM onSi(001)substrates.StandardSi tipsscannedthesamplein thetapping

mode.Beforethe plasmatreatmentAFM hasbeenfound unpro�table sincethe tip is ableto

move theparticleson thesubstrateandtheexcessof organic ligandsaftersolventevaporation

coversthewholesamplesurface.After O plasmatreatment,however, theorganicligandshave

beenburnedaway, allowing thenanoparticlesto stick to thesubstratebeingunmoveableby the

tip andexhibiting a "free" surfacethatcanbescannedby AFM.
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3. Organometallic Synthesis of

Co/CoO nanopar tic les

NanosizedCo=CoOparticlescanbepreparedby bothphysicalandchemicalpreparationmeth-

ods.The investigationof size-dependentmagneticpropertiesdemandsthe fabricationof large

amountsof particleswith asmallsizedistribution.Physicalpreparationtypicallyusessputtering

methods[59] oftencombinedwith gas�o w drivenclusterformationanddeposition[65,113].

Metallic Co particlescanbeoxidizedwithin thepreparationchamberby controlledadmixture

of O2 forming a CoOshell.Theshell thicknessis adjustable[59] allowing theinvestigationof

oxideoverlayerthickness-dependentmagnetismin thenanoparticles.A varietyof preparation

methodsis listedin table3.1. All techniquespreparesphericalparticleswith sizedistributions

of 10%-25%.Thebiggertheparticlethesmalleris thesizedistribution.

Anothercost-ef�cient wayof preparationof Co=CoO nanoparticlesis thechemicalsynthe-

sisby organometallicprecursors[114,115]or thesalt loadingof inversemicelles[116]. Large

amountson the orderof gramscanbe routinely preparedwith sizedistributionssmallerthan

10%.Within thelastdecadelargeprogressin termsof chemicalstabilityandmonodispersityhas

beenachieved.Besidessingleelementmagneticnanoparticleschemistssucceededin thesyn-

thesisof bimetallicmagneticparticlessuchasF ePt [117], CoRh [118], or AgCo [119], too.

Here,however, thediscussionis focussedto preparationproceduresof Co=CoO particles.An

arbitraryselectionof preparationmethodsis listedin table3.1. For example,theorganometallic

precursorCo(� 3� C8H13)( � 4� C8H12) reactswith hydrogenin tetrahydrofuranein thepresence

of polydimethyl phenyloxide to 7.5 - 11.5nm Co particleswhich slightly oxidizeafterprepa-

ration.Generally, metallicCo particlesaresynthesizedunderoxygen-freeconditions.After the

preparation,however, someoxygenprovidedby air, organiccompoundsin thesolutionfor par-

ticle stabilization,or somecontaminantsin thesolventdonateoxygento theparticlesurface.An

oxidic shellis formingthatstabilizesthemetallicCo coreataCoO layerthicknessof 2-3.5nm

(table3.1) preventingfurtheroxidation.Onemaynotethatsomeauthorsdonotanalyzesurface

oxidationandthusclaim that chemicallypreparedCo particlesdo not oxidize at the surface.

Structuralcharacterizationby TEM or x-ray diffraction (XRD) arenot suf�cient methodsto
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Table3.1.:Arbitrary selectionof Co=CoO nanoparticlespreparedby both,physicalandchemicalprepa-

rationmethods.Thetotaldiameter, its distribution(full widthathalfmaximum),theCoOshellthickness,

andthestructureof themetalliccoreandtheoxidic shellarelisted.

Preparation Total Size CoO shell Structure Ref.

method diameter distribution thickness Co=CoO

Vapordeposition 8-35nm 1.5-5nm 2 nm fcc/fcc [59]

Clustergunsputtering 4.7nm 1.1nm 1 nm fcc/fcc [65]

Clusterbeamdeposition 6,13nm < 10% 2-3nm fcc/fcc [113]

Organometallicsynthesis 7.5-11.5nm large 2.5-3.5nm hcp/fcc [27]

Organometallicsynthesis 9,11,13nm 1.2-1.5nm 2-3nm fcc/fcc this thesis

excludesurfaceoxidation.XAS in the TEY moderevealsmoredetailedsurfaceinformation.

This techniqueis ableto provesurfaceoxidationof lessthanonemonolayer(section4.3.2).

Anotherwidely usedorganometallicprecursoris dicobaltoctacarbonyl (Co2(CO)8) [115,

120,121].By the thermaldecompositionin organic solventssphericalparticlesof 6-14nm in

diametercanberoutinelyprepared.All batchesof Co=CoO nanoparticlesinvestigatedin this

thesishave beensynthesizedby M. Hilgendorff [115] usingthis method.His approachwasthe

useof commerciallyavailablechemicalsfor thesynthesisof monodispersecolloidalnanoparti-

cles,whichyieldsthecost-ef�cient preparationof hugeamountsof nanoparticlesolution.

Thesynthesisof Co/CoO nanoparticlesis basedon thethermaldecompositionof dicobalt-

octacarbonyl (Co2(CO)8) in non-polarsolventssuchasdecanein thepresenceof a combina-

tion of stabilizers,i. e. oleic acid (CH3(CH2)7CH = CH (CH2)7COOH ) andoleyl amine

(CH3(CH 2)7CH = CH (CH2)8N H2). The providersof the chemicalshave beenpublished

elsewhere[115]. Oleic acidhasbeenfoundto bethebeststabilizerto slow down theoxidation

of theparticlesef�ciently . Oleic acidastheonly stabilizeris not suf�cient for size-controlling.

Thus,oleylaminehasbeenaddedto controlparticlegrowth. In a typicalexperiment,50ml Ar -

saturatedtoluenecontaining0.6mmololeicacidand0.6mmololeylaminewasheatedto re�ux

for 30 min. After coolingto 330K 1 mmol Co2(CO)8 hasbeenadded,andagain thesolution

washeatedto re�ux for 60 min. Thepreparationis scalableup to 1.5molarconcentration(200

ml) with standardlaboratoryequipment.Highly concentratedsolutionswerefoundvery useful

for long-termstability. Quasi-monodisperseparticleshavebeenobtainedusinganexternalmag-

netic�eld to separateparticlesof similarsizeandmagneticmoment.For simplicity, amagnetic

stirrer hasbeenusedduring the particlegrowth. Very large particlesandsomeagglomerates

werepresentafterpreparation.Thesecanbeeasilyremoved,togetherwith themagneticstirring

bar, after cooling to room temperature.A furtherstepwisesizeselectionby a strongN dFeB
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permanentmagnet(B � 1 T) hasbeenrepeateduntil a small sizedistribution wasobtained

(typically threesteps).However, theseparationof sizesled to the lossof anunknown amount

of material.Furthermore,size-selectioncanbe increasedby size-selective precipitation[122].

If a small amountof ethanolis addedto the solvent the barrierto aggregation is reducedand

thenanoparticledispersionis destabilized.Sincelargerparticlesexperiencethegreatestattrac-

tive forces,theseparticlesaggregate�rst andcanbeseparatedfrom thedispersionby �ltering,

centrifugationor exposureto amagnetic�eld gradient.

In summary, colloidal chemistryallows the fabricationof monodisperseligand-stabilized

Co=CoO particlesin organicsolvents.Long-termchemicalstability (� 1 year)is achievedby

the oxygenfree storageof the particlecontainingsolvents[95]. The particlesoxidize at the

surfacemostprobablyby thedonationof oxygenby oleic acid.After nanoparticledeposition

on a substrateand their exposureto air the oxidation continuesfaster. This phenomenonis

discussedin termsof magneticagingin section5.1.6. Particleswith diametersbelow 6 nm are

found fully oxidizedwithin daysafter the depositionon the substratein ambientconditions.

Largerparticlesmaintaina smallmetallicCo coresurroundedby 2-3 nm thick CoO overlayer

protectingthefurtheroxidation.Oncethe2-3nmthick CoOshellis formed,theoxidationslows

down to a few atomsperdayalthoughtheparticlesarestoredunderambientconditions.

Comparedto physical fabricationsthe chemical route allows the self-assemblyof the

nanoparticleson differentsubstrates.InversemicellesandLangmuir-Blodgettdepositiontech-

niques,for example,yield well-orderedlatticesof "Co" particleson Si substrates.Here,the

nanoparticledistanceis givenby thedoubledchainlengthof themicellebeingin minimum� ve

timeslargerthanthenanoparticlediameter. Thisresultsin atotalcoverageof approximately1%

Co

CoO

(a) (b)

Figure3.1.:Idealized11nmCo/CoO nanoparticlewith a2 nmCoO shell(a).Theligandlengthis also

approximately2 nm.In (b) aclosepackedsuperlatticeof particlesis shown.
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3. OrganometallicSynthesisof Co/CoOnanoparticles

of thetotal substratearea[116]. A simpleapproachto enhancethecoveragewithout losingthe

self-assemblyopportunitiesis theusageof nanoparticlesstabilizedby shortlength(� 2 nm)or-

ganicligandsandthedispersionin non-polarsolvents.An idealizedCo=CoO particleis shown

in Figure3.1 (a). Superlatticesof particlescanbepreparedby dropletevaporation,spincoat-

ing or magnetophoreticdeposition(section4.2). An idealsuperlatticeof particlesis shown in

Figure3.1(b).

Thetwo mostimportantrequirementsfor theself assemblyof colloidal particlesinto well-

orderedsuperlatticesareanarrow sizedistributionandtheabsenceof any agglomerationof the

particles.Both requirementsaresatis�ed for quasi-monodispersenanoparticles[115,122,123].

Additionally to theself-assemblypropertiesit is now possibletoscalethemagneticpropertiesto

thenanoparticlesizesandcon�nementthatwaspreviouslyonly possiblewith clusters(diameter

d < 2 nm)or lithographicallyproducedstructures(d > 20nm).Colloidalmagneticnanoparticles

closethisgap.
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4. Structural and Morphological

Characterization

Detailedstructuralinvestigationson both, the atomic structureand compositionof a single

nanoparticleandtheir superstructuremorphology, e. g. theorderinginto orderedarraysof the

particles,areabsolutelynecessaryfor theinterpretationof magneticcharacterization.Firstly, the

shape,thesizedistribution,thecomposition,andtheatomicstructureof singlenanoparticlesare

discussedin this chapter. Secondly, theorganizationinto 2D and3D superlatticesis presented

usingdropletevaporation,spincoating,or magnetophoreticdeposition.Finally, postdeposition

samplemanipulationby meansof reactiveplasmaetchingis discussedthatallows investigation

of metallicCo nanoparticlesfreeof organicligandsandsurfaceoxides.

4.1. Structure of Single Nanopar tic les

The Co=CoO nanoparticleshave beencharacterizedby meansof TransmissionElectronMi-

croscopy (TEM). The size distribution and the shapeof the nanoparticleswere investigated

for all batches.More detailedinformationon the local atomic structureand the distribution

of elementsin a singlenanoparticleor a smallarrayof particles(� 10-20particles)have been

achieved by sophisticatedtechniquesfound in a well-equippedTEM suchashigh resolution

TEM (HR-TEM), energy �ltered TEM (EF-TEM), selectedareaelectrondiffraction (SAED),

andelementdispersivex-ray (EDX) analysis.

The sizedistributionsof the nominally 9, 11, and13 nm Co=CoO particlesareshown in

Figure4.1. For the evaluationof the sizehistogramsseveral low magni�cation TEM images

have beenusedfor eachbatch.The diameterof a single nanoparticlewas averagedby two

measurementsperpendicularto eachother. Total numbersof particlesof 573,75, and205 for

the 9 nm, 11 nm, and 13 nm particleswere taken into account,respectively. The resulting

histogramswere�tted by thelog-normalsizedistribution

f (d) =
1

p
2� � d

exp
�

�
1

2� 2
ln2

�
d

dmp

��
(4.1)
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Figure 4.1.: Sizehistogramsof the nominally 9 nm (a), 11 nm (b), and13 nm (c) Co=CoO particles

andtheir correspondinglog-normal�t functions.Themostprobablediameterdmp (sizedistribution full

width athalf maximum)are9.5nm(2.7nm),11.4nm(3.0nm),and13.6nm(2.6nm),respectively. The

insetsrepresenttypical low-magni�cationTEM imagesusedfor thesizecharacterization.

wheref (d) is thefractionof thetotal amountof particlesin a speci�c diameterrange,� is the

sizedistribution anddmp is themostprobablediameterindicatedby themaximumof the log-

normalsizedistribution function.Thelog-normal�t functions(alsoshown in Figure4.1) give

a mostprobablediameterof 9.5 nm, 11.4nm, and13.6nm for the threebatchesof Co=CoO

particles.The sizedistributionsshow a full width at half maximum(FWHM) of 2.7 nm, 3.0

nm, and2.6 nm, respectively. Althoughthesizedistribution is commonlycalculatedby a log-

normalfunction, the evaluationof the sizedistribution by a Gaussianfunctiongivesidentical

resultsin thecaseof the9 nmCo=CoO particles.Thetypicalbroadeningat largerdiametersis

notobservedin thisbatch.

A typicalhighresolutionTEM imageof a11nmCo=CoOparticleis presentedin Figure4.2

(a). It shows that the particleis polycrystallinewith a core-shellstructure.Atomic resolution
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4.1. Structureof SingleNanoparticles

(a) (a)(b)

(a)(c)

Figure 4.2.:High-resolutionTEM imageof a 11 nm Co=CoO particleon anamorphouscarbon-coated

coppergrid (a). Atomic resolutionimagesof the particle core (b) and the particle shell (c). A twin

boundaryparallel to the common(111) planeis clearly visible in the core (b). The insetsshow the

Fouriertransformsof theimages(b) and(c), respectively. The�gure hasbeenadaptedfrom [61].

studiesof singlegrainslocatedcloseto theparticlecenterandat theparticlesurfaceareprinted

in Figure 4.2 (b) and (c), respectively. Detailedanalysisof the atomic resolutionimagesby

Fourier transforms(Fig 4.2 insets),angledeterminationandcenter-to-spotdistancecalibrated

by a gold referencesampleyields a fcc CoO structurein the shell and a multiply twinned

Co fcc structurein the coreof a particle.The twinning boundaryis alsovisible in Figure4.2

(b). The stripe structureof four points in the Co core Fourier transformspotsis due to the

twinning boundary. Fourier transformson both single crystallinepartsof the imageyield a

clear6-spotstructure.TheCo coreis multiply twinnedwith thetwin boundariesparallelto the

common(111) plane.The typical grain diameteris 2-3 nm. Detailedstructuredetermination

hasbeenperformedonmorethan10particles.SAEDstudies(shown in appendixB) arein full

agreementwith theHR-TEM results.SAED patternsof theCo=CoO particlespresentfull sets

of diffractionringsof thefcc Co andfcc CoO phases(AppendixB). Thelatticeparametersare

closeto bulk fcc Co andbulk fcc CoO structures.

The core-shellstructureof the Co=CoO particlesbecomesmore apparentin Figure 4.3.

Nominally13nmCo=CoO particlesexhibit aCoOshellthicknessof 2-3nm.Individualgrains

areclearly visible in Figure4.3. Latticeplanespacingsof CoO d220 = 0:150nm andd200 =
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4. StructuralandMorphologicalCharacterization

CoO: d220 CoO: d200

2 nm

Figure 4.3.:High-resolutionTEM imageof a 13 nm Co=CoO particleon anamorphouscarbon-coated

coppergrid.Thecore-shellstructureof theparticleis clearlyvisible.ThearrowsmarksingleCoO grains

with latticeplanespacingsof d220 = 0:150nmandd200 = 0:213nm.

0:213nmhavebeenidenti�ed. Themetalliccorehasadiameterof approximately7.5nm.

Spatially resolved compositionalanalysisof the particleshasbeenperformedby spectral

imagingof the sampleusingthe electronenergy-losssignal.Figure4.4 (a) and(b) show EF-

TEM imagesof asingleisolatednanoparticle�ltered at theCo L3-edgeat778eV andtheO-K

edgeat525eV, respectively. Theoxygen-�lteredimagedirectly revealsanon-uniformdistribu-

tion of oxygenalonga singlenanoparticle.Thecorrespondingintensityline scans(Figure4.4

(c) and(d)) alongthe line shown in Figure4.4 (a) reveal a ratheruniform distribution of Co

in the particle.The Gaussianshapeof the intensitysignalis characteristicfor sphericalparti-

cles.TheO-mappingexhibits a doublepeakdistribution.Usinga Gaussiandoublepeak�tting

routinefor thesimulationof theintensityhistogramin Figure4.4(d) thethicknessof theCoO

shellhasbeendeterminedto 2-2.5nm,andthediameterof theCo coreis approximately7 nm.

The resultsof the element-speci�cimagingarein full agreementwith the HR-TEM analysis

describedabove.

Energy �ltering hasalso beenperformedon lower magni�cation images.An exampleis

shown in Figure 4.5. A standardTEM imageof an array of Co=CoO particlesis shown in

Figure4.5 (a) while theenergy-�ltered imagesat theCo L3 edge(778eV) andtheO K edge

(525 eV) arepresentedin (b) and(c), respectively. The whole arrangementof more than50
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4.1. Structureof SingleNanoparticles
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Figure 4.4.: EF-TEM imagesof a singlenominally 11 nm Co=CoO nanoparticle�ltered out (a) the

cobaltL3 edgeandon (b) theoxygenK edge.In (c) and(d) thecorrespondinglinescansareshown. The

�gure hasbeenadaptedfrom [95].

30 nm

(a) (b) (c)

Figure 4.5.: TEM imagesof an arrayof the 11 nm Co=CoO nanoparticles.In (a) the standardTEM

imagesis presented,(b) and(c) are�ltered on theCo L3 edgeandon theO K edge,respectively. The

�gure hasbeenadaptedfrom [61].

Co=CoO particlesshow thesametendency. Co atomsareratheruniformly distributedalonga

nanoparticlewhile O atomsarepreferentiallylocatedat thesurface.
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4. StructuralandMorphologicalCharacterization

Finally, it is importantto note that the 2-2.5 nm CoO shell actsas a protective layer to

theencasedCo corewhentheparticlesaredepositedonasubstrateandareexposedto air. The

developmentof thisprotectiveoxideshelltakesplacein two steps:(i) directlyafterthechemical

preparationa thin CoO shellformswithin minutesuntil thesmallamountof molecularoxygen

in thesolventis consumed.Furtheroxidationwithin thesolutioncanonly takeplaceby cracking

theCOOH groupof oleicacid.Oleicacidbindsto theCoparticlevia oxygen.Then,thedegree

of oxidationremainsnearlyconstant,sincethesolubility of oxygenin anorganicsolventis low

andthesolutionis kept in a tightly closedcontainer. (ii) Whentheparticlesaredepositedon a

substratetheligandsurroundedparticlesareexposedto air aftertheevaporationof thesolvent.

Then,within hours,theCoO shellgrows to a shell thicknessof about1-2 nm forming anearly

stageof a protective oxidelayer. Only from this degreeof oxidationon,structuralinformation

by meansof TEM is available.The further growth of the CoO shell slows down. After half

a year9 nm Co=CoO particleshave not shown a noticeablethicker CoO shell by TEM. One

shouldnotethat the measurementshave beenperformedwithin onehour after the deposition

of theparticleson a TEM grid. Thus,theparticleswereexposedto air for identicalperiodsof

time. This �nding proves the �rst processof oxidation.The growth of the CoO shell by the

exposureto air is not easyto detectby imaging techniquessincehigh-resolutionimaging is

alwaysneeded.Morepro�table investigationsof theoxidationasa functionof air exposureare

XAS/XMCD andFMR. XAS andXMCD in thetotal electronyield modearesurfacesensitive

andFMR detectstheferromagneticcoreonly. Theresultsof thesemeasurementsarepresented

in chapter5. To completethediscussionthemain�ndings aregivenhere.

Only two daysafterthenanoparticlesynthesisanddirectlyafterthesamplepreparation(less

thanonehourair exposure)9 nmCo=CoOparticleshavebeentransferredinto aUHV chamber

for XAS/XMCD characterization.At thisstage,aCoO shellthicknessof 1.0� 0.3nmhasbeen

found.Half ayearlater, however, theshellthicknesshasincreasedto 2.5nm[124]. Meanwhile

thesamplehasbeenkept in ambientconditions.FMR experimentsover a periodof 18 months

suggestanupperlimit of theCoOshellthicknessof about2 nmfour hoursafterthenanoparticle

depositionfrom the solutionanda relatively fastfurther growth to about2.8 nm threeweeks

afterthedeposition.Fromthispointof timeon theoxidationprocessslowsdown to only a few

atomsperday reachingan upperlimit of 3.2 nm after18 months.These�ndings con�rm the

secondmechanismof oxidationmentionedabove.

In summary, all threebatchesof Co=CoO nanoparticleshaveshown atypical fcc CoO shell

thicknessof 2-3nmafterthechemicalpreparationanddepositionontoasubstrate.Themetallic

coreconsistsof multiply twinnedCo grainswith a typical diameterof 2-3 nm. For both, the

coreandtheshelltheobservedlatticeconstantsarecloseto thebulk latticeconstantsof fcc Co
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4.2. Self-assembly

Table4.1.:Resultsof thestructuralcharacterizationfor thenominally9 nm,11nmand13nmCo=CoO

particles.Thetotalnumberof Coatomsis calculatedfromthecoreandshellvolumes.Thegivennumbers

areaveragedover theuncertaintyof theCoO shellthickness.

Batch 9 nmCo=CoO 11nmCo=CoO 13nmCo=CoO

Diameter 9.5nm 11.4nm 13.6nm

Sizedistribution (FWHM) 2.7nm 3.0nm 2.6nm

Sizedistribution 14% 13% 14%

Thicknessof CoO shell 2-2.5nm 2-2.5nm 2-2.5nm

Corediameter 4.5-5.5nm 6.5-7.5nm 8.5-9.5nm

Totalnumberof Co atoms 25800 47100 82800

Numberof Co coreatoms 6100 16400 34600

Numberof Co2+ ionsin shell 19700 30700 48200

andfcc CoO, respectively. Theresultsof thesizedistributionsandthecompositionalanalysis

aresummarizedin Table 4.1 for the threebatchesof particlesof slightly differentdiameter.

From the constantthicknessof the CoO shell the metallic corediameterhasbeencalculated

to 4.5-5.5nm, 7-8 nm and8.5-9.5nm for the 9 nm, 11 nm and13 nm particles,respectively.

Usingbulk latticeconstants(Co: 0.35447nm,CoO: 0.42614nm) andthebulk densitiesof Co

andCoO (Co: 8900kg/m3, CoO: 6400kg/m3) thenumberof Co atomsin thecoreandin the

shell canbe calculatedfor the mostprobablediameterandsphericalparticles.Although the

shellthicknessof asphericalparticlehasbeenfoundto beconstant,thenumberof Co atomsin

thecoreandtheshellchangesdramaticallywith themostprobablediameter, sincelengthscales

enterby third power to thevolume.

4.2. Self-assemb ly

Marbles on the cm length scalewith nearly identical diametershow the tendency to self-

assembleinto orderedsuperlatticeswhen they are shaken on a �at surface.Sphereson the

nanometerscalebehave similarly [123] althoughthe shakingof particlesis not driven by the

movementof the substrateonly (e. g. spin coating)but alsostronglyin�uenced by Brownian

motion andelectro-andmagnetostaticinteractionsbetweenparticlesandto the substrate.In

this sectiontheorderingof Co=CoO nanoparticlesinto orderedandnon-orderedarraysin two

and threedimensionsis presented.The detailedknowledgeof the self-assemblymechanism

is essential,sincethemorphologyof thesampledirectly in�uencesthemagneticpropertiesin
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4. StructuralandMorphologicalCharacterization

termsof magnetostaticinteractionbetweenthe particles.Threedifferent samplepreparation

techniqueswill be described.At �rst, the most intuitive way of nanoparticledeposition- the

controlleddrying of a dropletof solutioncontainingthe particles- is presented.To achieve

lower but very uniform coveragespincoatinghasbeenfound to be themethodof choice.Fi-

nally, thedrying in anappliedmagnetic�eld is discussed,where3d rod structuresareformed

consistingof several thousandsof particles.Within therodstheparticlesarecoupledby mag-

netostaticforces.The advantagesandthe drawbacksof the threetechniquesarediscussedin

this sectionwhile the detailedparametersof the investigatedsamplesarealwaysgiven when

themagneticresponseof theindividual samplesarepresented.

Droplet Evaporation Technique

Thesimplestway to arrangenanoparticleson a substrateis thecontrolleddrying of a droplet

of particle-carryingsolution.This techniqueyieldstheformationof well-orderedclose-packed

arraysof particleson thescaleof a few � m2 underappropriateconditions[123]. Themostim-

portanttuningparametersarethewettingpropertiesof thesubstratewith respectto thesolvent

mediumandthedrying time.Theconcentrationof particlesin thesolventdeterminesthetotal

coverageof thesubstratetunablefrom very low concentrations(<10%)with largeinterparticle

spacingsto several tensof multilayersof particles[95]. In Figure4.6 theeffect of thewetting

propertiesof thesubstrateis clearlyvisible.TheSEM imagein Figure4.6 (a) shows the9 nm

Co=CoOparticlespreparedfrom 1:20dilutedtoluene-basednanoparticlesolutiondepositedon

a B dopedSi (Si:B) substratewith a native 3 nm layer of SiO2. Eachlight spotrepresentsa

singleparticle.Very locally aclosed-packedarrangementof 20-30particlesis found.Enhanced

closed-packed orderingshows the TEM imagein Figure 4.6 (b). The 11 nm Co=CoO parti-

clesarrangeinto a hexagonalclosed-packed superlattice.Defect-freearrangementsof several

hundredsof particleshave beenobserved for this specimen.The drying of the toluene-based

solution onto carbon-supportedTEM Cu grids obviously enhancesthe self-assemblyof the

particles.The center-to-centerdistancedcc of approximately100 particlesof eachbatchhas

beenmeasured.The9 nm particlesshow a dcc of 13 � 1 nm in a hexagonalarrangementand

the11 nm particleexhibit a dcc of 14:9 � 1 nm.Usingthemostprobablesizesof thedifferent

batchesone�nds an interparticlespacingof 3-3.5nm for bothCo=CoO particlebatches.The

chain lengthof the stabilizing ligandsis around2 nm. Hence,it cannotbe expectedthat the

separationof particlesis lessthan2 nm andmorethantwice the chain lengthof 4 nm for a

closed-packedsuperlattice.Theinterparticlespacingsarefoundin this range.Thespacingof 3

nm revealsa partial interlockingof theparticlesurroundingligandsshells.In thecaseof 9 nm

Co=CoOparticlesthetoothingbetweenneighboringparticlesis lesspronounced.Distancesbe-
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B

(a) (b)

100 nm 30 nm

Figure 4.6.:SEM imageof a typical resultfor 9 nm Co particlesa on Si:B substrateusingthedroplet

evaporationtechnique(a). Closed-packed arrangementsof 20-30particlearefound. (b) shows a TEM

imageof aclosed-packedsuperlatticeof the11nmCo=CoO particles.

tweenparticlesarelargerin average,sinceonly shortrangearrangementsof 20-30particlesare

observed.Distancesbetweenordereddomainsarelarger thanthe interparticledistancewithin

theorderedregions.This resultshows thatthespacingof nanoparticleswith anidenticalligand

shellmayvary with thewettingproperties,thedrying time,andalsotheparticlediameter(not

shown).Thus,thedetailedknowledgeof theparticlespacingis essentialandhasto bemeasured

for all individual samples.Moreover, it hasbeenpublished[125] thatanexcesssurfactantscan

leadto enhancedlong-rangeordering.Generally, a smallexcesssurfactantsis usedin colloidal

chemistryto achieve long-termstabilityof theparticles.

Spin Coating Technique

Nanoparticledepositionby spin coatingis a commonlyusedtechniqueto achieve large scale

two-dimensionalarrangements[23]. Theadvantageof this techniqueis the largescaleunifor-

mity of the sample,the drawback is the lossof nanoparticleorderingdueto the fastdrying.

Thepreparationof coveragesbetween1% and90%of a close-packedsuperlatticeis possible.

In Figure 4.7 two examplesareshown with differentparticledensitiesof 54% (a) and89%

(b) of thecorrespondingclose-packednanoparticlearrangement.It is importantto notethatthe

projectionof a 2D hexagonalsuperlatticeperpendicularto thesampleplaneis only 56%of the

total sampleareafor 9 nmCo=CoO particles(interparticlespacing3.5nm).Thetwo examples

have beenpreparedfrom hexane-basedCo=CoO particlesolutionwith aninitial concentration

of 1:10and1:30of theconcentratedtoluene-basedsolutionon native Si (001) substrates(4 � 4

mm2) at 6000rotationsper minute(rpm) in ambientconditions.An areaof 3 � 3 mm2 in the
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B
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(a) (b)

Figure 4.7.: SEM imagesof spin coatednanoparticleassemblieson native Si (001) substratesat 6000

rotationsperminute.Different�lling factorsof 54%(a) and89%(b) of a corresponding2D hexagonal

arrangementareobserved.For the spin coatingdifferentinitial concentrationshave beenused.Details

aredescribedin thetext.

samplecenterexhibits a uniform coveragefor all samples.At theedgesof thesamplesmulti-

layer formationtakesplace.The fastrotationspeedspinsaway the particlecarryingsolution.

Only a thin �lm of hexaneresiststhe centrifugal force and the hexane�lm instantaneously

breaksup into dropson themicrometerscalesincethehexanestartsevaporating.Whenever a

particlegetsinto contactto the substratethe particlesticksat its positiondueto electrostatic

attraction.Thewholeprocesstakesplacewithin a few secondsdependingon therotationspeed

andthetemperature.Thevelocityof thepreparationprocessis responsiblefor thelackof close-

packedhexagonalarrangementson thesample.Detailedparametertuningmight give rise to a

hexagonalorderingasobservedfor F ePt nanoparticles[23].

Here,however, the aim is the preparationof uniform coveragesover large areas.For the

synchrotronmeasurementspartly spin coatedsampleswereused,wherea uniformly covered

areaof 4 � 8 mm2 on a 5 � 10 mm2 Si(001) substratehasbeenachieved.To scalethemagnetic

responseof thistypeof samplesin absoluteunitsoneonlycanemploy magneticcharacterization

techniqueswith limited probingspotssuchasmagneto-opticalmethods.Stray-�eld methods

like SQUID magnetometryprovide informationof the total magneticresponseof the sample,

thusmeasuringthesumof theuniformly coveredareaandthemultilayersat thesampleedges.

Only the removal of multilayer regionswith several layersof particles,e. g. by breakingthe

edgesof thesubstrate,wouldgiveriseto ascalablemagneticresponseby countingtheparticles

perunit area.Oneshouldnotethatespeciallyfor low coveragesat thesamplecenterup to 90%

of the total numberof particlesare found at the edgesof the sample.Thus,a SQUID signal

dominantlymeasurestheregionwhereseverallayersof particlesarefound.
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4.2. Self-assembly

Magnetophoretic Deposition Technique

Theformationof regulararraysof Co=CoOparticlescanbeachievedby dryingof thenanopar-

ticle solutionin anappliedmagnetic�eld [126,127].Detailedinvestigationsof thesuperlattices

formationasa functionof theapplied�eld in thesampleplane[115] haveshown that(i) at low

externalmagnetic�elds (B < 0.7T) theclose-packedsuperlatticesformationis enhancedwith

increasingexternal�elds, (ii) the formationof anordereddoublelayer is observedat B = 1.5

T and(iii) anexternalmagnetic�eld of B = 6 T yields the formationof a third layer in ABA

con�gurationwith respectto thenanoparticlelayersunderneath.Theseexperimentswereper-

formedat low nanoparticleconcentration.However, to achieve a suf�ciently strongmagnetic

responsefrom the investigatedsamplewe useda higherconcentrationfor our experiments.A

typicalexampleis shown in Figure4.8. An externalmagnetic�eld of B = 0.35T parallelto the

grid planewassuf�cient to producea stripestructureontoa carbon-coatedCu grid by drying

5 � l toluene-basedsolutionin ambientconditions.Stripesconsistingof a regularclose-packed

arrangementof the Co=CoO particleswith a width of 200-250nm anda lengthof 1.5-3 � m

wereformedalongtheexternal�eld axis.Mostly, thestripesconsistof 3-4 layersof particles

forminganearlyperfect3D fcc latticewith the(111)planesparallelto thesubstrate.Thenearest

neighbordistanceis about16 nm in this case.Thesestripestructuresprovide thepossibilityto

investigatethedipolarinteractionof theparticleswithin astripeandbetweenstripesby angular-

dependentferromagneticresonancecloseto theblockingtemperature(T = 300K) asshown in

section5.2.

B

(a) (b)

30 nm 200 nm

Figure 4.8.:TEM micrographsof the11 nm Co=CoO particlesdepositedontoa carbon-coatedCu grid

in amagnetic�eld of 0.35T parallelto thegrid planeathigh resolution(a)andlowermagni�cation(b).

Thehigh degreeof crystallinity is shown by theFourier transformin the inseton the right image.The

�gure hasbeenadaptedfrom [126].
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4.3. Post Deposition Manipulation

Thedepositiontechniquesprovide 2D and3D nanoparticlearraysasdescribedabove.All par-

ticlesaresurroundedby organicligands.Characterizationby x-raymethods(XAS andXMCD)

using the total electronyield modeprovideshigh surfacesensitivity. Thus, the electronsex-

citedin theparticleby XAS, e.g. at theCo-L3;2 edges,have to passtheorganicligandsaround

the particles.Additionally someexcessof surfactantis generallyusedin colloidal chemistry

to achieve long-termstability of theparticleswhich resultsin someoverlayersof freeorganic

moleculeson top of theparticlearray. Theorganicmaterialdampsthetotal electronyield sig-

nal remarkably. Whenascientistlooksfor smallmagneticsignals,i. e. theXMCD signalof Co

particlesin remanence,theorganicmoleculesmake it basicallyimpossibleto quantifythemea-

suredsignalin termsof magneticmomentdetermination.Two methodsareusedto remove the

chemicalresidue:(i) Ar + ion etchingand(ii) reactive hydrogenandoxygenplasmaexposure.

Detailson theprocessesarediscussedin thissection.

Besidesthetechnicalpointof dampedsignalsaremoval of theligandshellandthereduction

of theCoOallowsto studywell-separatedfreemetallicCoparticles.A routeto achievemetallic

Coparticleswithoutany agglomerationusingsinglelayerarraysis thereactiveplasmaexposure

asdescribedbelow.

4.3.1. Surface Cleaning by Ar + Ion Etching

Ion etching using noble gas ions is a commonly used technique to clean metal sur-

faces[79], [89]. In thecaseof Co=CoO nanoparticlessurroundedby organic ligandstheAr +

ion etchingprocessresultsin a preferentialsputteringof the lighter elements,i. e. carbonand

oxygen,while pin holesin theparticlesareinducedsimultaneously. However, the ion etching

at typically 2-3 keV accelerationvoltageanda drain currentof a few � A increasesthe total

electronyield signalintensityfrom Co by a factorof 5. Thustheorganicligandsare– at least–

partially removed.

Theeffect of theAr + ion etchingasa functionof exposuretime is shown in Figure4.9. A

3D arrayof orderedCo=CoO nanoparticles(20-30layers)wasdepositedon polishedM o foil

asa substrate.At a pressureof 1 � 10� 3 Pa Ar + ions wereacceleratedat an energy of 3 keV

towardsthesampleresultingin atypicaldraincurrentof 4 � A. For comparison,thespectrawere

normalizedon a peratombasis.TheXAS spectrumof theasdepositedCo=CoO nanoparticle

arrayrevealsthetypical line shapeof CoO. Here,the�ne structureof themultipletstatesis not

visiblesincethebeamlineexit slit wasopenedtoachievehigherx-ray�ux resultingin areduced
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4.3. PostDepositionManipulation

Figure 4.9.:XAS spectraof 11 nm Co=CoO particlesasa functionof theAr + ion etchingtime at an

energy of 3 keV and4 � A draincurrent.Thespectraweretakenwith linearlypolarizedx-raysatnormal

incidenceandarenormalizedonaperatombasisfor comparison.

energy resolution.A 10 min Ar + ion etchingprocessstronglydecreasesthe peakintensities

while theedgejump remainednearlyconstant.Longerion etchingtimes,however, revealeda

continuousdecreaseof thepeakintensitywhile theedgejumpincreased.After 135min of Ar +

ion etchingnofurtherchangein theabsorptionspectrahasbeenobserved.Oneshouldnotethat

nonof thespectrashows a puremetallic characterasobserved in Co thin �lms, for example.

Accordingly, the further analysisof the magneticresponse(XMCD) hasto take into account

contributionsfrom both,Co atomsin ametallicandaoxidic environment.

4.3.2. Reactive Plasma Etching

Comparedto theAr + ion etchingprocessat energieson theorderof kV thatcreatespin holes

andintermixingof atomsreactive plasmaetchingis favorable,sincethesamplestructureand

morphologyis not or only slightly modi�ed [116]. Processgases(hydrogenandoxygen)are

much lighter thanargon and thus the ballistic removal of target atomsat energies far below

1 kV is unlikely. In fact,these"slow" excitedatomsareableto chemicallyreactwith thetarget

surfaceatoms[128]. Here,a soft methodis presentedthatallows thecontrolled(i) removal of
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4. StructuralandMorphologicalCharacterization

organicligandsand(ii) thereductionandoxidationof theCo=CoO nanoparticles.

For the processinga radio-frequency (rf) plasmasource(13 MHz) hasbeenemployed for

reactiveetching.Thesampleswerepositionedfaroff theplasmacloud.Thus,thesampleswere

mostlyexposedto slow excitedfreeradicals.Themaximumkineticenergy of thefreeradicalsis

givenby thesocalleddc-biasvoltageappliedbetweenthetwo electrodes.Low dc-biasvoltages

(100- 500V) andthechambergeometryyield asoft reactiveetchingof thespecimen,sincethe

sampleis placedeitherfaroff andrectangularto theelectrodegeometryor closeto oneelectrode

shadowing theplasma.Freeradicals,i. e.hydrogenor oxygenatoms,chemicallyreactwith the

exposedspecimen.Dueto thetiny kineticenergy asputteringof sampleatomsis notpossible.

Theef�ciency of sucha reactive plasmaetchingprocesshasbeendemonstratedby thecre-

ationof metallicnanoparticlesfrom Au [129] or Co [116] saltloadedmicelles.Oxygenradicals

reactwith carbonandhydrogenatomsof themicellesforming organicgasesandwater. In the

caseof Co salt loadedmicelles,however, this processoxidizesthemetalsaltcorecompletely.

Co3O4 nanoparticleswereformed.By hydrogenplasmaexposurein a secondsteptheCo3O4

particlescanbe reducedto metallic Co particles.Thus,the reactive plasmaetchingexposure

yield thepreparationof well-isolatedmetallicCo nanoparticlesfreeof any contaminants.

Thereactive plasmaetchingprocesscaneasilybeadaptedto metalnanoparticlesprepared

by meansof colloidal chemistry. For example,F ePt [23] andCo=CoO (this thesis)particles

have beenexposedto hydrogenor oxygenplasmas,successively. For theevaluationof theox-

idationandreductionprocesssurfacesensitive chemical�ngerprints areneededwhich canbe

providedby XAS, x-rayphotoelectronspectroscopy (XPS)or Augerspectroscopy. Thus,afully

UHV-compatibleplasmareactionchamberhasbeenemployedto performsamplemanipulation

processesallowing an immediatein situ characterization.Here,2D arraysof 9 nm Co=CoO

particleswith a samplethicknessof 10%of a monolayerto about2-3 layerswereexposedto

thefreeradicalsguaranteeingthat thereactive etchingcantake placeon all nanoparticles.The

particlesweredepositeddirectly from thetoluene-basedsolutiononnaturallyoxidizedSi (001)

substrates.

Transf ormation to Metallic Partic les

The effect of the reactive plasmaexposureto a submonolayercoverageis presentedin Fig-

ure4.10. At severalstepsof theprocessingCo-L3;2, O-K, andC-K edgeshavebeentrackedby

meansof XAS in thetotal electronyield mode.In theas-depositedstate(0 min H plasma)the

XAS at theCo edgesof the ligandsurroundedCo=CoO particlesshow a mixtureof metallic
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4.3. PostDepositionManipulation

andoxidic Co contributions.Detailson the XAS of untreatedparticlesarediscussedin sec-

tion 5.1.2. Theoxygenspectrumin theuntreatedstaterevealstwo sharppeaksaround525eV

and527eV. Severalhigherenergy peaksof lower intensityoverlapto a broadabsorptionpeak

andcannotbeassignedto aspecialchemicalenvironment.ThetotalO-K edgespectrumcanbe

assignedasthesumof threedifferentcontributionsoriginatingfrom (i) theCoO shellof each

individual particle,(ii) theorganic ligands(oleic acidandoleyl amine)andtheir bondsto the

nanoparticlesurfaceand(iii) thenativeSiO2 layerof theSi substrate.TheC-K XAS spectrum

is dominatedby the doublepeakat 288 eV while a small additionalcontribution is found at

285eV. Carbonis only locatedin theligandsformingsingleanddoublebondsin oleicacidand

oleyl amine.

In a �rst stepstartingfrom the untreatednanoparticlearraywe exposedthe specimento

mild H plasma(100W, 5-10Pa) until we measureda puremetallicCo XAS responseof the

nanoparticles.After 46 min theCo XAS spectrumrevealeda puremetalliccharacterindicated

by the lack of �ne structureandthe increaseof theedgejump in themetallicXAS spectrum.

ExaminingtheO-K XAS spectrumafter6 min and46min H plasmaexposureone�nds thatthe

peakat527eV vanishesinstantaneouslywhile thesharppeakat525eV decreasescontinuously

asafunctionof timeof exposure.Theoverlapof peaksathigherenergiessmearsout.Theshape

of theC-K XAS responsedoesnotchangemuchby theH plasma,but thetotalsignalintensity

decreasesby afactorof three.Thus,theH plasmaexposureyieldsareductionof Co=CoOcore-

shell particlesto puremetallic particlesthroughthe ligandshell removing somecarbonfrom

theligands.However, sincetheC-K spectroscopicresponsedoesnot changesigni�cantly, it is

likely that only the CoO shell is reducedandthe chemisorbedligandCOOH -groupdocking

to the particle surface(mediatedby an oxygenatom) is cracked producingwater while the

carbonyl-groupof theligandsremainspartiallystable.

After thereductionof CoO throughtheligandshellthesamplehasbeenexposedto anoxy-

genplasma(100 W, 7-10 Pa, 20 min) resultingin a completeremoval of the ligandshell by

chemicalreactionof thelong-chainligandsto organicgases,e.g. CO, CO2, andwater. These

gasescanbeeasilypumpedaway yielding ligand-freenanoparticles.TheO plasmaexposure,

however, alsoresultsin fully oxidizedCo3O4 particles[116]. Hence,anotherH plasmatreat-

ment(100W, 5-10Pa,30 min) of thespecimenwasnecessaryto prepareligand-free,metallic

Co nanoparticles.The�nal XAS spectrafor Co, O, andC arealsoshown in Fig 4.10indicated

by H=O=H plasma.TheCo spectrumis clearlydominatedby themetallic response,showing

only a slight shoulderin the onsetof the L3 edge.Employing referencespectrafor Co and

CoO [91] it canbeconcludedthatanequivalentof lessthanonemonolayerCoO remains.A

longerH plasmaexposuretime would reducethe remainingCoO. The oxygenspectrumre-
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Figure 4.10.:XAS spectrashowing theevolution of thesuccessive hydrogenandoxygenplasmaexpo-

surefor Co-L3;2, O-K, andC-K edges,respectively. Thedetailsaredescribedin thetext.
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4.3. PostDepositionManipulation

vealsa sharpenedpeakat 530eV which is assignedto theslightly transformedSiO 2 substrate

surface.Thelackof any C-K XAS signalprovesthattheligandscouldberemovedcompletely.

The small inversestructureat the C-K edgeis dueto a slight contaminationof carbonof the

x-ray mirrors in the monochromatorandthe gold grid measuringthe incomingintensity(I 0).

Thustheintensitycannotbeperfectlyscaledby theI 0-monitor.

The spectroscopicmeasurementshave shown that the H=O=H plasmaexposureresultsin

ligand-freemetallicCo particles.However, from XAS alone,no informationcanbe achieved

aboutchangesof the shapeof the particlesandthe samplemorphology. Aggregation or sin-

tering of particlesmay take placewhen the protective ligandsare removed. To quantify the

possiblechangesin theparticlemorphologylithographicallymarkedsubstrateshavebeenused

to �nd the identicalparticlesbeforeandafter thesuccessive plasmatreatment.In Figure4.11

theeffect of thedifferentplasmatreatmentsis presented.Theas-depositedCo=CoO particles

surroundedby ligandsareshown in Figure4.11(a) usinga low concentrationof particleson

thesubstrate.Figure4.11(b) shows themorphologyafter theplasmatreatmentwithout the li-

gands.Oneshouldnotethat thesamplehadto betransferredin ambientconditionsbeforethe

post-plasmaSEM imagewastaken.Thus,theparticlesareoxidizedat thesurface.Eachdark

spotrepresentsa singlenanoparticle.Comparingtheparticlearraybeforeandafter theplasma

exposureonecanconcludethatall nanoparticlesremainisolated,even if thedistanceis small

betweentheparticles.It is obviousfrom Figure4.11that theparticlesdo not move duringthe

plasmaexposurewhich yieldsthepossibilityof theremoval of theligandswithout particleag-

glomeration.Using high-resolutionSEM the sizesof singleparticlescanbe evaluatedbefore

Figure 4.11.:SEM imagesof the9 nm particlesof the initial state(a) andaftersuccessive oxygenand

hydrogenplasmaexposure(b). LithographicallymarkedSi:B substrateswereusedto �nd the identical

sampleareabeforeandaftertheplasmaexposure.
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4. StructuralandMorphologicalCharacterization

andafter the plasmatreatment.Within the error bar (� 1 nm) the diameterof the Co=CoO

particlesdoesnot changefor identicalparticles.Thus,mostprobablyalsoligand-freeparticles

form acoreprotectiveCoO shellwith a typical thicknessof a few nanometers.

Well-separatedcontaminant-freeCo particlescanbepreparedby theplasmaexposureup to

a coveragecloseto onecompletely�lled monolayer. Figure4.12(a) representssucha arrange-

mentof particles.9 nm Co=CoO particleswerelet to self-assembleby thedropletevaporation

methodfrom toluenebasedsolutionontoa native Si (001)substrate.Thecoverageis homoge-

neousover areasof several mm2. About 85% of the total sampleareais coveredfrom which

XAS/XMCD spectrawere taken. At a �rst glance,it is obvious that around7% of the total

numberof particlesarebigger than the majority of all particles.Thesebiggerparticleshave

not beenobserved beforethe plasmaexposure.To quantify changesin diametera size dis-

tribution is evaluatedby meansof SEM imaging.The log-normal�t to the sizehistogramin

Figure4.12(b) revealsa mostprobablediameterof 9.4 nm anda full width at half maximum

of 3.9 nm. Thecontribution from largerparticlesto thehistogramis not aslargeasthevisual

inspectionsuggests.Comparedto the pre-plasmasizedistribution of the 9 nm Co=CoO par-

ticles shown in Figure4.1 the mostprobablediameterremainsconstantwithin the error bar.

OneshouldnotethatSEM imaginghasa uncertaintyin thesizeevaluationof � 1 nm.Thesize

distribution, however, clearly increasesfrom a FWHM of 2.7 nm (14%) to 3.9 nm (19%) af-

ter the H=O=H reactive plasmaetchingandadditionaloxidationafter the XAS experiments.

The particlecenter-to-centerdistancedcc = 12.6nm (not shown) that is slightly smallerthan

80 nm
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Figure4.12.:(a)SEMimageof thesampleinspectedby XAS/XMCD (Figure4.10) afterthesuccessive

H=O=H plasmaexposure.About 7% of the particlesappearlarger thanthe majority of particles.(b)

quanti�es thesizedistribution of plasmatreatedparticles.A mostprobablediameterof 9.4nm is found

by log-normal�tting.
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4.3. PostDepositionManipulation

dcc = 13.0nm suggestedby TEM imagingshown in Figure4.7. Thedifference,however, lies

within theerrorbarof theSEM apparatus.Fromthe resultsabove it canbeconcludedthat in

caseof coveragesup to onemonolayertheparticlesin contactto thesubstratedo not move or

agglomerateby the exposureto the free radicals.It seemsprobablethat larger particlesgrow

by a smallamountof particlesin a secondlayerduringtheoxygenplasmaexposure,sincethe

ligandshellwereremovedfrom initially agglomerationprotectedCo=CoO particles.Oncethe

shell is removedtouchingparticlesarefreeto sinterformingparticlesof largerdiameter.

Whenmoreparticlesaredepositedontothesubstratethey cannotremainisolatedperpendic-

ular to thesubstrateif theligandshell is removed.Thus,oneexpectstheformationof particles

in contactto eachother- exhibiting exchangeinteraction- normalto thesampleplane.To see

the effectsof exchangeinteractionmoreeasily the concentrationhasbeenchosenso that an

arrayof Co particleswith a coverageof 1.7 particlelayersis formedover macroscopicareas

(mm2). Then,the ligandshell hasbeenremoved andthe CoO shell hasbeentransformedto

metallic Co by the oxygen/hydrogenplasmaexposureyielding an arrayof metallic particles

partially in contactto eachother. The positionof the particleswas imagedafter the plasma

treatmentby meansof SEM andAtomic ForceMicroscopy (AFM) at many differentpositions

on thesample.In Figure4.13(a) a characteristicSEM imageof thequasitwo-dimensionalar-

ray of 9 nm Co particlesis shown. Approximately30% of the total samplearea(8 � 4 mm2)

is coveredby a singlelayer while 70% is coveredby two layersof nanoparticles.Nowherea

third layeror three-dimensionalagglomeratesaredetectedby AFM or SEM.Eachsmallbright

spot representsa singlenanoparticle.Areasof typically 100 � m2 arecoveredby onemono-

layer. Doublelayer regionscover about70%of thewholesubstratearea,surroundingtheone

50 nm

(b)(a)

200 nm 50 nm

Figure4.13.:SEMimagesof the9 nmCo=CoO particlesaftertheplasmaexposure.Theinitial coverage

of thesubstrateis not uniform. Singlelayer regionsareencasedby areasof two layersof particles(a).

Image(b) showsahighermagni�cationof thedoublelayerregion.For detailsseetext.
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4. StructuralandMorphologicalCharacterization

monolayerregions.The�lling factorof theparticlesin the�rst is layeris 35%.Theparticlesin

thetop layerhave a largeraveragediameterof about14 nm which correspondsto a � ve times

largervolumeandis theresultof theplasmatreatmentasdiscussedbelow.

Theexistenceof thebottomlayerof smallparticlesunderlyingthetop layeris provenby the

high-resolutionSEMimagein Figure4.13(b). Thearrows indicatesomebottomlayerparticles

in thedoublelayerregion.Thesizedistributionof themonolayerregionsrevealsnosigni�cant

changeof thediameterof theparticles.In thedoublelayerregionnopropersizehistogramcan

begiven,sincemostparticlesarepartially coveredby the top layer. However, by comparison

of thea few bottomlayerparticlesin thedoublelayerregionswith theonesin thesinglelayer

regionsit is evidentthatthesizesandshapesof theparticlesin the�rst layeraresimilar.

TheAFM imagingcon�rms theseresults.Figure4.14representsa typicalAFM imagewith

two singleandonedoublelayerregions.Below theAFM imagethecalibratedheightvariation

alongtheline scanindicatedby thewhite line in theimageis shown. Theerrorbarof theheight

determinationis 1 nm. In thesinglelayerregionstheAFM detectsa roughnessof lessthan1.5
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Figure 4.14.:AFM imageof theinitially 9 nm Co=CoO particlesaftertheplasmaexposure.Thelower

panelshowsa line scanaccordingtheline in theAFM image.Thebottomlayerappearsnearly�at while

in thetop layerparticlesof largerdiameterarevisible.Theline scanshows theheightvariationbetween

bottomandtop layer. Detailsaredescribedin thetext.
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nm.NotethatastandardSi tipswith a tip radiusof 30nmhavebeenused.Thus,thetip cannot

properlydetectthe heightvariationbetweenthe particles.In the line scandiagramnearly�at

regions(singlelayer)aresetto zero,so that theheightdifferencebetweenthebottomandthe

top layeris visualized.Thebiggerparticlesin thetop layerappear8 nmhigherthanthebottom

layer particles.Taking into accountthe �lling factorof 30% of the particlesin the �rst layer

onecanconcludethat particlesin the top layer partly �ll the spacebetweenthe bottomlayer

particles.Thus,weassumein section6.2sphericalparticlesof 14nmdiameterforming thetop

layer for micromagneticsimulations.From SEM andAFM imagingno direct informationon

thesizeof thecontactareaof bottomandtop layerparticlescouldbeachieved.

Finally, onehasto discusschangesof theparticlediameterby theplasmaexposure.Dueto

the stronglydifferent lattice constantsof fcc Co (a = 0.354nm) andparamagneticCoO (a =

0.426nm) oneexpectsa shrinkingparticlediameterin thepuremetallicstate.UsingtheCoO

shellthicknessof tCoO = 2:5nmthatis determinedbyTEM, asimplegeometricalconsideration

usingdCo=CoO = dcore + 2 � tCoO = 9.5nm revealsa mostprobableparticlediameterdCo after

plasmareductionof

dCo =
�
d3

core +
�
d3

Co=CoO � d3
core

�
�

aCo

aCoO

�� 1=3

= 8:1 nm: (4.2)

Here,dCo=CoO is the initial particlediameteranddcore is theCo corediameter. Onemaynote

that this simple considerationhasnot beendirectly proven by microscopy techniquessince

theplasmareductionchambercouldnot beattachedto theSEM or TEM apparatus.Thepost-

plasmaSEM characterizationpresentedin Figure4.12yieldsa mostprobablediameterthat is

identicalcomparedto theinitial diameterdeterminedby TEM. Thereadermayrememberthat

thefreemetallicparticleswereexposedto air beforetheSEMimaging.Thisexperimental�nd-

ing suggeststhat(i) theoxidationprocessof freemetallicparticlesis similarto ligand-stabilized

particlesand(ii) no lossof Co atomstakesplaceduring the reactive plasmaetching.These

simpleconsiderationsbecomeimportantwithin the interpretationof the magneticresponse-

especiallyin termsof micromagneticsimulations(section6.2).

In summary, the successive oxygenandhydrogenplasmaexposureis found very ef�cient

to preparemetallic Co particlesfree of ligandson Si(001) substrates.The morphologicalin-

vestigationsbefore(TEM) andafter(SEM,AFM) suggestthatno lossof Co atomstakesplace

duringtheplasmaexposure.Below a coverageof onemonolayertheparticlesremainisolated

andkeeptheir positionon thesubstrate.By thedepositionof morethanonemonolayerSEM

andAFM imagesshow thata doublelayerstructureis formedafterplasmatreatment.Interest-

ingly, the particlesin the top layer have a � ve timeslarger volumeindicatingthat a sintering

or agglomerationtake placeduring the plasmaexposure.Particlesin the singlelayer regions,
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whicharein contactto thesubstrate,donotagglomerateor sinter. Onecanconcludefrom these

resultsthat the mobility of particlesin the secondlayer is higher than thoseof the particles

touchingthesubstrate.
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5. Magnetic Proper ties of Co/CoO

Core-Shell Nanopar tic le Systems

Themagnetismof Co=CoOnanoparticlesshowsavarietyof interestingphenomena.Ferromag-

neticblockingwhichstabilizesadistinctmagnetizationdirectionin agiventimewindow below

acertaintemperatureTB is causedby themagnitudeof themagneticanisotropy energy (MAE)

comparedto the thermalenergy. Sincethe anisotropy of the orbital magneticmomentis di-

rectlyconnectedto theMAE detailedinformationof theorbitalmagnetismin thenanoparticles

is highly desired.Moreover, thesituationin Co=CoO particlesbecomesevenmoreinteresting

sincein this systemferromagnetic/antiferromagneticexchangecoupling is present.The cou-

pling is the origin of a unidirectionalexchangeanisotropy UEA (exchangebias)andgoverns

theusuallyobserveduniaxialanisotropy of nanoparticles,too.In thischapterthesemechanisms

areaddressed.At �rst, thediscussionfocusseson themagnetismof individual particles.After-

wards,the magnetostaticcouplingof theseparticlesis discussedin termsof a �eld induced

anisotropy employing magnetophoreticdeposition.

5.1. Individual Magnetic Proper ties

Startingfrom theblockingtemperatureTB asa generalparameterfor stablemagnetizationdi-

rectionof nanoparticlesin agiventimewindow thissectionconcentratesonthebasicquantities

like MAE andtheratio of orbital-to-spinmagneticmoment� L =� S. Theg-factoris anintrinsic

magneticquantitywhich is a directmeasureof � L =� S. Usingfrequency-dependentFMR mea-

surementsthe g-factorcanbe determinedwith high accuracy. Besidesthe FMR experiments

theratio of orbital-to-spinmagneticmomentis independentlymeasuredby XMCD. Moreover,

the frequency-dependentFMR yields informationon the Gilbert dampingparameterG. The

temperaturedependenceof themagneticanisotropy energy densityof 9 nm Co=CoO particles

is determinedwith asimpli�ed modelalreadyintroducedin section2.1. Magneticaging,which

heremeansthe slow growth of the CoO shell of the individual particleswith time in ambi-

ent conditionsis investigatedby both by frequency-dependentFMR andby element-speci�c
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hysteresisloopsusingtheXMCD signal.Finally, theUEA in aCo=CoOnanoparticlesis inves-

tigated.

5.1.1. Magnetic Bloc king of Partic les

The blocking temperatureTB indicatesthe temperatureat which the thermalenergy becomes

suf�cient to reversethe magnetizationdirectionover the energy barrierEB of a systemwith

uniaxialsymmetryin a certaintime window (usuallygivenby thetypeof experiment).In this

case,theenergy barrierEB is givenby theMAE for non-interactingidealspheres.Besidesthe

MAE of asingleparticlemagnetostaticinteractionsbetweenneighboringparticlesmayhave to

betakeninto account.Thedipole-dipoleinteractingenergy Edd entersequation1.16[130]:

ln
�
� 0

=
EB

kB T
=

K ef f V + Edd

kB T
(5.1)

Accordingly, wheninterparticleinteractionscannotbe neglectedthe energy barrierincreases.

Themaximumdipolarinteractionenergy (parallelalignmentof magneticmoments)of two par-

ticles canbe calculatedby Edd=kB = (� 0� P )2=4� � 0d3
cckB [76]. � P de�nes the total moment

of a particle.For 9 nm (11 nm) Co=CoO particlesEdd=kB is foundabout30 K (120K). Thus,

magnetostaticinteractionscannotbe neglected.In this estimateonly the volumeof the ferro-

magneticcoreof 5 nm(7 nm)wasusedassumingthebulk magneticmomentof 1:7� B /atomand

parallelalignmentof all atomarmagneticmomentsforming a giantspin locatedat theparticle

center. Thecenter-to-centerdistancedcc is 13nm(16nm) for 9 nm(11nm)particles.Whenthe

blockingtemperatureis measuredtheeffective anisotropy energy densityconstantK ef f could

becalculatedfreeof interactions.Oneshouldpoint out thatthis simplemodelneglectsany in-

�uence of the CoO shell which is antiferromagneticbelow TN = 293K. Sincethe exchange

couplingat theferromagnetic/antiferromagneticinterfaceenhancesthecoercivity andthusalso

theMAE [42,59] of a Co=CoO particlethis simplemodelis misleading.Moreover, theCoO

shellis stabilizingthemagnetizationof aparticleathighertemperaturesthanit canbeexpected

from theMAE of a ferromagneticcorealone.

An estimateof blocking temperaturesof fcc multiply twinned,puremetallic particlescan

begivenusingtheanisotropy constantK ef f = 1:5 � 104 J/m3 foundby micromagneticsimula-

tionsof hysteresisloopsafterplasmatransformation.Detailsonthesimulationscanbefoundin

section6.2. Fromequation5.1 theexpectedblockingtemperaturecanbecalculatedby setting

ln(� =�0) = 30 thataccountsfor thetime window of a SQUID magnetometryexperiment.Fur-

therthecalculateddipolarenergy givenaboveentersequation5.1. Usingtheseassumptionsthe

expectedblockingtemperaturesof magnetostaticallycoupledCo particlecoresof 5 nm (7 nm)

is foundto beTB = 6 K (17K).
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Figure 5.1.: ZFC/FC magnetizationprocessas a function of temperaturefor the nominally 9 nm

Co=CoO particles.(a) shows the temperaturedependenceof approximately100 layersof particleson

a native Si(001)substrate.A �eld of 5 mT hasbeenapplied.In (b) the identicalexperimenthasbeen

performedfor onemonolayerof particles.Themeasuring�eld hadto be increasedfor suf�cient signal

strengthto 30 mT. Both measurementsshow identicalpositionsof the ZFC maximumat T � 150 K.

Accordingto thevolumesizedistribution � V = 0.38one�nds a meanblockingtemperatureTB ;mean �

85K.

In Figure5.1 thezero-�eld cooled(ZFC/FC)magnetizationprocessof the9 nm Co=CoO

particlesis presentedasa functionof temperature.For both,a sampleconsistingof about100

layersof particlesanda singlelayer of particles,the ZFC maximumis found at T � 150K.

Using the volume size distribution � V = 0.38 of the particlesone �nds the meanblocking

temperaturebeingTB ;mean � 85 K. Both experimentshave beenperformedwith themagnetic

�eld appliedin the�lm plane.Onemaynotethat themagnitudeof themagneticresponseof a

singlelayeris only slightly largerthanthedetectionlimit of themagnetometerindicatedby the

largeerrorbars.However, theblockingeffect is clearlyvisible.Theorigin of theparamagnetic

contribution at temperaturesT � 20 K in Figure5.1 (a) is assignedto paramagneticCo salts

presentafterthesynthesis.By carefulwashingof theparticlesolutionthesecontaminantswere

eliminatedfor furtherinvestigations.Figure5.2showstheZFC/FCmagnetizationprocessof 11

nmand13nmCo=CoO particlesasafunctionof temperaturein amagnetic�eld of B = 5 mT.

The maximaof the ZFC measurementsare found at T � 290 K and 270 K for the 11 nm

and13 nm Co=CoO particles.Themeanblocking temperatureTB ;mean = 167K (184K) has

beenestimatedfrom the volumesizedistributions� V = 0:36 (0.24) for the 11 nm (13 nm)

Co=CoO particles.Interestingin theseexperimentsis the fact that the irreversibility point of

theZFC/FCmeasurementsarefoundslightly lower but very closeto Néel temperatureTN of
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m

Figure 5.2.:ZFC/FCmagnetizationprocessfor nominally11 nm and13 nm Co=CoO particlesassem-

bliesasa functionof temperature.Interestingly, theZFCmaximumatT � 290K of the11nmparticles

is found at highertemperaturesthanthe oneof the 13 nm particles(T � 270 K). The meanblocking

temperaturehasbeenestimatedfrom the volumedistribution � V = 0:36 (0.24) to TB ;mean = 167 K

(184K) for the11nm(13nm)particles.

the antiferromagnetCoO. Thus, it seemslikely that the CoO shell determinesthe blocking

temperatureof the largestparticles.Above TN theredoesnot exist any additionalstabilizing

mechanismof themagnetizationof asingleparticleandtheMAE of thecorealonecannotform

astabledirectionof magnetizationasdiscussedabove.

The irreversibility point of ZFC/FC measurementsat about150 K of the 9 nm particles

is found stronglyreducedcomparedto the larger particles.At this temperatureFC hysteresis

loopsshow a vanishingexchangebias �eld asshown below. This �nding is attributedto the

superparamagnetismof theCoO shellabove150K. Moreover, themagneticmoment(Am2) of

theferromagnetenterstheestimationof theexchangebias�eld in equation1.20. Themagnetic

momentof a5 nmCo corein a9.5nmCo=CoO particleis morethantwo timessmallerthanin

thecaseof a7 nmCo corein 11nmparticlesdueto thedifferencein thenumberof coreatoms.

The limited rangeof sizes,however, doesnot allow to quantify the argumentsgiven above.

Fromequation1.13oneis temptedto separatethevolumeK V andsurfacecontribution K S of

theeffectiveanisotropy energy densityconstantK ef f = K V + 6
dK S. Onemaynotethatdipolar

interactionshave to be includedby equation5.1. K ef f V is determinedto 217 meV/particle,

421 meV/particle,and449 meV/particlefor the 9 nm, 11 nm, and13 nm Co=CoO particles,
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respectively. Equation1.13doesnot take into accountexchangeinteractionbetweenthe core

andtheshellof theparticles.On theotherhand,thediscussionabove hasshown thattheCoO

determinestheblockingtemperatureTB . Consequently, theestimateof K S andtheveri�cation

of the6/d-law fails.Only in thecaseof puremetallicparticlesequation1.13canbeapplied.

In summary, theZFC/FCmagnetizationexperimentsof differentsizedparticlessuggestthat

the antiferromagneticCoO shell mainly de�nes the blocking temperatureof Co=CoO parti-

cles.The superparamagnetismin the CoO shell may reducethe blocking temperaturewhile

magnetostaticinteractionsbetweentheparticlesincreasetheenergy barrier.

5.1.2. Orbital Contrib ution to the Total Magnetic Moment

The FMR andXMCD experimentsfor the g-factorand the ratio of orbital-to-spinmagnetic

momentdeterminationarepresentedin thefollowing. Frequency-dependentFMR experiments

allow theaccuratedeterminationof theg-factorthat is a directmeasureof theratio of orbital-

to-spin magneticmomentvia � L =� S = (g � 2)=2. FMR only detectsthe metallic core of

the Co=CoO particles.Core-level spectroscopiesin the total electronyield modelike XAS

and XMCD have a much smallerprobing depthallowing the measurementof the magnetic

responseof both,theCo coreandtheCoO shell.Theratioof orbital-to-spinmagneticmoment

is investigatedin remanenceandin externalmagnetic�elds atvarioustemperatures.Especially

the coupling mechanismbetweenthe core and the shell of the particlesis addressedin this

section.

Frequenc y-dependent FMR: g-factor Determination

Ensemblesof magneticnanoparticleswhichaddup1016 � 1017 magneticmomentscanbemea-

suredby FMR, evenwhenthe linewidth of theabsorptionspectrumis on theorderof several

hundredmT. As anexample,Figure5.3(a)showsexperimentalFMR absorptionspectrafor pa-

rallel (pc) andnormalcon�guration(nc) with respectto thesampleplaneat threedifferentfre-

quenciesat roomtemperature.At 9.8GHz Si(001) substrateswith a native SiO 2 surfacelayer

andat higherfrequencies(35.7GHz and69.7GHz) low-resistivity manganin(Cu86M n12N i 2)

substrateshave beenusedbecauseof technicalreasons.The differentsubstrateshadno in�u-

enceontheresonance�eld andthusontheg-factordetermination.A 5 � l dropof toluene-based

highly-concentrated11nmCo=CoO particlesolutionhasbeendriedon thesubstratesin ambi-

entconditions.As a result,40-50layersof nanoparticleshave beendepositedon thesubstrate.

Theasymmetryat35.7GHzand69.7GHzis dueto thepositioningof thesamplewhich is very
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critical (� mm) in theusedsetup.Differentintensitiesoccur, sincethewaveguidesystemsat

35.7GHz and69.7GHz aredifferentfor pc andnc con�gurations.Thesetechnicaldifferences

donothaveany in�uence onthedeterminationof theresonance�eld. At 9.8GHzthesampleis

not saturatedandthusthesamplemagnetizationchangesduringthe �eld scan.The line shape

canbeexplainedby asuperparamagneticmagnetization(M (H )), asdiscussedbelow.
c

^

Figure 5.3.: (a) FMR/EPRabsorptionspectrafor threedifferentmicrowave frequenciesfor pc (solid)

andnc (dashed)con�gurationsat roomtemperature.(b) Experimentalresonance�elds B r esjj andB r es?

asa functionof themicrowave frequency at T = 300K. Theresonance�elds B r es;cor correctedfor the

effective magnetizationarealsoshown (seetext for details).Theerrorbarsaresmallerthanthesymbol

size.The�gure hasbeenadaptedfrom [95].

96



5.1. IndividualMagneticProperties

Theresonancespectrawere�tted by a Lorentzianline pro�le for all measurementsandthe

pc andnc resonance�elds canbe determinedwithin an error bar of 3 mT. The lower reso-

nance�eld is alwaysfoundin thepccon�gurationasshown in Figure5.3(b). It is smallerthan

the paramagneticresonance�eld (! =
 ), which shows that thereexists an additionalintrinsic

magnetic�eld due to an effective magnetizationM ef f . The easyaxesof M ef f is parallel to

the �lm plane.Using equations2.11 and2.12 M ef f canbe calculatedby an iterative proce-

dureallowing a slight variationof the g-factor(g = 
 ~
� B

) startingfrom the fcc bulk Co value

g = 2:16. This calculationhasbeenperformedfor 35.7GHz and69.7GHz only, showing an

f M ef f = 67 � 11 mT. f is the volumetric �lling factor that accountsfor the discontinuous

mediumof nanoparticles.At 9.8 GHz additionalinformationaboutthe magnetizationat the

resonancepositionis needed.SQUID magnetometryof the identicalsampleshowedthemag-

netizationM (B r es) = 0:94M ef f at resonance.Usingthecorrectedvalueof f M ef f at 9.8GHz

and67� 11mT for higherfrequenciesonecancalculatethecorrectedresonance�eld B r es;cor

that doesnot dependon M ef f anymore.In this case,the g-factorhasbeendeterminedby the

paramagneticresonancecondition~! = g� B B r es;cor. In Figure5.3 (b) theexperimentalreso-

nance�elds for pcandnccon�gurations(B r esjj andB r es? ) andB r es;cor areplottedasafunction

of themicrowavefrequency � = ! =2� . A linear�t of thethreefrequenciesandtheorigin yields

ag-factorof 2:150� 0:015, which liesverycloseto thebulk valueof fcc Co(g = 2:16). Within

thegivenerrorbarthesameg-factoris obtainedin parallelgeometrywhenusingtheferromag-

neticresonanceconditionwhichrequiresaquadratic�t accordingequation2.11. However, if the

sampleis not saturatedat theresonanceposition,themethodusedhereis favorablesinceeach

frequency canbe correctedseparately. The quadratic�t averagesdirectly over f M ef f which

only holdsfor saturatedsamplesatall frequenciesusedin theexperiments.

The g-factor determinationaccordingequation2.11 for parallel con�guration and equa-

tion 2.12 for perpendicularcon�guration hasalso beenperformedon the 11 nm Co=CoO

nanoparticleson a second,independentlypreparedsampleon manganin substrates.While in

the experimentsshown in Figure5.3 the particlesweredepositedon the substratetwo weeks

afterthechemicalsynthesisthesampleinvestigatedin Figure5.4hasbeenprepared� vemonths

laterfrom theconcentratedsolution.Thesolutionhasbeenkepttightly closedin ambientcondi-

tions.TheFMR experimentswereperformedatsevenfrequenciesbetween9.82GHzand79.34

GHz.Theexperimentalspectradisplayedin theupperpanelsof Figure5.4weretakenthreeto

sevenweeksafterthesamplepreparationwherea nearlystableeffective magnetizationf M ef f

hasbeenobservedasdiscussedbelow in termsof nanoparticleaging.

Figure5.4(a)showsachoiceof spectrafor paralleland(b) for perpendicularcon�gurations.

Thelower panelsrepresentthesquaredmicrowave frequency (a) andthemicrowave frequency

97



5. MagneticPropertiesof Co/CoOCore-ShellNanoparticleSystems

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2000

4000

6000

79.34 GHz48.81 GHz

n2
(G

H
z2 )

Resonance Field B
res||

(T)

17.61 GHz

(a)

-1.0

-0.5

0.0

0.5

1.0

0.5 1.0 1.5 2.0 2.5 3.0

External Field B (T)
dc

"/
dB

(a
rb

.u
ni

ts
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

20

40

60

80
79.36 GHz48.81 GHz

n
(G

H
z)

Resonance Field B
res^

(T)

17.61 GHz

(b)

-1.0

-0.5

0.0

0.5

1.0

0.5 1.0 1.5 2.0 2.5 3.0

External Field B (T)

dc
"/

dB
(a

rb
.u

ni
ts

)

Figure5.4.:FMR spectraof the11nmCo/CoOparticlesasafunctionof microwavefrequency for paral-

lel (left) andnormalcon�guration(right) at roomtemperature(upperpanels).For clarity, only theFMR

spectraof threefrequenciesareshown. Thelower panelsshow themicrowave frequency dependenceas

a functionof theresonance�elds for parallel(a) andperpendicular(b) geometry. Thelinesin thelower

panelsare�ts accordingto equations2.11and2.12.The�gure hasbeenadaptedfrom [60].

(b) asfunctionsof the resonance�elds B r esjj andB r es? , respectively. The solid lines are�ts

accordingtheequation2.11(a) andequation2.12(b). In theparallelcon�gurationa deviation

from linearbehavior is revealedwhichdirectlyproofsthepresenceof internalanisotropy �elds.

From the quadratic�t usingequation2.11 the g-factor for the 11 nm Co=CoO particleshas

beendeterminedto be2:13� 0:01andaneffectivemagnetizationof f M ef f = 55� 14mT was

found.Theeffectivemagnetizationf M ef f is dueto themeasurementin aapplied�eld in FMR.

Theparticleensembleis superparamagneticat T = 300K. Theanalysisof theresonance�elds

in perpendiculargeometryyieldsg = 2:13� 0:02, showing theisotropicbehavior.

Both, the g-factordeterminationtwo weeksand � ve monthsafter the chemicalsynthesis

coincidewithin theerrorbar. The averagedg-factoris found to be 2:14 � 0:02. The effective

magnetizationf M ef f is foundto beremarkablyreducedby 18%from 67� 11mT to 55� 14

mT. Thus,a further oxidationof the particlesin the solution is evident. It shouldbe pointed

out that the direct �ts to equations2.11 and 2.12 demandsaturatedsamples.Apart from a

paramagneticslopesaturationof the 11 nm Co=CoO is achieved around0.8 T asmeasured
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by SQUID magnetometry. Sinceour FMR setupdetectsonly the ferromagneticpart of each

particle(whichmightbein�uencedby theCoOshell),andCoOcannotbedetectedin termsof

antiferromagneticresonancethemostreliableresultsarefoundat high microwave frequencies

wherethe resonance�elds are large. In this specialcase,FMR experimentsabove 25 GHz

(B r es � 0:8 T) ful�ll thedemandof asaturatedsample.Theuseof thefrequency rangeof 25-80

GHzapplyingsinglefrequency analysisof equations2.11and2.12revealsag-factorof 2:14�

0:01 andf M ef f = 40� 9 mT. As a result,theerrorbarof theg-factordeterminationreduces

to the uncertaintiesof the resonance�eld determination(� B=B � 10� 4) and the statistical

errorof thefrequency-dependentmeasurementsdecreases.Thus,it is obviousthatwhenhighest

accuracy is neededthe low-frequency FMR measurementsmust be correctedfor saturation

values,e. g. measuredby SQUID magnetometry. Alternatively, only FMR experimentscanbe

employedfor ag-factoranalysiswhichshow resonance�elds largerthanthesaturation�eld of

thesample.

Finally, onehasto considerthe possiblein�uence of CoO on the FMR experiments.As

pointedout in thedescriptionof theFMR technique(section2.1) thesamplingdepthof anFMR

experimentis much larger than the diameterof the Co=CoO particles.Thereforethe whole

particlewill beprobed.Thesignalof theoxidelayeris expectedto berathersmall,sinceCoO

in thebulk ordersantiferromagneticallywhich– in caseof aperfectantiparallelalignmentof the

adjacentmagneticmoments– doesnot producea resonanceabsorptionin theusedfrequency

range.Antiferromagneticresonanceis typically observed at frequencies� � 100GHz. The

only possiblesignalcould arisefrom uncompensatedmomentswithin the oxide layer which

occurdueto the sphericalshapeof the particlesandthe multi-grain structurein the shell.As

bulk CoO hasa Néel temperatureof TN = 293K, a further reductionof the expectedsignal

resultsfrom thefactthattheoxidic layeris paramagneticatambienttemperature.Only thespins

in contactto themetalliccorecouldpossiblybeordered.Therefore,thestrongestcontributionof

theoxidelayerto themagnetizationmaybeexpectedto arisefrom momentslocateddirectlyat

theinterfaceof themetalliccoreto theoxidelayer. Following Hund'srulesfreeCo2+ -ionshave

a3d7-con�gurationandthusaspinquantumnumberof S = 3=2andanorbitalquantumnumber

of L = 3 which yields a very large � L=� S = 1. In a quasi-cubicenvironment(section1.2),

however, theorbitalmomentis partlyquenched.Experimentally, a large� L=� S � 0:6 hasbeen

observed[131]. Thus,if thecontribution to theFMR signaloriginatingfrom theinterfacespins

wouldbelarge,anenhancedorbitalmomentwouldbeexpected.Sincethis enhancementis not

observed,weconcludethattheresponsewithin FMR mainly resultsfrom themetalliccore.

In summary, frequency-dependentFMR measurementsreveal a g-factorof 2.145� 0.015

which directly correspondsto a ratio of orbital-to-spin magnetic moment of � L =� S =
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0:07 � 0:01 for the 11 nm Co=CoO particles.Comparingthe measuredvalueto the known

valuesfor hcpCobulk of � L =� S = 0:09onecomesto theconclusionthattheCoparticlesmost

likely have anfcc structure(bulk: � L =� S = 0:08) resultingin a reductionof orbital magnetism

dueto thecubicenvironment.Theeffectivemagnetizationf � M ef f hasbeenfoundto decrease

by 18% within 5 monthsbetweennanoparticlessynthesisandsamplepreparationwhich sug-

gestsaslow growth of theCoO shell in thesolutionwhile keptin ambientconditions.

Temperature- and Field-dependent XMCD: � L =� S Determination

To getfurtherinsightinto theorbital magnetismandthecouplingmechanismsat theinterface,

theFMR resultsarecomplementedby XMCD investigationsat theCo L3;2 edges.Employing

theXMCD sumrules,theorbital andthespinmagneticmomentcanbeextractedseparately, if

thesampleis saturatedandtheXAS spectracanbesplit into metallicandoxidic contributions.

Whenthe dichroismin XAS is tiny, e. g. in caseof the remanentmagnetizationof Co=CoO

particles,thedatasetsdo not allow a reasonableanalysisof separatedmagneticmoments.The

reliableoutcomeof suchanexperimentis theratioof orbital-to-spinmagneticmoment� L =� ef f
S .

Oneshouldnotethat � ef f
S = � S � 7� T accountsfor thepossiblecontribution of themagnetic

dipolemomentdueto theaspherityof theelectroncloudsinvolved.Moreover, XAS in theTEY

detectionmodehasa limited samplingdepthof only a few nanometersdueto theexponential

decayof secondaryelectronsoriginateddeeperin the sample.Thus, the XAS signal of the

overlying CoO is expectedto be large,while theXAS signalof themetalliccoreis small.As

discussedearlier, any magneticcontrastthatarisesfrom CoOcanonly bedueto uncompensated

momentsandthe exchangecouplingto the ferromagneticcore.In the following a numberof

experimentsaredescribedwhich give aninsight into thecomplex couplingmechanismsat the

Co=CoOinterface.Two setsof experimentshavebeenaccomplished:Firstly, thedetermination

of � L =� ef f
S is presentedfor 13 nm Co=CoO particlestreatedby Ar + ionsto remove chemical

residue.Theseexperimentswereperformedin theremanentstateonly. After that,experiments

in external�elds up to 2 T arepresentedfor 9 nm particleswithout any furthertreatment.The

external�eld resultsin amuchstrongerdichroicsignal,sinceCo=CoOparticlesaremagnetized

closeto their saturationmagnetizationallowing the examinationof particlesin their native

state.The external �eld allows a morepreciseanalysisandthe qualitative elaborationof the

XMCD signalfrom CoO. Moreover, from experimentsonparticleshaving differentCoO shell

thicknessesone�nds quantitative agreementbetweenexperimentsanda simplemodeltaking

into accountweightedcontributionsto themeasuredXMCD signal.
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Experiments in the Remanent State of Magnetization

In the �rst setof experimentstheXMCD differencehasbeenrecordedasa functionof angle

with respectto the substrateplaneandtemperatureafter Ar + ion etching.The particleshave

beendepositedby dropletevaporationon a cleanMo foil. In regard to Figure4.9 it shouldbe

Figure5.5.:Majority (dotted)andminority (solid)XAS spectraof anarrayof 13nmCo=CoO particles

onaM o substrateafterAr + -ion etching(3 kV, 4� A, 135min) at170K andanangleof incidenceof 20�

with respectto thesubstrateplane.For clarity, theXMCD differencespectrumis magni�ed by a factor

of 5.

pointedout that the non-etchedsamplerevealsthe typical line shapeof CoO. By successive

Ar + ion etchingthewhite line intensityhasbeenfoundcontinuouslydecreasingwhile theedge

jump increasesup to anetchingtime of 135min afterwhich no furtherchangesin XAS have

beenobserved. The particlesbecomemore metallic indicating a partial removal of oxygen.

Noneof thespectrarevealsa puremetalliccharacteralthoughthebranchingratio AL 3 =(AL 3 +

AL 2 ) = 0.72of the isotropicspectrummatchesthereportedvaluefor a bulk-like Co �lm [89].

Angular-dependentXMCD differencespectra(20� -90� ) with respectto thesubstrateplanewere

recordedcon�rming thein-planeeasyaxisof magnetization.No perpendicularcomponentwas

found. The magnetizationof the arrayof particleshasbeenreversedby a 50 mT pulse.For

temperaturesbetween100K and200K a well-resolvedXMCD differencespectrumhasbeen
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observed.Above andbelow thesetemperaturesno signalis resolvedsinceeithertheremanent

magnetizationvanishesor thecoercive �eld is larger thantheavailableexternal�eld (50 mT)

for magnetizationreversal.Figure5.5 shows the polarizedXAS spectrafor 13 nm Co=CoO

particlestaken at 20� grazingincidenceandT = 170 K after ion etching.At this temperature

the largestdichroicsignalhasbeenobserved.Theratio of orbital-to-spinmagneticmomentis

found to be � L =� ef f
S = 0:24 � 0:06, that is a 300%enhancementcomparedto fcc bulk Co

(� L =� ef f
S = 0.08).Theratherlargeerrorbaris causedby thelow remanentmagnetizationof the

particlesandthedif�culty in averagingthemetallicandoxidic contributions.Within theerror

barno temperaturedependenceof � L =� ef f
S is evident.

In a secondseriesof experimentsan ensembleof approximately50 layersof the 13 nm

Co=CoO particleshasbeendepositedfrom toluene-basedsolutionontoa cleanM o substrate

abouthalf a yearafter the nanoparticlesynthesis.Similar to the �rst experimentsthe sample

hasbeenAr + ion etchedatanenergy of 3 kV for 135min. TheAr pressurewithin theion gun

wasadjustedto 0:5 � 1:0 � 10� 3 Pa.After ion etchingtwo differentreversalmechanismsfor the

magnetizationwereemployed: (i) Similar to the �rst experimentsthesamplehasbeencooled

to 135 K, 150 K, and180 K in absenceof a magnetic�eld, after which the samplehasbeen

magnetizedby a50mT �eld pulsedirectlybeforethemajorityandminority spectraweretaken.

(ii) Thesamplehasbeenthermallydemagnetizedto T = 330K > TB and�eld cooledin 50mT

to 26K, 135K, 150K, and180K. The�eld coolingresultsin a largerremanentmagnetization

of thesampledueto exchangebiasshifting of thehysteresisloop (Figure1.4). Two examples

will bediscussedin the following which presentthe largestXMCD differencesignals:(i) the

measurementat T = 150K for pulsereversaland(ii) theXMCD spectrumfor FC procedures

at 26 K. Figure5.6 shows the resultingXMCD spectrafor the two methodsof magnetization

reversal.Pulsereversalprovokes a dichroismof 15% at the L3 peakposition while the FC

procedurerevealsan enhancedXMCD differenceof 24% with respectto the isotropicXAS

spectrum.Thedichroicsignalshave beencorrectedfor thedegreeof circularpolarizationand

theangleof incidence.For comparisonof theorbitalcontribution to thetotalmagneticmoment

theXMCD differencespectrawerenormalizedontoeachother. Thespectroscopiclineshapesof

theisotropicspectra(notshown) areidenticalin thewholespectralrangefor bothexperiments.

The dichroismat the L3 peakpositionis a measureof the magnetizationof the sample[112]

andthustheratio of therelative dichroicsignalsM r em;F C=M r em;pul se = 1:60canbecompared

to SQUID magnetometry.

Hysteresisloopsof theas-depositedparticlesshow thatmethod(i) reachesaremanentmag-

netizationof 32%by a �eld pulseof 50 mT comparedto themagnetizationvalueat 4 T (Fig-

ure1.4) which is thenormalizationpoint in thefollowing. Onemaynotethattheexternal�eld

102



5.1. IndividualMagneticProperties

m m
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Figure5.6.:XMCD differencespectraof Ar + ion etched13nmCo=CoO particles.Two reversalmech-

anismsof themagnetizationwereemployed:pulsereversal(50 mT) afterZFC of thesampleto 150K

andFC at 50 mT to 26 K from a thermallydemagnetizedstateat an angleof incidenceof 30� with

respectto thesubstrateplane.For comparisontheXMCD differencespectrawerenormalizedontoeach

otherat theL2 peakposition.Theratiosof theorbital-to-spinmagneticmomentaregivenin the�gure.

of 4 T is far above theirreversibility point of thehysteresisbut thesaturationmagnetizationis

not reached.Method(ii) showsa remanentmagnetizationof 50%of M(4T). Theratioof rema-

nentmagnetizationsM r em;F C=M r em;pul se = 1:56 is in goodagreementto theratio determined

by XMCD. Two consequencesarisefrom this �nding: (i) Ar + ion etchingdoesnot dramat-

ically changethe remanentmagnetizationof an arrayof Co=CoO nanoparticlesand(ii) the

�eld cooling processmanifestsitself in an 60% enhancedremanentmagnetizationcompared

to the pulsereversalthat enhancesthe XMCD differencesignal.Thus,the analysisof the ra-

tio of orbital-to-spinmagneticmomentfrom XMCD differencespectrabecomesmorereliable.

Minor loopingof themagnetizationusinga �eld lower thantheirreversibility point (� 400mT

at 150 K for ZFC) includesthe possibility that the remanentmagnetizationafter pulserever-

salandtheat leastthreespectratakenpermagnetizationdirectionarenot identical.Although

extremecarehasbeentakenfor identicalconditionsthestatisticalerrorof theratioof orbital-to-

spinmagneticmomentincreasesfor thepulsereversalof themagnetization.Whenthesample

hasbeencooledin a de�ned �eld of 50 mT from a thermallydemagnetizedstatethe�nal state
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of remanentmagnetizationis morereproducible.

Theratio of orbital-to-spinmagneticmomentevaluatedfor bothapproachesis discussedin

the following. Figure5.6 presentsthestrongestXMCD responsefor both,(i) pulsereversalat

150K and(ii) FCreversalat thelowesttemperatureT = 26K thatcouldbereached.Method(i)

allows theXMCD signaldetectionin thetemperatureinterval 135K - 180K �ipping themag-

netizationby a 50 mT pulse.The ratio of orbital-to-spinmagneticmomentis determinedto

� L =� ef f
S = 0:17 � 0:05. No temperaturedependencehasbeenfound. Method (ii) yields a

� L =� ef f
S = 0:13� 0:04 in thetemperaturerange26K - 150K. At 180K, however, anincrease

of theratio to � L =� ef f
S = 0:18 � 0:05 hasbeenobserved.Thespectroscopicline shapeof the

FC dichroismshows a slightly smallerpeakintensityat the L3 resonance(AL 3 ) while the L2

intensitiesaresetto coincide.Theenergy shift of theL3 peakpositionof 0.2 eV with respect

to thepulsereversalsignalis not fully understood,yet. Beamshiftscanbeexcludedsincethe

L2 edges�t ontoeachother. Thepoint densityof theXMCD differencespectrashown in Fig-

ure5.6 is 0.15eV. Theshift consistbasicallyof only oneexperimentalpoint.Hence,it cannot

bedecidedif theshift hasaphysicalorigin or is dueto technicalreasons.

In summary, thetwo independentsetsof experimentsemploying pulsedmagnetizationrever-

salshow astronglyenhancedratioof orbital-to-spinmagneticmomentof � L =� ef f
S = 0:24� 0:06

and0:17� 0:05comparedto thebulk fcc Co valueof 0.08.Within thelargeerrorbarsthetwo

experimentscoincide.� L =� ef f
S is foundtemperature-independentin thetemperaturerange100

K - 200 K. The reversalof the magnetizationfrom a thermallydemagnetizedstateresultsin

anenhancedremanentmagnetizationdueto theexchangebiasedhysteresis.This phenomenon

directly revealsa strongermagneticdichroismandconsequentlya smallerstatisticalerror in

the � L =� ef f
S evaluation.Moreover, whenthesampleis cooledfrom a demagnetizedstatein a

de�ned magnetic�eld to low temperatures,the resultingmagnetizationstatewill bemorere-

produciblethan�eld pulsingreversalatsmallexternal�elds (B = 50mT)actingonminor loops

only. TheFCmagnetizationreversalshowsantemperature-independent� L =� ef f
S = 0:13� 0:04

between26 K and150K. Above 150K theexchangebiasvanishes(compareto section5.1.3)

and both magnetizationreversal proceduresare identical. At 180 K both methodsshow a

� L =� ef f
S = 0:17 � 0:18 � 0:05. It is noticeablethat the FC procedureshows a decreaseof

� L =� ef f
S for temperatureswherea loop shift by exchangebiasis present.The largestatistical

errors,however, do not provide anunambiguousproof of theexperimental�ndings. Fromthe

experimentalresultof a changingratio of orbital-to-spinmagneticmomentat the temperature

whereexchangebiasingof hysteresisloopsvanishesonemayarguethat theexchangeinterac-

tion at theinterfaceCo=CoO producesthiseffect.

FC resultsin a partialalignmentof themagneticmomentsalongthe�eld directiondepend-

104



5.1. IndividualMagneticProperties

ing on the local magnetocrystallineanisotropy of the singlegrainsof both, the coreand the

shell andtheir interactionat the interface.Below 150K theexchangebiasaddsan additional

aligning�eld to thespin-andtheorbitalmoments.Sincetheanisotropy of theorbitalmomentis

coupledto themagnetocrystallineanisotropy it seemsconvincing that thespinmomentcanbe

moreeasilyalignedby theFCprocedure.EnhancedspinmomentsalongtheFCdirectionwould

directly reveala reductionof � L =� ef f
S asobservedin theexperiments.For FCabove150K and

ZFCthereis notany additional�eld componentpresentsinceeithertheantiferromagneticcore

grainsaresuperparamagnetic(FC) or theexchangeinteractionat the interfacefavors isotropi-

cally distributedadditional�eld componentswhichaverageout in theexperiments.In thiscase

theparticles�nd their magnetic"groundstate".In a simplepicture,onemayconcludethatthe

FC procedureis comparableto themeasurementin a locally applied�eld while in ZFC there

is no preferentialdirectionof this �eld. It is well known [42,59] from exchangebiasinvestiga-

tionsthatbiasedCo=CoO particlesreveala largersquarenessin hysteresisloopsindicatingthe

differenceof FCandZFCmeasurements(Figure1.4).

Experiments in External Magnetic Fields

In general,abig advantagefor XMCD investigationsis thepossibilityto applyamagnetic�eld

duringthespectraacquisition.A low remanentmagnetizationoftenmakesit dif�cult to extract

quantitative informationfrom XMCD differencespectra.External�elds increasetheobserved

dichroismresultingin smallerstatisticalerrors.Fromelement-speci�chysteresisloopsonecan

adjusttheexternal�elds to excludeminor loop effects.Suchexperimentsarediscussedin the

following. All experimentspresentedweremeasuredon a single layer of particlessimilar to

theoneshown in Figure4.12. Themeasurementswereperformedbeforeany plasmaexposure.

Only two daysafter the chemicalsynthesisthe 9 nm Co=CoO particleswere depositedon

native Si (001) by dropletevaporation.After aboutonehourpreparationtime thesamplewas

transferredinto theUHV chamberandexaminedin theas-depositedstate.

Theupperpanelof Figure5.7showsthespin-polarizedXAS andtheresultingXMCD spec-

trumtakenatnormalincidence,in external�elds of B = � 1 T, andT = 15K. TheXAS spectra

exhibit a mixture of Co andCoO responses.The multiplet structureof CoO is clearly visi-

ble. Thecontributionsfrom Co atomsin metallicandoxidic environmentscanbededucedby

Monte-Carlosimulations[94,124].Thediscussionof theresultsof thesimulationsis presented

below in moredetail.Here,thedescriptionof theexperimental�ndings is continued.Themax-

imum dichroicdifferenceis 22%of theisotropicspectrumandthusabout3.5timeslargerthan

the XMCD differencetaken in remanence(Figure5.6). The ratio of orbital-to-spinmagnetic

momentis � L =� ef f
S = 0:14� 0:03 supportingthevalueobtainedfor FC remanencedetection.
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5. MagneticPropertiesof Co/CoOCore-ShellNanoparticleSystems

Figure 5.7.:Theupperpanelshows theXAS andXMCD spectraof 9 nm Co=CoO particlesdeposited

asa single layer on native Si (001). The spectraweremeasuredat normal incidencein external �elds

of B = � 1 T parallel and antiparallelto the x-ray propagation direction.Multiplet peaksfrom CoO

are clearly visible. A well-resolved XMCD differenceis observed. The lower panelshows the �eld

dependenceof themaximumL3 dichroismthat is proportionalto themagnetization.Theloop hasbeen

normalizedto M(2T). Theelement-speci�chysteresisloop revealsa coercitive �eld of � 0HC = 0:15 T

andaclosingof thehysteresisatabout0.7T. Thehigh �eld susceptibilityis discussedin thetext.

From the hysteresisloop in the lower panelof Figure 5.7 it is obvious that the XMCD was

not takenonaminor loop.Themajorhysteresisloopclosesatabout0.7T. Thecoercive �eld is

foundto be� 0HC = 0:15T. At high�elds alinearslopeof 22%/ T is observedwhichcoincides

within 2%to themoreprecisebut timeconsumingmeasurementof theXMCD atexternal�elds

of 1 T (Figure5.7), 1.5 T, and2 T (not shown). Additional experimentsat T = 250 K reveal
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Co

CoO
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CoO
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B = 0 T B = 2 T

Figure 5.8.:Schematicsof themagneticmomentsof theferromagneticcore,theinterface,andtheanti-

ferromagneticshellat B = 0 T (a) andB = 2 T (b). Thecoreis representedby a single-domain,giant

spin.In (a) thedirectionof themagneticmomentsat theinterfacearedeterminedby local internal�elds

producedby thecoreandtheshell.Antiferromagneticgrainsin theshell arerandomlyorienteddueto

thezero-�eld cooling (Figure5.7). In anexternal�eld (b) the interfacemomentspartially rotatein the

directionof theexternal�eld.

a superparamagneticXMCD magnetizationas expectedfrom ZFC/FC measurementswhich

showeda blockingtemperatureTB ;mean � 85 K andanirreversibility point of Tir r � 150K.

Thenormalizedmagnetizationasafunctionof theexternal�eld (normalizationpoint2T) shows

a high �eld slopeof 15% / T that re�ects an reductionby 7% / T comparedto the hysteresis

loopatT = 15K. TheXMCD analysisyields� L =� ef f
S = 0:17� 0:03atnormalincidenceusing

a reversal�eld of B = � 1 T. This �nding re�ects oncemorea possiblechangeof � L =� ef f
S

above thetemperaturewheretheexchangebiasvanishes(compareto theXMCD investigations

in remanencedetectionmodepresentedabove). The linearslopeat largeexternal�elds is due

to the�eld-dependentpartialalignmentof uncompensatedCo2+ magneticmoments.Figure5.8

re�ects thesituation.At B = 0 T theuncompensatedmomentat theinterfaceorientin directions

givenby theinteractionwith local �elds producedby theCo coreandtheCoO shellgrains.At

B = 2 T theexternal�eld partially rotatestheuncompensatedinterfacemomentsin thedirec-

tion of theexternal�eld. Thus,theXMCD differencesignalincreases.Theproof thatinterface

momentsmainlyproducetheslopeof thehysteresisloopwill begivenbelow. Firstly, thefocus

is setto thespectroscopicshapeof theXMCD difference.

The upperpanelof Figure5.9 shows two XMCD differencespectra.The solid line repre-

sentsthe dichroismof the as-deposited9 nm Co=CoO particle from Figure 5.7. The dotted
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Figure5.9.:TheupperpanelshowstheXMCD differencespectrumof the9 nmCo=CoO particlesfrom

Figure5.7andtheXMCD differencefrom metallicparticlesafterplasma-assistedremoval of theligands

andthe reductionof Co oxides.The two XMCD differencespectrawerescaledonto eachotherby a

singlefactor. The insetshows a magni�cation of the L3 dichroic signal.The lower panelpresentsthe

differenceof thetwo XMCD spectrafrom theupperpanel.A complicatedmagneticsignatureis found.

The inset shows a calculatedXMCD spectrumof magneticallyorderedCo2+ ions in an octahedral

potential(10Dq = 1 eV) usingab initio methods.Thecalculatedspectrumis takenfrom [132] andsign-

reversedto accountfor thedifferentde�nition of theXMCD differencein thereference.
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line shows the XMCD differencespectrumof purely metallic particlesafter plasmatransfor-

mation.The XAS spectraweretaken at identicalgeometryat B = � 1.25T. At this �eld the

particlesexhibit their saturationmagnetization.Both spectrawerescaledby a singlefactorto

�t the interpeakregionsontoeachother. This procedureaccountsfor thedifferencein theab-

solutedichroismsdueto CoO overlayerswhichdamptheXMCD signalfrom themetalliccore

underneath.Theinsetpresentsa magni�cationof theL3 dichroicsignal.TheXMCD signalof

theCo=CoO nanoparticlesshowsashift of themaximumdichroicresponseby 0.3eV towards

higherenergies.At the maximumL3 XMCD of the metallic spectrumthe Co=CoO nanopar-

ticle spectrumshows a slight shoulder. From this �nding andthe fact that the XMCDs in the

interpeakregion (782eV -788eV) areequalto eachother, onecanconcludethat theXMCD

responseof Co=CoO particlesis a compositionof both, a puremetallic spectrumandsome

additionalcomponentfrom Co in anon-metallicenvironment.

To clarify thenatureof thisnon-metallicXMCD it is helpful to extractthis informationfrom

thetotalXMCD differencespectrum.Thelowerpanelof Figure5.9showsthesimpledifference

of the two spectrain the upperpanel.A complicatedXMCD differenceincludingzerocross-

ings in theL3 andL2 edgesbecomesvisible.Theinsetpresentsa calculatedXMCD spectrum

for magneticallyorderedCo2+ ions in an octahedralpotentialusing ab initio methods.The

spectrumhasbeenadaptedfrom vanderLaanandThole[132] andsign-reversedto accountfor

differentde�nitions of XMCD. TheextractedexperimentalXMCD differenceresemblancesthe

calculatedspectrum.All extremain theexperimentalspectrumarealsopredictedfrom theory

for Co2+ ions in anoctahedralenvironment.Calculationsneglectingtheexchangesplitting or

thecross-over to a sphericalpotentialresultsin completelydifferentXMCD lineshapes[132].

Co2+ ionsin anoctahedralenvironmentarepresentin theshellof theCo=CoO particles.Thus,

this resultssuggestthattheorigin of theoxidic XMCD is theCoOshell.Moreover, theXMCD

of CoO hasits largestcontribution to theXMCD parallelto themetallicdichroism.Thus,the

magneticmomentsof the metallic and the uncompensatedoxidic interfacecontributionsare

parallel.

In conclusion,it hasbeenfoundthat theXMCD spectrumof Co=CoO particlesconsistof

bothmetallicandoxidic contributions.Theenhancementin theratioof orbital-to-spinmagnetic

momentoriginatefrom the parallel alignmentof the metallic coremagneticmomentsanda

small additionalcontribution by Co2+ ions in an octahedralenvironmentfrom CoO aligned

parallelto thecoremagneticmoment.Co2+ ionscarrya largemagneticmomentof about4 � B

andshow a large � L =� ef f
S = 0:6 [6,24]. Thus,an enhancedratio � L =� ef f

S is expectedin the

experiments(Table1.5).
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5. MagneticPropertiesof Co/CoOCore-ShellNanoparticleSystems

Local Coupling of CoO to Co

The experimental �ndings above clearly reveal the existence of a CoO XMCD signal

in Co=CoO nanoparticles.Generally, antiferromagneticCoO does not show any XMCD

differ̃encesignalsinceadjacentplanesof Co2+ ions cancelout the dichroismof eachsingle

plane.For thin layers(shells)of CoO, however, severaloriginsof theexistenceof anantiferro-

magneticXMCD responsehave to take into account:(i) anoddnumberof Co2+ planesin the

antiferromagnet,(ii) uncompensatedmomentsat theferromagnetic/antiferromagneticinterface,

and(iii) non-collinearmomentsdueto thegrainstructureof theCoO shell.

Simulations[124] of theexperimentalXAS spectrausingweightedcontributionsfrom Co

andCoO thin �lm referencedata[91] taking into accountthe depthinformationpro�le de-

scribedin chapter2 show thattheCoO shellthicknessis about1.0� 0.2nm in theexperiments

shown in Figure5.7. The shell is found to be thinnerthanthe oneobserved in TEM investi-

gations(chapter3), sincetheparticleswereexaminedonly two daysafterchemicalsynthesis.

Moreover, only aboutone hour after depositionon Si (001) substratesthe samplehasbeen

transferredinto theUHV chamber. In all otherinvestigationsthetimewindow afterpreparation

anddepositionis usuallylargerallowing a furtheroxidation.A long term investigationof the

developmentof theCoOwith timeis presentedin chapter5.1.6. In asecondsetof experiments,

investigationsof the nominally 9 nm particleswererepeatedaboutsix monthafter the parti-

cle synthesis.Additionally, theparticleswerekeptfor threedaysin ambientconditions.In this

case,theCoO shellthicknesshasbeenfoundto be2.5� 0.4nm.In thefollowing thesetwo sets

of measurementswill becomparedto give an insight into thecouplingmechanismsof theCo

coreandtheCoO shell.

Figure5.10(a)and(b) presenttheexperimentalXAS white linesandtheXMCD difference

signalof the 9 nm Co=CoO particleswith differentshell thicknesses.Both experimentshave

beenconductedat T = 15K, normalincidenceandof B = � 1 T. TheXAS of bothexperiments

clearlyrevealstheCoO multipletstructure.Thepointsshow thelinearcombinationsof Co and

CoO referencespectra[91] with a metalliccontribution of 55%(a) and10%(b) assuggested

by thesimulationsof thecore/shellresponseof theparticles(Figure2.5). Thelinearcombina-

tionsneglecttheattenuationof themetalliccontribution by theoxidic overlayer. Theelectrons

generatedin the corehave to passthe CoO shell in which they arepartially absorbed.Thus,

theexpectedmetalspectrumis slightly convolutedby theinverseXAS of CoO. However, this

effect is neglectedin the following. The simple linear combination�ts the interpeakandthe

post-edgeregionsperfectly. Moreover, therelative peakintensitiesof theCoO multiplet peaks

arereproduced.Theabsolutepeakheightsdonot �t perfectlydueto themodulationof detected

electronsasmentionedabove. Also, the XAS of a nanoparticleis not necessarilyidenticalto
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Figure 5.10.:ExperimentalXAS white lines andXMCD differencesignals(solid lines) for the 9 nm

Co=CoO particlesfor shell thicknessesof tCoO = 1:0 � 0:2 nm (a) andtCoO = 2:5 � 0:4 nm (b) at

T = 15 K and�ipping �elds of � 1 T. Thepointsrepresentthelinearcombinationof Co andCoO XAS

thin �lms referencespectra[91] neglectingthevariationof themetallicCo XAS signalby theoverlying

CoO shell.Bestagreementis foundfor metalliccontributionsof 55%(a)and10%(b). (c) and(d) show

the metallic contributions in the XAS andXMCD of (a) and(b), respectively. The XAS andXMCD

spectraof metallic Co particlesafter plasmatreatmentareusedasa metallic reference.The XAS and

XMCD signalsof theCo2+ ionsin theshellareshown in (e)and(f).
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5. MagneticPropertiesof Co/CoOCore-ShellNanoparticleSystems

the superpositionof referencespectra.The XMCD signaldecreasesfor a thicker CoO shell

from 20% (tCoO = 1 nm) to about6% for the 2.5 nm CoO shell. This canbe understoodin

termsof dampingof themetallicXAS signalsby thegrowth of theCoOshell.Additionally, the

oxidationstronglyreducesthenumberof metallicCo atomsfrom 15600to 5300for an ideal

sphericalparticle.As discussedabove in moredetail,theXMCD signalof Co=CoO consistof

a metallicXMCD anda smalloxidic XMCD producedby Co2+ ions.Themetallicandoxidic

contributionsto theexperimentalXAS andXMCD arealsoshown in Figure5.10(c)-(f).

The experimentalXAS andXMCD spectraof the plasmatreatedoxide-freeCo particles

are usedas representantsof the metallic contribution to the experimentalXAS and XMCD

spectra.The oxidic Co spectrashown in Figure5.10 (e) and(f) for 45% (tCoO = 1 nm) and

90%(tCoO = 2.5nm)relative contributions,respectively, arecalculatedfrom thedifferencesof

experimentalCo=CoO andmetallicspectra.Although theexaminationof particleswith a 2.5

nmCoO shellhastwiceasmuchCo2+ ionsperparticlecomparedto theparticlewith the1 nm

CoO shell (seeTable5.1) theXMCD signalshrinksby a factorof two. This resultshows that

the Co2+ XMCD cannotbe dueto uncompensatedCo2+ surfacemoments,sincethe number

of surfaceionsslightly increasesfor growing shell thicknessfrom 4300to 4900Co2+ surface

ionsperparticle.Theincreaseof surfaceionsis dueto thegrowth of theparticlesby oxidation.

Moreover, thedensityof grainboundariesin theCoO shellshouldnot changeconsiderablyby

further oxidation from 1 nm to 2.5 nm shell thickness.Thus,the only possibleorigin of the

Co2+ ion XMCD signalis theferromagnetic/antiferromagneticcore-shellinterface.Dueto the

shrinkingcorediameterwith oxidationthenumberof interfaceCo2+ ionsdecreasesfor thicker

shellscon�rming theexperimental�ndings.

To quantify the numberof interfacemomentsandthe consequencesfor XAS andXMCD

signalsa simplemodelis employedwhich is describedin thefollowing. Table5.1summarizes

the resultsof the modelling.TEM investigationsshow a most probableparticle diameterof

9.5 nm with a 2.5 nm CoO shell of the nominally 9 nm particles.The secondsetof XMCD

experimentscon�rms those�ndings. In the �rst setof experimentstheshell thicknessis only

about1 nm.Dueto differentdensitiesof Co andCoO theparticlediameteris smallerthanfor

a 2.5nm shellwhile thenumberof Co atomsis constant.Accordingly, theparticlediameterof

a Co=CoO particlewith a 1 nm shell is 8.9 nm. The shell consistsof small grainsrandomly

orientedin space.Thus,at both, the interfaceto the coreandthe surface,a mixture of Co2+

ionswith bulk-like atomicdistancesbetween0.301nm along(111)and0.426nm along(001)

is expected.Here,theinterfaceandsurfaceis de�nedasasinglelayerwith averageddistancesof

neighboringCo2+ of 0.363nm.Thenumberof surfaceionsis 4300and4900for theparticles

with a 1 nm and2.5 nm shell, respectively. The numberof Co2+ planeswith respectto the
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5.1. IndividualMagneticProperties

particlecenteris about2-3 layersfor 1 nm CoO and5-8 layersfor 2.5 nm CoO. As a rough

estimateit is assumedin thefollowing that50%of theCo2+ ionsareuncompensatedeitherat

thesurfaceor the interface.In XAS thesamplingdepthhasto be taken into account.Surface

ionscontributetheirfull informationto theXAS. Thesimulation[124]of thesecondaryelectron

escapedepthfor this systemsuggeststhatat the interfacethedepthinformationis 85%(65%)

for the1 nm (2.5nm)CoO shell.Themeancoreinformationin XAS is reducedto 78%(50%)

for the1 nm(2.5nm)shell.Usingthesecorrectionfactorstheattenuation-freeequivalentof Co

atomsatdifferentsitesin thenanoparticlecanbecalculated.Onemaynotethatthesecorrections

hold for theTEY modeonly. Theequivalentnumberof Co2+ ionsat theinterfaceis 2.6 times

larger for the 1 nm shell thanfor the thicker shell. It hasalreadybeenproven that the signal

originatesat the interface.The Co2+ XMCD of the 1 nm shell particlesis abouttwo times

largerthanfor theparticleswith thethickershell.Themodelquantitatively predictsa2.6times

largerCo2+ ion XMCD for theparticleswith the thinnershellwhich is in goodagreementto

theexperimentalresultdespitethesimpli�ed modelassumptions.

The correctednumberof atomscontributing to XAS andXMCD from CoO andCo can

alsobe usedfor the calculationof the expectedratio of the orbital-to-spinmagneticmoment

� L =� ef f
S . Theweightedsumis:

� L

� ef f
S

(Co=CoO) =
N I ;S

N I ;S + NC
�

� L

� ef f
S

(CoO) +
NC

N I ;S + NC
�

� L

� ef f
S

(Co) (5.2)

Here,N I , NS, and NC are the attenuation-freenumbersof atomscontributing to XMCD at

the interface,thesurface,andthemetalliccore.Theratio of orbital-to-spinmagneticmoment

of Co2+ in CoO � L =� ef f
S = 0.6 [6,24] and � L =� ef f

S = 0.08 of bulk fcc Co [3] were taken

from literature.The expectedratio of orbital-to-spinmagneticmomentin the nanoparticlesis

calculatedto � L =� ef f
S = 0.16(tCoO= 1 nm)and� L =� ef f

S = 0.33(tCoO= 2.5nm)for surfaceCo2+

ion XMCD. If theCo2+ ion XMCD is locatedattheinterfacethemodelpredicts� L =� ef f
S = 0.13

(tCoO= 1 nm) and� L =� ef f
S = 0.16(tCoO= 2.5 nm). All parametersandresultsaresummarized

in Table5.1.

Additionally, theresultsadaptedto the13nmCo=CoOparticlesarelistedin Table5.1. Sim-

ilar to the argumentsabove the calculatedratiosof orbital-to-spinmagneticmomentdescribe

theexperimental�ndings bestfor uncompensatedmomentslocatedat thecore/shellinterface.

Theratios� L =� ef f
S for uncompensatedsurfacemomentsaregenerallypredictedlargerthanfor

uncompensatedinterfacemoments.As a consequenceof theseinvestigations,it canbe con-

cludedthatparallel alignmentof uncompensatedmomentsin theantiferromagnetwith respect

to themetalcoreresultsin aneffectively measuredenhancedratio of orbital-to-spinmagnetic

moment.Antiparallelalignmentwould yield reducedvaluesof � L =� ef f
S . Theresultswereob-

tainedusingmagneticbulk propertiesthatmayunderestimatethe� L =� ef f
S of themetalliccore,
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5. MagneticPropertiesof Co/CoOCore-ShellNanoparticleSystems

Table5.1.:Resultsof themodellingof theexperimentalXAS andXMCD signalsof thenominally9 nm

and13nmCo=CoO particles.BasedontheCoO shellthicknessthenumberof Co coreandshellatoms

is calculated.Additionally, thenumbersof surfaceandinterfaceCo2+ ionsaregiven.Thesenumbersof

atomscanbecorrectedfor compensationof Co2+ momentsandthesamplingdepthof thetotal electron

yield detectionmode.The correctionsallow to calculatean expectedratio of orbital-to-spinmagnetic

momentby the weightedcontributions of Co in metallic and oxidic environment.The modelling is

describedin thetext.

Nominalnanoparticlediameter 9 nm 9 nm 13nm

CoO shellthickness tCoO = 1.0nm tCoO = 2.5nm tCoO = 2.5nm

Totalno.of atoms 25800 25800 82800

No. of Co coreatoms 15600 5300 34600

No. of Co2+ shell ions 10200 20500 48200

Particlediameter 8.9nm 9.5nm 13.6nm

No. of Co2+ ionsat surface 4300 4900 10400

No. of Co2+ ionsat interface 3100 1400 5200

Samplingdepthcorrected

No. of Co coreatoms 12200 2650 17300

Compensationcorrected

No. of Co2+ ionsat surface 2150 2550 5200

Samplingdepthandcompensation

correctedNo. of Co2+ ionsat interface 1300 500 1700

� L =� ef f
S of Co2+ XMCD atsurface 0.16 0.33 0.20

� L =� ef f
S of Co2+ XMCD at interface 0.13 0.16 0.13

especiallyfor smallcorediameters.Largermetal� L =� ef f
S woulddirectlyleadto theexpectation

of highervaluesof � L =� ef f
S in theCo=CoO core-shellnanoparticlesor a reducedcontribution

of uncompensatedCo2+ interfaceions.

XMCD versus FMR

TheXMCD experimentsgenerallyrevealanenhancedratioof orbital-to-spinmagneticmoment

for nanoparticlesof differentsizesandshellthicknesses.In thetemperaturerange15K - 250K

the valuesof � L =� ef f
S slightly vary but always remainenhancedcomparedto fcc bulk Co.

XMCD is very surfacesensitive andmeasurestheinner-atomicexcitationsinto unoccupied3d

statesby spin-polarizedinvestigations.Thus,it is not surprisingthat the small effect of Co2+

ionscouldbedetected.FMR experimentsat roomtemperatureon theotherhandsuggesta fcc
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bulk-like ratio of orbital-to-spinmagneticmoment.FMR hasa samplingdepthof morethan

20nmattheresonancepositionin thecaseof ferromagneticmaterials[95]. In theparamagnetic

statethe penetrationdepthof the microwaves increasesto several micronsfor metals[67].

Therefore,the whole particleis examinedby FMR. The signalof the oxide layer is expected

to berathersmall,sinceCoO in thebulk shows anantiferromagneticorderingwhich – in case

of a perfectantiparallelalignmentof the spins– doesnot producea resonantabsorptionas

theresonancefrequency is at muchhigherenergies.Theonly possiblesignalcouldarisefrom

frustratedspinswithin the oxide layer that occurdue to the sphericalshapeof the particles.

As bulk CoO hasa Néel temperatureof TN = 293K a further reductionof the FMR signal

resultsfrom the fact that the oxidic layer is in the antiferromagnetic/paramagnetictransition

region which causesan extremely large linewidth. Only the spinsin contactto the metallic

corepossiblypresentsomeordering.Therefore,thestrongestcontributionof theoxidelayerto

themagnetizationis expectedto arisefrom spinslocateddirectlyat theinterfaceof themetallic

coreto theoxidelayer. If thecontributionto theFMR signaloriginatingfrom theinterfacespins

wouldbelarge,anenhancedorbitalmomentwouldbeexpected.Sincethisenhancementhasnot

beenobserved,onecanconcludethattheresponsewithin FMR mainlyresultsfrom themetallic

core.To theauthor'sbestknowledgeaparamagneticsignalof CoO hasneverbeenobservedin

termsof paramagneticresonance.Antiferromagneticresonanceat temperatureslower thanthe

Néel temperaturecannotbedetectedwith our experimentalset-up.At low temperaturesfuture

frequency-dependentexperimentsmayshow thein�uence of theoxideshellto thenanoparticle

core.

5.1.3. Exchang e bias

In the previous sectionsthe in�uence of the CoO shell on (i) the blocking temperatureand

(ii) the orbital contribution of the magneticmomenthasbeendiscussedin detail.The results

show that the CoO shell strongly in�uences the blocking temperatureandCo2+ uncompen-

satedmomentsexist at the ferromagnet/antiferromagnetinterface.The magneticmomentsat

the interfacearealignedparallel to the ferromagneticcore.In this sectionthe focus is set to

the exchangecouplingbetweenCo coreandCoO shell which governsexchangeanisotropy.

A measureof the exchangeanisotropy is (i) the exchangebias�eld and(ii) the differenceof

FC/ZFCcoercive �elds.

For exchangebiasmeasurements1013 � 1014 Co=CoO particlesof all threebatcheswere

depositedontoSi (001)substratesby dropletevaporation.Thesamplesweretransferredinto the

cryostatsystemimmediatelyaftertheparticledeposition.Figure1.4showsatypicalexperiment
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for the nominally 13 nm particles.Hysteresisloopsof an arrayof the Co/CoOparticleswere

measuredat 10 K bothafterZFC andFC in anapplied�eld of 5 T from 350K to 10 K. The

magnetic�eld to measurethehysteresisloop wasparallelto thatof thecooling�eld. TheZFC

loop is symmetricalabouttheorigin while theFC loop is shiftedoppositeto thecooling �eld

direction.The valueof the exchangebias�eld � 0Heb = 0.4 T at T = 10 K indicatesa strong

unidirectionalexchangeanisotropy (UEA) in the sample.The interfaceexchangeenergy � E

per unit area[55] for sphericalnanoparticlescan be calculatedfrom equation1.21. � E =

0:68 mJ/m2 is found at 10 K that is smallerthan for oxidized Co �lms (� E = 3:5 mJ/m2

at 10 K) [55] in spiteof very rough ferromagnetic/antiferromagneticinterfaces.The smaller

exchangeanisotropy for ournanoparticlescanbedueto thethin AFM layer. TheFCcoercivity

is two times increased(� 0H F C
C = � 0j(H F C

1 � H F C
2 )=2j = 0.39 T) in comparisonto the ZFC

case(� 0H Z F C
C = j(H Z F C

1 � H Z F C
2 )=2j = 0.21T) wheretheUEA is randomlydistributed.H 1

andH2 aremarkedin Figure1.4.

The exchangebias �eld measuredasa function of temperatureduring heatingof the FC

sampleis shown in Figure 5.11 for all three batchesof particles. � 0HE B decreasesvery

stronglywith increasingtemperatureandcompletelyvanishesat 150 K in the caseof 13 nm

particles.For 9 nm particlesthe exchangebias vanishesalreadyat T � 100 K which in-

dicatesthat a smaller ferromagneticcore (or smaller interfacearea)at constantshell thick-

nessproducesa smallerexchangebias �eld. Moreover, equation1.21 predictsa decreasing

exchangeinteractionwith decreasingcore diameter. Similar resultshave beenobserved for

gas-phasepreparedoxidizedCo nanoparticles[58,59,133].Fitting the experimentalresultsto

HE B = HE B (0K)
�
1 � T=TAF M

B

� n
of the 13 nm particlesin a temperaturerangefrom 10 K

to 100 K resultsin � 0HE B (0K) = 0.49 T, TB = 150 K and n � 3.2. A linear decreaseof

the exchangebias �eld hasbeenpredictedin the framework of the random-�eld model of

anisotropy [62] for cubic AFM crystals.The linear behavior (n = 1) of H E B (T) hasbeen

observed experimentallyin many thin-�lm systems[54,55]. In the caseof nanoparticlesor

polycrystallineantiferromagnetswith a small grain size, the temperaturedegradationof the

exchangeenergy canbedescribedbetterby themodelof thermalinstabilitiesof superparamag-

netismof small antiferromagneticgrains[63]. The strengthof the exchangebias is therefore

determinedby the magneticblocking.This modelexplainsa decreasedtemperatureat which

theexchangebiasvanishes(TAF M
B = 100-150K) for our systemsin comparisonwith a Néel

temperatureof bulk CoO (TN = 293K). Futureinvestigationsof the exchangebias �eld as

functionsof temperatureandcooling�eld arenecessaryto correlatethepower law coef�cient

with theinterfacearea,thesuperparamagnetismof antiferromagneticgrainsin theshell,andthe

volumeof theferromagneticcore.
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Figure5.11.:Temperaturedependenceof theexchangebias�eld � 0HE B for thenominally9 nm,11nm,

and13 nm Co=CoO particlesdepositedon native Si(001)substrates.All sampleswerecooledin anin-

planeapplied�eld of B = 5 T from atemperatureaboveTN = 293K of theantiferromagneticCoO shell

to 10 K. FC hysteresisloopsweretaken with increasingtemperature.The solid line is a �t according

HE B (T) = HE B (0K)
�
1 � T=TAF M

B

� n with n = 3.2andHE B (0K) = 0:49T.

More detailedinvestigationsfor the13 nm particleshave beenpublishedelsewhere[42,60,

134]. For example,the ratio of remanent-to-saturationmagnetizationM r em=MS is in�uenced

by theexchangeanisotropy. At low temperaturesZFChysteresisloopsshow smallvaluesof the

remanentmagnetization.Theratio M r em=MS at 4 T is 0.17at 5 K; it increaseswith increasing

temperature,reachesthemaximumvalueof 0.45at 80 K anddecreaseswith furtherincreasing

temperature.A similar behaviour of the ZFC magnetizationwas recentlyobserved in an as-

semblyof gas-phasepreparedoxidizedCo particles[133]. For anassemblyof non-interacting

randomlyorientedparticlesM r em=MS � 0:5 is expectedfor uniaxial anisotropy and0.7 for

cubic four-fold anisotropy of the individual particle.For an arrayof interactingparticlesone

canexpectan increasedM r em in comparisonto the caseof non-interactingparticles.The 13

nm Co=CoO particleshave an approximately9 nm ferromagneticCo core.The particlesare

surroundedby a � 2 nm thick organicmolecules(surfactant)shell.Thus,theparticlecoresare

separatedby a� 10nmthick layerof non-ferromagneticmaterials.Dipolar interactionplaysno

signi�cant rolewhenthesampleis cooledin zero�eld. The8 nmCocoreis ferromagneticand

providesa local magnetic�eld to its CoOshell duringZFC process.Unidirectionalexchange
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anisotropy is inducedin every particle.Due to the randomorientationof the easyaxesof the

particlemagnetizations,theexchangebiasaveragesout.No hysteresisloopshift is observed,but

theeffective remanenceof thenanoparticleassemblyresultingfrom a summationover shifted

hysteresisloopsof individualparticlesis expectedto besmallerthanhalf of thesaturationmag-

netization.In otherwords,in a ZFC sampleunidirectionalanisotropy is induceddueto local

magnetic�elds producedby ferromagneticCocores.A decreaseof thesymmetryof theparticle

anisotropy resultsin a decreaseof theratio of theremanentto thesaturationmagnetizationin

an assemblyof particles.With increasingtemperaturethe unidirectionalanisotropy decreases

andtheremanenceapproacheshalf of thesaturationmagnetizationvaluetypicalof anassembly

of nanoparticleswith uniaxialmagneticanisotropy.

5.1.4. Magnetic Anisotr opy

The magneticanisotropy of the individual particlesis the key parameterto understandthe

phenomenonof superparamagnetismof magneticnanoparticles.From FMR information on

the magneticanisotropy energy densitycan be achieved with � eV resolution.However, the

extractionof the energy barrierEA which preventsthe �ipping of the magnetizationis very

complicatedfor interactingparticleswith randomlydistributedanisotropy axes.Especiallyfor

core-shellparticleslike Co=CoO showing ferromagneticorder in the coreandantiferromag-

neticorderin theshellbelow theirorderingtemperaturesthedeterminationof thetemperature-

dependentanisotropy energy densityis not directly possible.On theotherhandin certaintem-

peratureintervalssomeconclusionscanbedrawn assumingaverysimpli�ed picture.

In orderto quantifytheanisotropy of 9 nmCo=CoO particles,temperature-dependentFMR

at 9.24GHz wasmeasured.In the upperpanelof Figure5.12the temperaturedependenceof

the resonance�elds B r es in parallel con�guration is shown. A monotonousincreaseof B r es

from about50 mT to 270 mT is observed.At T = 120 K B r es(T) shows a kink above which

the resonance�eld increasesstrongerwith temperature.At around300 K the resonance�eld

saturatesaround270mT. Thecorrespondentmeasurementsin normalcon�guration(notshown

here)exhibit a similar temperaturedependence.The resonance�elds at temperaturesbelow

150K coincidewithin theerrorbarof 10mT. At highertemperaturesaslightdifferencebetween

parallel and normal con�gurationshasbeenobserved on the order of 70 mT which can be

understoodin termsof aneffectivemagnetizationM ef f of quasi2D superparamagneticparticle

ensembles(section5.1.2).

To determinetheaverageanisotropy �eld BA of singlenanoparticlestheFMR relationfor

arbitraryanglesof theexternal�eld with respectto theanisotropy axes(equation2.9) mustbe
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m
n

Figure 5.12.:Temperaturedependenceof the resonance�elds B r es for the9 nm Co=CoO particlesin

parallelgeometrymeasuredatamicrowave frequency of 9.24GHz(upperpanel).In thelowerpanelthe

anisotropy energy densityonaperatombasisis givenasdeducedfrom themodeldescribedin chapter2.

The�gure hasbeenadaptedfrom [60].

used.In equation2.10 the experimentalB r es andthe gyromagneticratio ! =
 (section5.1.2)

enterthe resonancecondition.The anisotropy energy EA of a nanoparticleis given by BA =

2� 0EA =� P with � P beingthetotalparticlemagneticmoment.Theresultof thisscalingis given

in thelowerpanelof Figure5.12normalizedto thenumberof atomsperparticlecontributingto

theFMR signal.Startingfrom EA = 9 � eV/atomatT = 40K amonotonicdecreaseis revealed

towardshighertemperatures.At T = 300K EA hasreachedavalueof 2 � eV/atom.
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Strictly speakingthis evaluationis only valid as long as(i) interactionsbetweenparticles

aresmall,(ii) theCoO shelldoesnotchangeits magneticpropertieswith temperature,and(iii)

TC � TB . The �rst point is nearly ful�lled sincethe particle's dipolar interactionshasbeen

estimatedbeingon theorderof Edip=kB � 23 K [135]. To accountfor theCoOshell the �rst

layerof CoO surroundingthemetallicCo corehasbeenincludedin thecalculation.However,

ZFC/FChysteresisloopshaveshown thatbelow a�eld coolingtemperatureof TF C = 120- 150

K exchangebiasappears,de�nitely changingthemagneticresponseof themetalliccore(sec-

tion 5.1.3). This effect is not taken into accounthere.The magneticanisotropy of ligand-free

CoparticleswithoutaCoOshellis EA = 1:5 � eV/atomat15K foundby micromagneticsimu-

lations(chapter6.2). The6 timeslargeranisotropy of Co=CoO core-shellparticlesis attributed

to theexchangecouplingbetweenferromagneticCo coreandtheantiferromagneticCoO shell.

Furthermore,the comparisonto the anisotropy energy density of hcp Co which is

65 � eV/atomin the bulk at T = 0 K shows oncemorethat the inner part of the particlesex-

hibitsanfcc-likeorderingof theCoatomsleadingto amuchsmallervalueof EA .

5.1.5. Magnetization Dynamics

Magneticrelaxationandthemagnetizationdynamicshave becomeanintensively studiedsub-

ject in the last years.Both, the developmentof ultrafast (fs-ps) probing techniquesand the

demandof thedetailedunderstandingof reversalmechanismsof themagnetizationfor design-

ing fast-switchingdevices drives the ongoingresearch.As describedin chapter2 FMR is a

techniquethat probesthe precessionof the magnetizationaroundthe effective �eld axis in a

time window of nanoseconds(GHz frequency). Therelaxationof thesamplemagnetizationis

describedby the relaxationterm in the Landau-Lifshitz-Gilbertequation(eq. 2.3). From the

frequency dependenceof thepeak-to-peaklinewidth � Bpp onecandistinguishbetweendiffer-

entrelaxationmechanisms[28,79]: (i) intrinsic relaxationdueto magnon-magnonor magnon-

phononinteractionand (ii) relaxationdue to magneticinhomogeneitiesin the nanomagnet.

Accordingly, the FMR linewidth � Bpp canbe split up in a frequency-dependentcontribution

� Bhom which is describedby equation2.3andaninhomogeneousbroadening� B inhom

� Bpp = � Bhom + � B inhom =
2

p
3

�



! + � B inhom : (5.3)

The �rst term on the right handside is linear in frequency while the secondis frequency-

independent.Thus,bothcontributionscanbeextractedfrom amultifrequency FMR experiment.

Figure5.13shows thefrequency dependenceof thelinewidth � Bpp of thenominally11nm

Co=CoOparticlesdepositedonmanganinsubstrate.TheFMR absorptionspectrawere�tted by
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D

Figure 5.13.:Frequency dependenceof theFMR linewidth of the11 nm Co=CoO particlesin parallel

andnormalcon�guration at 300 K. The particleensembleis superparamagneticbut magnetostatically

coupled.The solid line is a linear �t to all datapoints.The inhomogeneouslinewidth is � B inhom =

242mT. Fromtheslopeof the�t one�nds theGilbertdampingparameterG = 1:6 GHz.

aLorentzianlineshapewhichdoesnotperfectly�t theexperimentaldata.A Gaussianlineshape

�tting, however, producesmuchlarger deviationsto the experiments.Experimentsin parallel

andnormalcon�gurationat T = 300K (superparamagnetic)show clearlya lineardependence.

Within theerrorbartheevolution with frequency doesnot dependon themeasuringgeometry.

This �nding predictsan isotropicg-factor[28] of the arrayof particlessupportingthe results

discussedin section5.1.2. A singlelinear�t of thelinewidth � Bpp asafunctionof frequency of

both,parallelandnormalcon�guration,yield aninhomogeneouspartof thelinewidth 242� 10

mT anda slopeof 2:36� 0:11 mT/GHz.Fromtheslopethedampingparameter� = 0:063�

0:003canbecalculated.Using therelationG = � 
 M one�nds a Gilbert dampingparameter

of G = 1:6 GHz.Here,M is setto thebulk magnetizationof Co of 1.75T.

The inhomogeneouspart of the linewidth � B inhom is found stronglyenhancedcompared

to bulk fcc Co � B inhom = 7:2 mT [136] and � B inhom = 0:5 mT for a 10 monolayerfcc

Co �lm sandwichedin Cu (20Au=10Cu=10Co=Cu(001)) [137]. Moreover, recentresultson

non-interacting4 nm CoPt3 nanoparticles[138] examinedin the isotropicsuperparamagnetic

regimehaveshown that� B inhom � 15mT. Thus,it seemsunlikely thattheenormousincrease

of � B inhom in Co=CoO particlesis due to the �nite size of the particles.The experiments
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werecarriedout at roomtemperature,only a few Kelvin above the irreversibility point of the

ZFC/FCmagnetizationof theparticleensemble(TB � 290K). TheFMR linewidth at a phase

transitionfrom an orderedto disorderedstate(e. g. ferromagnetic/paramagneticor ferromag-

netic/superparamagnetic)show an maximumaroundthe temperatureof the phasetransition.

Moreover, thesuperparamagnetismmightbeanisotropicandtheparticlesaremagnetostatically

coupled.Variationsof theeasyaxesof magnetizationincrease� B inhom at this temperature.At

highertemperaturestheisotropicsuperparamagneticregimeis reachedandparticleinteractions

playaminor role. In summary, from theinhomogeneouspartof theFMR linewidth onecannot

concludethat the particlesare magneticallyinhomogeneous.Frequency-dependentmeasure-

mentsat higherandlower temperaturesandlarger interparticledistanceareneededto exclude

theeffectof ananisotropicsuperparamagnetismof magnetostaticinteractions.

The homogeneouspart of � Bpp follows the linear law describedby the Landau-Lifshitz-

Gilbert equation.TheobserveddampingparameterG = 1:6 GHz is muchlarger thanfor bulk

fcc Co (G = 0:1 GHz) [136] or a 10 monolayersandwichedCo �lm (G = 0:3 GHz) [137].

Moreover, detailedinvestigationsof the switchingbehavior of single20 nm hcp Co particles

show dampingparametersof up to 1.3 GHz [139]. Besidesthe possibleincreaseof the FMR

linewidth by the inspectioncloseto the irreversibility point of ZFC/FCmagnetizationof the

particleensemble,onemayconcludefrom theexperimentsthat themagnitudeof dampingde-

pendson the dimensionalityof the studiedsystem.Nanoparticlesshow the largestrelaxation

ratewhile in ultrathin�lms agradualdecreaseof G towardsthebulk is observed.Thevariation

of � Bhom by morethanoneorderof magnitudeis probablycausedby the differencesin the

spin structure.In ultrathin �lms surfacemomentsplay an importantrole while in nanoparti-

clesadditionallytheshapein�uencesthespinorientations.Nanoparticlesmayeasilyrelaxtheir

motion of magnetizationat imperfectlyalignedmomentsat the surfaceor interfacewith re-

spectto thenanoparticlecore.Onemaynotethatfor Co=CoO particlesthemagnetizationmost

probablyrelaxesat the interfacesuperparamagneticcore/paramagneticshell. However, a de-

tailedunderstandingof relaxationmechanismscanonly beachievedby temperature-dependent

measurementsat leasttwo microwavefrequenciesin theferromagneticandisotropicsuperpara-

magneticregimewhichhasnotbeenconducted,yet.

5.1.6. Nanopar tic le Aging

MoststructuralandmagneticcharacterizationtechniquessuchasTEM, SEM,FMR, or XMCD

demandthedepositionof thenanoparticleson �at substrates.For thispurposetheparticlesolu-

tion wasputon theappropriatesubstrateandtheorganicsolventwaslet to evaporate.After the
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evaporationthesampleswereexposed(at leastfor a shorttime) to air. Thus,someadditional

oxidationmight tookplacewith timewhich is called"aging" in thefollowing.

Thenanoparticleaginghasbeeninvestigatedby FMR over a periodof 18 months.Two in-

dependentsampleshavebeenexaminedby FMR at threedifferentmicrowave frequencies.The

sampleswerekeptin air betweenthemeasurements.Figure5.14showstheeffectivemagnetiza-

tion f M ef f determinedfrom FMR spectrain parallelandperpendiculargeometryasa function

of timeafterthesamplepreparationfrom concentrated,toluene-based11nmCo=CoO particle

solution.Thespectratakenwithin 1-3 h after thesamplepreparationrevealaneffective mag-

netizationf M ef f of about110mT foundby measurementsat threedifferentfrequencies.The

errorbarof f M ef f lies around20%indicatedby thebarsin Figure5.14. Within the�rst three

weeksaftersamplepreparationa strongdecreaseof f M ef f to 60-70mT is observed.Thus,the

oxidation initially proceedsquite fast,andslows down at longer timesof air exposure(Fig-

ure5.14). Theg-factordeterminationpresentedin section5.1.2hasbeenconductedin this later

Figure 5.14.: Effective Magnetizationf M ef f of the 11 nm Co=CoO particlesasa function of time

after the preparationof the samples.The sampleswere kept in ambientconditions.f M ef f hasbeen

determinedfrom FMR spectraatparallelandperpendicularcon�gurationsat threedifferentfrequencies.

Theline is aguideto theeye.The�gure hasbeenadaptedfrom [60].
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periodof time to excludein�uencesof f M ef f on theg-factoranalysis.Theline in Figure5.14

is aguideto theeye.

Theexperimentallydeterminedeffective magnetizationf M ef f canbetranslatedto a metal-

lic Co corediameterusingseveral assumptions.It shouldbe emphasizedthat in principle an

FMR setupcandetecta resonancesignalof CoO which is paramagneticat roomtemperature,

but, however, the signal is expectedmuchsmallerthanthe resonancesignalof ferromagneti-

cally coupledCo momentsin thecoreof eachsuperparamagneticparticleasdiscussedin sec-

tion 5.1.2. Here,however, nohintsof aparamagneticCoO signalwerefound.Thus,f M ef f can

beattributedto themetallicCo corealone.Usingthecrudeassumptionof a bulk-like Co mag-

netization1 M ef f = 1:75T of theCocoreasimplescalingof f M ef f to thebulk valuesbecomes

possible.Thevolumetric�lling factorf canbecalculatedfrom TEM images.Directly afterthe

samplepreparationthe �lling factorof metallic Co wasfound to decreasefrom f = 6:4% to

f = 2:3%after18months.Therelativescalingfactorf cannow betransformedinto anequiva-

lentCo corediameterof Co=CoO particlesby scalingto thestandardvolumeof ananoparticle

includingtheorganicligands.

Assuminga densely-packed (fcc) 3D superlatticeof particleswith the superlattice�lling

factor FSL = 0:74 and the averagecenter-to-centerdistancedcc of 15.9 nm determinedby

TEM of thenominally11nmCo=CoO particlesonecalculatesthestandardvolumeof asingle

particleto

VS =
�

6FSL
d3

cc = 2844 nm3: (5.4)

Oneshouldnotethatthis calculationre�ects theminimumstandardvolumeof a singlepar-

ticle. The superlattice�lling factorFSL might be reducedby imperfectorderingor an excess

of ligandsin the sampleandthusthe standardvolumeof a singleparticleincreases.By sim-

ple multiplicationVS � f oneobtainsthevolumefrom which theFMR signalis generated.The

resultof this calculationis shown in Figure5.15. Sphericalparticlesof identicaldiameterare

assumedhere.Directly afterthesamplepreparationaCo corediameterof 7 nmis foundwhich

decreasesrapidly to 6 nm after threeweeks.Afterwards,theCo corediameterdecreasesvery

slowly with time. The formationof a well-passivating CoO shell is evident.Oneshouldnote

that theslow decreaseafter the fastcreationof a passivatingCoO shellwithin the �rst weeks

canbeexplainedby assuminga furtheroxidationof only a few atoms/day, asonehasto recall

that the wholenumberof atomswithin a 5 nm Co particlecoreis only on the orderof 6000.

18 monthsaftersamplepreparationthemodelsuggestsa remainingCo corediameterof 5 nm

thatcorrespondsto a CoO layer thicknessof 3.2 nm. Besidesthepossiblesystematicerrorof

1M ef f = 1:75 T is equivalentto thebulk magnetizationof 1400kA/m. Theconversionis dueto thecrossover

from oneSI systemB = � 0(H + M ) to anotherB = � 0H + M [140].
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Figure 5.15.:Effective Co corediameterof the 11 nm Co=CoO particlesasa function of time after

preparationof thesamplefrom concentratedsolution.Thediameteris scaledfrom theeffective magne-

tizationf M ef f usingthefcc bulk magnetizationof 1.75T. Theline is a guideto theeye.The�gure has

beenadaptedfrom [60].

thesuperlattice�lling factorFSL theerrorbaris on theorderof 0.5nmindicatedby thebarsin

Figure5.15. Theerroris mainlydueto thef M ef f determinationby FMR experiments.

TheHR-TEM EELSmeasurementsin Figure4.4 show a CoO layer thicknessof 2-2.5nm

anda corediameterof 6.5-7.5nm. Theseparticleshave beeninvestigatedtwo weeksafter the

depositionon theTEM grid. Thefurtheroxidationafter thedepositionon a substrateis found

lessdramaticthanthe f M ef f scalingsuggests.Probablythe disagreementis duean overesti-

mationof thesuperlattice�lling factorFSL . Experimentaldataof FSL is not availablefor 3D

self-assembledstructuresinvestigatedby FMR. Neverthelessthescalingof theeffective mag-

netizationprovides the possibility of an indirect measurementof the FMR "active" Co core

diameterby simpleFMR experiments.Thereliability of themethodusedhereis supportedby

thefactthatthemodel�ts to thedataobtainedatdifferentmicrowave frequencies.

125



5. MagneticPropertiesof Co/CoOCore-ShellNanoparticleSystems

5.2. Collective Phenomena

The magneticresponseof regular arrayof stripesconsistingof 11 nm Co=CoO particlesis

discussedin this section.As shown in section4.2 the magnetophoreticdepositiontechnique

canbe employed to form a regular arrayof stripeson a carbon-coatedCu grid (Figure 4.8).

Thisarrayof stripeshasbeeninvestigatedby FMR at9.51GHzandT = 300K directlyafterthe

particledeposition.Full azimuthalandpolar angulardependenciesweretaken.The resultsof

theseexperimentsareshown in Figure5.16. For in-planemeasurementstheazimuthalangle� B

is measuredfrom thedirectionparallelto thestripes.Thepolarangle� B is measuredfrom the

normalto thesampleplane.Thelowestresonance�eld foundat B r es = 0:233T is observedin

the�lm planeparallelto thestripes.It is smallerthantheparamagneticresonance�eld ! =
 =

0:3085T, which shows thatan intrinsic magnetic�eld dueto aneffective magnetizationM ef f

is presentin thesample.Theeasyaxisof magnetizationis foundin the�lm planeparallelto the

stripes.In theanalysisof theobtainedangulardependenciesonehasto considerthreeorigins

of theanisotropy �eld: (i) theshapeanisotropy dueto thestripestructure,(ii) con�gurational

magneticanisotropy originatingfrom magnetostaticinteractionsbetweenparticleswithin the

fcc superlatticeinsidethe stripes,and(iii) the effective magneticanisotropy of the individual

particles.The latter includesshape,volume,andsurfacecontributionsasdiscussedin the last

section.

In a �rst step,it is assumedthatall anisotropiesproducedby spin-orbitcouplingvanishdue

to the randomorientationof individual anisotropy axes.Consequentlyonly shapeanisotropy

is present.Moreover, the shapeof an individual particle is assumedto be spherical.In this

caseequation2.9 readsfor � =  = 0 (normalcon�guration andsuf�ciently strongexternal

magnetic�eld to rotatethemagnetizationinto thedirectionof theexternal�eld):

�
!



� 2

= [B r es � f (Nz � Nx )M ef f (B r es)] � [B r es � f (Nz � Ny)M ef f (B r es)] : (5.5)

Theanisotropy �eld BA from equation2.9is herereplacedby theeffectivemagnetizationM ef f ,

thevolumetric�lling factorf andthedemagnetizationfactorsNx ; Ny; andNz alongtheaxes

of an ellipsoid. The �lling factorwithin the stripesis f = 0:31 [127]. The demagnetization

factors(Nx = 0:005, Ny = 0:095, andNz = 0:9) arecalculatedassuminganellipsoidalshape

of the stripesin a �rst approximation[34]. The semiaxesof the ellipsoid arel x = 1000nm,

ly = 125nm,andlz = 20nm.Thesedimensionscorrespondto theaverageonesof thestripesas

determinedby TEM. It turnsout thattheobservedangulardependenceof B r es(� B ; � B ) cannot

bedescribedby theshapeanisotropy of thestripesalone[127]. Othercontributionsto thetotal

magneticanisotropy mustexist in theinvestigatedsample.
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Consequently, an alternative approachis usedto �t the angulardependenciesof the FMR

resonance�eld which includesspin-orbit driven anisotropies.The resonancecondition of a

homogeneousthin �lm with cubicsymmetryandanadditionalin-planeuniaxialanisotropy that

includesthesmall in-planeshapeanisotropy (Nx ; Ny << Nz � 1) is employed in thecaseof

theazimuthalangulardependenceof theFMR resonance�eld [141]:

�
!



� 2

=
�
B r es + 2B 4k

an cos4� � B 2k
an cos(2(� � � u))

�
�

�
�
B r es + Bef f + B 4k

an (2 � sin2 (2� )) � B 2k
an cos2 (� � � u)

�
: (5.6)

Resonanceis observed at the magnetic�eld B r es which dependson the equilibrium angleof

the magnetizationM (B) and the angleof the externalmagnetic�eld B with respectto the

axis of uniaxial in-planeanisotropy. B 2k
an is an effective in-planeuniaxial anisotropy �eld and

B 4k
an is a fourfold in-planeanisotropy �eld. Theeffective anisotropy �eld is de�ned asB ef f =

(� 2K 2? =MS) + f � M S with theperpendicularanisotropy energy K 2? , thevolumetric�lling

factor f of the stripesandthe bulk-like saturationmagnetizationM S of individual Co=CoO

nanoparticles.In Figure5.16(a) thebest�t (solid line) to theexperimentaldatais shown. The

�t accordingto equation5.6 yields B 4k
an = 0 T, Bef f = 0:127T, andB 2k

an = 0:037T. These

resultsyield that any cubic contribution is absentandonly an in-planeuniaxial anisotropy is

present.

Figure5.16 (b) shows the polar angulardependenceof B r es whenthe externaldc �eld is

rotatedin a planenormalto the�lm planestartingparallelto thein-planeeasyaxis(� B = 0� ).

Note thatB r es(� B = 0� ) of Figure5.16(a) is identicalto B r es(� B = 90� ) in Figure5.16(b).

Theresonancecondition

�
!



� 2

= [B r es cos(� � � B ) � Bef f cos(2� )] �
�
B r es cos(� � � B ) � Bef f cos2 � + B 2k

an

�
(5.7)

yields Bef f = 0:13 T andB 2k
an = 0:037 T. Oncemore,an excellent �t is obtainedwith the

identicalB 2k
an without theneedto includefourth-ordercontributions.Thisuniaxialanisotropy is

theresultof shapeanisotropy of thestripesanda possiblealignmentof crystallineanisotropy

axesof theindividualcrystals.Bef f cannotbeexplainedby assumingabulk-likemagnetization

per particle(M S = 1400kA/m = 1.75T) alone.The Co volumefraction f insidethe stripes

is about0.31(12 nm diameterCo particlesorderedin fcc structurewith the nearest-neighbor

distanceof about16 nm) and the stripescover about40% of the substrate.This yields the

smallestpossibleaveragemagnetizationf � M S = 0:222 T which is still larger than Bef f

obtainedfrom theFMR analysis.To explain thedifferenceonehasto includea perpendicular

anisotropy �eld 2K 2? =MS and/ortheexistenceof antiferromagneticCoO layersat theparticle
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Figure 5.16.:Dependenceof theresonance�eld Br es on thedirectionof theexternalmagnetic�eld: (a)

in-planeangulardependence� B (measuredfrom thestripe's longestaxis)and(b) out-of-planeangular

dependence� B (measuredfrom thenormalto thesample).Theerrorbar is on theorderof thesymbol

size.Thefull linesare�ts asdescribedin thetext. The�gure hasbeenadaptedfrom [127].

surfacewhich reducesM S. As discussedthroughoutthis thesistheCoOshell is presentin all

particles.

To gain furtherinsightsinto theorigin of Bef f remanentmagnetizationmeasurementshave

beenperformedusing a home-built HTS-SQUID magnetometerin ambientconditions(not

shown). The detailsof the apparatushave beenpresentedin [142]. Before the SQUID mea-

surementthe samplewasmagnetizedat 1.3 T parallelto the stripes.The magneticstray�eld
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5.2. CollectivePhenomena

of thestripescanbepreciselysimulatedby employing themodelof anhomogeneouslymag-

netized�lm usingtheparameterssampleareaandthicknessd, andtheunknown magnetization

M parallelto thestripes[127]. Fromtheexperimentonecanconcludethat�rstly , anexcellent

agreementbetweenexperimentaldataandtheoreticalmodel is observed. This �nding shows

thattheapproximationof aquasi-continuouslayerwith anaveragemagnetizationis avery rea-

sonableassumptionin the FMR analysis.Secondly, the �t yields the remanentmagnetization

M r em = 0:059T. This is only 25%of thevalueonewouldexpectfor f = 0:124whenthenom-

inally 11 nm diameterparticlecarriesa bulk magneticmoment.If oneassumesthata spherical

outershell of 2 nm thicknesscarriesno net magneticmomentdueto CoO formation,the re-

ducedmagnetizationis quantitatively explained,sincethe volumeof the inner metallic core

(� 7 nm diameter)is 29% of the volumeof the shell.This estimateis obviously very crude,

sinceit doesnot take temperature-dependentmagneticexcitationsanddomainformationinto

account.Moreover, it is assumedthat remanentandsaturationmagnetizationareequal.With

the experimentalSQUID valueM andBef f = 0:13 T onecancalculateM S = 0.038T and

K 2? � 1 � eV/atom.Thisvalueis verysmallcomparedto bulk hcpCo, whichcanbeexplained

by the cubic structureof the particlesandthe thermalexcitationsinherentto the dipolar cou-

pledsystemcloseto its blockingtemperature.Comparedto thetotalmagneticanisotropy energy

density(� 2 � eV/atom)of 9 nm particlesarrangedby dropletevaporation(section5.1.4) both

approachesyield reasonableagreementtakinginto accountthecrudeassumptions.

In summary, theangular-dependentFMR analysisof an2D self-assembledarrayof stripes

consistingof 11 nm Co=CoO particleshasbeenpresentedabove. The magneticresponseof

theorderedstripescanbewell approximatedby assuminga homogeneouslyin-planemagne-

tized �lm with a volumetric�lling factorf obtainedby TEM analysis.Evidencefor the loss

of magnetizationdueto the about2 nm thick shell aroundeachparticle is found by SQUID

measurements.The magneticanisotropy energy densityhasbeenfound on the sameorderof

magnitudeasrandomlyoriented9 nmparticlearrayemploying adifferentanalysisapproach.
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6. Metallic Co Nanopar tic les:

Magnetic Dichroism and

Micr omagnetic Simulations

This chapterpresentstheresultsof themagneticcharacterizationof metallicCo particlesafter

H andO plasmaexposure.In section4.3 the ef�ciency of the plasmatreatmentfor particle

reductionand removal of ligandshasbeendescribedin detail. Here, the focus is set to the

magneticpropertiesof themetallicparticles.In section6.1 themagneticmomentperatomof

metallicparticlessurroundedby ligandsandnakedparticleson native Si (001) is conductedby

meansof magneto-opticalsum-rules.The effective exchangeinteractionin a doublelayer of

metallic Co particlesis studiedin section6.2. Element-speci�chysteresisloopsanddetailed

structuralandmorphologicalinvestigations(section4.3) areusedasinputparametersfor quan-

titative simulationsusinga Landau-Lifshitz-Gilbertequationbasedapproach.Thesimulations

allow to determine(i) the effective magneticanisotropy energy densityand(ii) the effective

exchangeinteractionbetweenbottomandtop layerparticlestouchingeachother.

6.1. Magnetic Moment of Metallic Co Partic les

In this sectionthemagneticmagneticmomentof metallicCo nanoparticlesis evaluatedfrom

XMCD investigations.TheCoparticleswereexamined(i) afterthehydrogenreductionprocess

andthefull H=O=H plasmacycle, and(ii) theeffect of annealingon freemetallicparticlesis

presented.

The upperpanelof Figure 6.1 presentsthe XAS white lines and the XMCD responseof

both,8 nmmetallicCo particlessurroundedby modi�ed ligands(H plasmaexposure)andfree

metallicparticlesafter theH=O=H plasmacycle of the identicalsample.Themorphologyof

the samplehasbeendiscussedin section4.3. The spectraweretaken at normalincidence,in

external �elds of 1.5 and1.25 T, respectively, andT = 15 K. XAS in the H plasmatreated
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6. MagneticPropertiesof Metallic CoNanoparticles

staterevealsapuremetalliccharacter. A multiplet �ne structureof CoO hasnotbeendetected.

After furtherstepwiseO andH plasmaexposuretheXAS responseis foundverysimilar to the

H plasmatreatedstate.However, small differencesin the L3 peakintensityarevisible anda

shoulderat theonsetof theL3 edgeis evident (arrow in Figure6.1). Fromthese�ndings it is

obvious thata smallamountof Co in anoxidic environmentremainsin theparticlesafter the

H=O=H plasmacycle.Simulationsby XAS referencespectra(notshown) suggestamaximum

amountof oxidic Co of 5%. The origin of CoO after the H=O=H plasmacycle cannotbe

explicitly assignedto a distinct location in the particles.Sinceparticleswere arrangedon a

�at surfaceand the isotropic plasmaacts in a top-bottomand outside-insidemannerto the

particles,mostprobablythesmalloxidic contributionoriginatesatthelowersideof theparticles

in contactto thesubstrate.At thispositiontheH plasmacannotreducetheparticlesasef�ciently

ason theupperside.Moreover, theSEM imaginghasshown that theparticlesare�x edto the

substrateafter ligandremoval. Thenatureof this bondis unknown andcannotbedetectedby

XAS in theTEY detectionmodesince(i) thenumberof bondsperparticleis smalland(ii) the

contributionto themeasuredspectrais tiny dueto thesurfacesensitivity of TEY detectionmode.

Theseconsiderationsaresupportedby theXMCD signalsasdiscussedbelow. Thecomparison

of themeasuredXAS spectrato theoneof a bulk-like Co �lm [91] shows anadditionalsmall

shoulderabout0.6 eV after the L3 peakposition.This small featureis assignedto hydrogen

loadingof theparticlesduringtheplasmareduction.

The XMCD signalsof metallic Co particleswith andwithout ligandscoincidewithin the

experimentalerrorbar in thewholespectralrange(Figure6.1). In bothcasestheexternal�eld

is suf�cient to fully saturatethe sampleasshown by the hysteresisloops in the lower panel

of Figure6.1. Thewhite line intensityafterstepfunctionsubstractionentersthedetermination

of theorbital andspinmomentsasa measureof unoccupiedstatesabove theFermi level (sec-

tion 2.2). However, thedifferenceof theL3 peakintensitiesonly leadsto atiny differenceof the

magneticmomentsasshown in Table6.1. Theorbital momentper3d holenh is determinedto

� L =nh = 0:05(0:06) � B for theligandsurrounded(free)Co particles.Thespinmomentshows

a magnitudeof � S=nh = 0:58 � 0:59 � B . The total magneticmomentis � tot =nh = 0:64 � B

for both statesof particlemanipulation.The experimentalerror bar is estimatedto be about

0.03 � B . The magneticdipole momentis setto zeroassuggestedfor cubic symmetries[89].

Using the reportednumberof d-holesof bulk Co nh = 2:49 [104] one�nds a total magnetic

moment� tot = � L + � S = 1:56 � B peratomthat is remarkablyreducedcomparedto the fcc

bulk Co magneticmomentof 1.72 � B per atom.Self-absorptioneffectshave not beentaken

into accountso far. To explain the low total magneticmomentfound in the experimentsone

hasto considertwo possibleorigins: (i) changesof thebandstructureby theplasmaexposure

whichcannotbedueto oxygen,sincepuremetallicspectrahavebeenobserved.Theonly pos-
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6.1. MagneticMomentof Metallic CoParticles

Figure 6.1.: The upperpanelshows the XAS white lines andXMCD spectraof the initially 9.5 nm

particlesafter46 min H plasmareductionandafterthecompleteH/O/H plasmacycle.Thespectrawere

taken at normal incidenceandT = 15 K. External�elds of 1.5 T and1.25T wereused,respectively.

After the reductionprocesstheparticlediametershrinksto about8 nm (section4.3). Detailsaregiven

in thetext. Thelowerpanelshows thehysteresisloopsof theparticlesin bothstatesatnormalincidence

andT = 15K. Saturationis reachedatabout1 T.
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6. MagneticPropertiesof Metallic CoNanoparticles

sible origin is the depositionof hydrogeninsidethe particlesasdiscussedbelow in termsof

annealingexperiments.(ii) the self-absorptionin the nanoparticles(section2.2). The latter is

discussed�rst.

Model calculationsfor 10nmmetallicparticlesemploying enhancedsurfacemomentshave

shown thatself-absorptionreducestheapparentorbital � L andspin � S magneticmomentsby

14%(� L ) and4%(� S), respectively [94,143].Thecalculationsarebasedonabulk-likevolume

magneticmomentanda onemonolayerthick surfacelayer exhibiting an 10% increaseof the

spinmomentanda100%increaseof theorbitalmomentasfoundby theoryandexperimentfor

ultrathin �lms [93,144].Theapparenttotal magneticmomentdetectedby XMCD in theTEY

modeis expectedto be� tot = 1.68� B . Theresultsarealsolistedin Table6.1. For smallerparti-

clesthesimulationsrevealadecreasingin�uence of self-absorption.Theapparentreductionby

self-absorptionof thetotalmagneticmomentfor 8 nmparticlesis expectedto be0.03� 0.01� B .

Thus,theexperimentalresultof a lower magneticmomentthanbulk fcc Co of plasmatreated

particlescanpartially beexplainedby theself-absorptionin thespecialgeometryof spherical

particles.Thelargediscrepancy of experimentalandtheexpectedbulk-like total magneticmo-

mentof morethan0.1 � B , however, mustbe provoked by changesof the Co bandstructure.

In order to clarify the origin of the low magneticmomentan annealingexperimenthas

Table 6.1.:Magneticmomentsof ligandstabilizedandfreemetallicCo particleson Si (001).Thesepa-

ratedmagneticmomentsperd-holenh aregiven.Usingnh = 2:49[91] leadsto atotalmagneticmoment

� tot = 1:56� B . Theratiosof orbital-to-spinmagneticmomentarebulk-like.Here,no saturationeffects

aretaken into account.Additionally, the resultsof modelcalculationsincluding the self-absorptionof

10nmparticlesaregivenfor directcomparison[143]. Thedetailsarediscussedin thetext. Thecoercive

�eld andtheremanentmagnetizationarealsolisted.

Quantity 8 nm ligand-stabilized 8 nm ligand-freeCo 10nmsupported

Co particlesonSi (001) particlesonSi (001) Co particles[143]

� L =nh 0.04� B 0.05� B 0.05� B

� S=nh 0.59� B 0.58� B 0.62� B

� L 0.10� B 0.11� B 0.13� B

� S 1.46� B 1.45� B 1.55� B

� tot 1.56� B 1.56� B 1.68� B

� L =� S 0.07 0.08 0.08

� 0HC 49mT 58mT -

M r em=MS 18% 23% -
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6.1. MagneticMomentof Metallic CoParticles

beenperformedto a spin-coatednanoparticlearray. Nominally 9 nm Co=CoO particleswere

depositedat 4500rotationsperminuteon native Si (001). Thesamplewasdirectly freedfrom

the surroundingligandsby O plasma(0.1 mbar, 100 W, 5 min) and afterwardsreducedby

stepwiseH plasma(0.1 mbar, 100 W, 35 min). In this statethe specimenhasbeenannealed

(i) at T = 700K for 8 min and(ii) thetemperaturewasrampedto T = 950K in 5 min andkept

at constanttemperaturefor another5 min.

The XAS white lines of both statesof samplemanipulationafter O=H plasmatransfor-

mationand further annealingareshown in Figure6.3. After O=H plasmaexposurethe L3;2

peakamplitudesarefoundslightly reducedcomparedto theannealedstatewhile theedgejump

remainsnearlyconstant.At both resonancesof the non-annealedsampleone�nds shoulders

at energiesslightly higherthanthepeakposition.Theseshouldersdirectly reveala smear-out

in the bandstructureof unoccupied3d/4sstatesor their hybridizationsabove the Fermi level

to higherenergiescomparedto a purebulk-like Co spectrum[89,91,145].After annealingat

T = 950 K theseshouldersvanishand the shapeof the spectrumrevealsstrongsimilarities

comparedto thin �lm referencedata[91]. Althoughthespectralshapeof O=H plasmaexposed

andtheadditionallyannealedspecimenis different,theintegralsafterremoval of thecontinuum

statesonly show anincreaseof thewhiteline intensityof 2%whichlieswithin theexperimental

errorbar. Hence,thetotal numberof holesabove theFermilevel is nearlyconstant.Figure6.3

alsopresentstheXMCD differencespectrumof theannealedCoparticlearraytakenatanangle

of incidenceof 30� with respectto thesubstrateplane,T = 15 K andB = � 1 T. The latter is

suf�cient for reachingthesaturationmagnetization.Thetotal magneticmomentandits orbital

andspinpartareindependentof the incidentangleof x-rays(normaland60� off-normal)and

temperature(15 K, 100K). A total magneticmomentof � tot = 1:83 � 0:02 � B is foundcon-

sistingof anorbitalmoment� L = 0:15� 0:01� B andaspinmoment� S = 1:68� 0:04� B and

� L =� S = 0:09. Thenumberof d-holesis setto nh = 2:49. Notethatsofar thenonlinearTEY

responsehasnotbeentakeninto account.For 13nmparticleswith awidesizedistributionTEY

simulationsarenotavailable.However, interpolationof thereportedresults[143] of 10nmand

30 nm particlessuggestsa total magneticmomentof about1:95� 0:05 � B . Thesecalculations

seemto overestimatethein�uence of thenonlinearTEY responsedueto self-absorptionor the

contributionof thesurfacelayercarryinganenhancedmagneticmomentsince2.0nmparticles

show only a total magneticmomentof 1.9 � B [19]. A 13 nm ferromagneticsphereconsistsof

morethan100000atomsandtheratioof surface-to-totalnumberof atomsperparticledecreases

from 70%(2 nm) to about10%(13nm).Thus,abulk-likemagneticmomentis expectedthatis

possiblyslightly enhancedby thesurfacemagnetism.Measurementsof self-absorptionin dif-

ferentsystemsareneededto verify thevalidity of theassumptionsof thesimulationsdescribed

in section2.2. On theotherhand,it hasbeenshown thatthesamplingdepthin particlesis lim-
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6. MagneticPropertiesof Metallic CoNanoparticles

Figure 6.2.: XAS spectraof 8 nm Co particlesafterO=H plasmaexposure(dots)andafterannealing

at T = 950 K for 5 min (line) of a similarly preparedsample.The spectrawere taken at an angleof

incidenceof x-raysof 30� with respectto the sampleplane.At the L3;2 edgesof the plasmaexposed

particlesone �nds shouldersat energiesslightly higher than the resonancepositions.The shoulderis

assignedto hydrogenloadingof theparticlesduringtheplasmaexposure.After annealingtheshoulders

vanish.Additionally theXMCD spectrumafterannealingis plotted.

ited to about3-5 nm dependingon the absorptioncoef�cient. As a result,10 nm and13 nm

particlesshouldproducenearlyidenticalpartially-saturatedTEY signals.

After XAS/XMCD characterizationthesamplewasexaminedby SEMimagingwhichis dis-

cussedin thefollowing. Figure6.3shows a largescaleSEM imageof thesampleafterplasma

exposureandannealing.A homogeneouscoverageis observed.The sampleareathat wasex-

aminedby XAS with a spotsizeof about1 mm2 is asuniformly coveredasshown in theSEM

micrograph.Detailedinvestigationsof thesizedistribution usinghigh-resolutionSEM images

show a mostprobablediameterof 14.6 nm anda FWHM of 10.7 nm. The sizedistribution

is bestdescribedby a Gaussian�t function. Obviously the particlesgrew during the plasma

exposureand/orthe annealingat T = 950 K. Moreover, the mediumdistanceof particlesis

foundirregularly enhancedcomparedto theH=O=H plasmaexposedsample.Sincehereonly

O=H plasmaswereusedto preparefreemetallicparticlesit cannotby directly concludedthat

the annealinglet the particlessinter. However, annealingat T = 950 K might admit suf�cient

thermalenergy to activatea slightparticlemovement.Oncethey overcomethetypicaldistance
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6.1. MagneticMomentof Metallic CoParticles
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Figure 6.3.:TheSEM imageon theleft shows a largeareaof Co particlesafterO=H plasmatreatment

andannealingat T = 950K. Eachlight spotrepresentsa singleor a groupof particles.For detailssee

text. Theright panelshows thecorrespondingsizedistribution.For suf�cient statisticsthediametersof

288particlesweremeasured.Theparticlesshow a mostprobablediameterof 14.6nm anda broadsize

distribution (FWHM = 10.7nm).High-resolutionSEMimageswereemployedfor thesizeevaluation.

of about3-4 nm theparticlesarefree to sinter. Onemaynotethat theparticlediameterin the

metallicstateis smallerthanSEMsuggests.Assumingtheformationof a3 nmCoO layerafter

storagefor oneweekin ambientconditionsone�nds a mediumdiameterof about13 nm pure

Co particlesonSi (001) afterO=H plasmatreatmentandannealing.

Element-speci�chysteresisloopsof theannealedparticlearrayis presentedin Figure6.4for

normaland60� off-normalanglesof incidenceof x-raysanddirectionsof theexternal�eld at

T = 15 K and100K. All hysteresisloopsreachedtheir saturationvaluesbelow B = 1 T where

the XMCD spectrahave beentaken.As expected,the easydirectionof magnetizationlies in

the �lm plane.Theexperimentalresultsfor thecoercive �eld andtheremanentmagnetization

arelisted in Table6.2. From 15 K to 100 K the coercivity decreasesfrom 53 mT (63 mT) to

30mT (35mT) whentheexternal�eld is appliednormal(60� off-normal)to thesurfaceplane.

The error bar of the external �eld determinationis about5 mT. Similar coercive �elds and

remanentmagnetizationsarefoundfor the13 nm O=H plasmaexposedandannealedparticles

and the 8 nm H=O=H plasmatreatedparticles.The estimateof the anisotropy energy from

the blocking temperatureor the temperaturedependenceof the coercive �elds is not possible

sincethetemperaturevariationis restrictedby theuseof differentcoolingmedia(lHe or lN2).

Futuremicromagneticsimulationstaking into accountthesamplemorphologywill extract the

anisotropy energy of individual particles.This type of simulationis usedin the next section

for interpretingthehysteresisloopsof a metallicparticlearrayconsistingof a doublelayerof

particles.
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6. MagneticPropertiesof Metallic CoNanoparticles

Figure 6.4.:Element-speci�chysteresisloopstakenat theCo L3 energy positionof maximumdichroic

responseof freemetallicparticlesafterannealingatT = 950K for 5 min. Theanglesof incidenceare0�

and60� with respectto thesamplenormal.Theobservedcoercive �elds andremanentmagnetizations

arelistedin Table6.2.

Table6.2.:Resultsof theelement-speci�chysteresisloopsof 13nmCo particlesafterO=H plasmaex-

posureandannealingatT = 950K. Coercive �elds andtheratioof remanent-to-saturationmagnetization

aregivenfor external�elds appliednormal(0� ) and60� off-normalwith respectto thesampleplaneat

T = 15K and100K. For comparison,theresultsof the8 nmparticlesarealsolisted.

Quantity 13nmparticles 8 nmparticles

O=H plasmaexposedandannealed H=O=H plasmaexposed

Temperature T = 15K T = 100K T = 15K

Angle 0� 60� 0� 60� 0�

� 0HC 53mT 63mT 30mT 35mT 58mT

M r em=MS 22% 51% 16% 41% 23%
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6.1. MagneticMomentof Metallic CoParticles

In summary, the element-speci�cexaminationof metallic particlesrevealsa slightly de-

creasedmagneticmomentwhile annealingexperimentsshow anenhancedtotal magneticmo-

mentcomparedto bulk fcc Co. Thisincreasecanbeexplainedqualitatively by anenhancedtotal

magneticmomentat the surfaceof the particlesandthe self-absorptionin the TEY detection

modemodifying themeasuredsignal.The low magneticmomentof H=O=H plasmaexposed

particlescanonly beassignedto hydrogeninclusioninsidetheparticles.This phenomenonis

discussedin thefollowing.

Hydrogensolubility in bulk Co crystalsataambientpressureis very low [146]. Underhigh

H2 gaspressureof up to 9 GPa a hcpCo crystalcanbe loadedwith hydrogenforming CoHx

with 0 � x � 1 [147]. It hasbeenreportedthathydrogenoccupiesinterstitialsitesandthehcp

Colatticeremainsnearlyunaffectedin therange0 � x � 0:65. For higherhydrogencontentthe

fcc latticesstructureis favored.In ambientconditionsCoH is metastable.Thehydrogencontent

reduceswith time.Theactivationenergy of H migrationhasbeenestimatedto 200-250K [147,

148].In this thesisthepresentedexperimentssuggesttheloadof Co nanoparticlesby hydrogen

during the H plasmaexposure.The sampleis positionedfar away from the intenseplasma

cloud.Only freeradicalsarelet to reachthesamplewith maximumenergiesof 100-150eV. The

loadingprocesshasnot beeninvestigatedin detail,yet. However, whenall Co3O4 is reduced

the excesssupplyof H radicalsmay form CoHx with H contentsdependenton the plasma

conditionsandexposuretime.SincefreeradicalswereusedtheH loadingprocessis expectedto

bemoreef�cient thanexperimentsunderhighH 2 pressures.Addictedto thesampletemperature

andtime periodbetweenplasma-assistedH loadandtheXAS experimentsoneexpectsCoHx

with differentH contents.This canbe seenat the XAS spectraof the two samplespresented

in Figure6.1 andFigure6.3. The high-energy shouldersof the L3;2 resonancesappearwith

differentintensity. Here,a quantitative relationcannot bedrawn sincethesampletemperature

during the transferandthe exact periodof time beforethe sampleis cooledto T = 15 K are

unknown.

Thein�uence of hydrogenon themagnetismof transitionmetalsandalloys hasbeeninves-

tigatedwith differentelaborateness,e. g. in caseof F e andits alloys many experimentshave

beenperformed[149]. Generally, it is acceptedthatH transfersits electron- at leastpartly - to

thehostcrystal.Thischargetransfermodi�es thebandstructureby hybridizationandincreases

thenumberof electronsin the3dband.As a result,theFermi-level is raisedandthenumberof

3d holesdecreases.Consequently, the total magneticmomentof hydridesaresmallerthanthe

oneof thepureferromagneticmaterial.For cobalthydrides,however, only a few resultshave

beenpublished.Belashet al: [147] reportedfor singleandpolycrystallineCoareductionof the

atomicmagneticmomentof -0.36� B perhydrogenatom.Thereductionof themagneticmo-
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6. MagneticPropertiesof Metallic CoNanoparticles

menthasbeenfoundto belinearwith increasingH contentin therange0 � x � 0:9. Adapting

this resultto theobservedreductionof thetotal magneticmomentof 0.12� B (Table6.1) com-

paredto themodelcalculationsthesestudiessuggestthatCoH0:33 hasbeeninvestigatedin the

experimentspresentedin Figure6.1.

In principle,thechargetransferfrom H to Co canbedetectedby changesof thewhite line

intensitythatmeasuresthenumberof holesabovetheFermilevel.Additional0.18electronsper

Coatomwouldcauseadecreaseof about7%of theXAS whiteline intensity. Thecomparisonof

thewhitelinesof O=H plasmaexposedandannealedparticlesyieldsareductionof only 2%for

theCoHx samplebeforeannealing.Notethattheparticlediameterhadchangedby annealing.In

caseof H=O=H plasmaexposedparticlesannealingexperimentshavenotbeenperformed.The

fully quantitative understandingof hydrogenload in Co nanoparticleswould needa complete

setof investigationsasfunctionsof timeof theplasmaexposure,annealingtime,andannealing

temperature.Bandstructurecalculationsmayanswerthequestionsof chargetransferandslight

modi�cationsof thebandstructureasprovenby XAS experiments.Thesedataarenotavailable,

yet.Qualitatively, similarbehavior hasbeenobservedin H plasmatreatedmicellarCo [20] and

F ePt nanoparticles[150]. The detailedinvestigation of a decreasingmagneticmomentasa

function of hydrogenload in magneticnanoparticlesandthin �lms canbe performedin our

homelaboratory, soon.SQUID magnetometryin UHV conditionsis an adequatemethodto

answertheopenquestions.

6.2. Effective Exchang e Interaction

Magneticinteractionsbetweenparticlesin a ligand-stabilizedarrayof nanoparticlesaredueto

dipolarcouplingonly, sincedistancesbetweennanoparticles(> 2 nm) arelargerthantherange

of exchangeinteraction.Whenmorethanonemonolayerof Co=CoO particleshasbeende-

positedonasubstrateandtheligandshellis removed,e.g. by reactiveplasmaetching,laterally

separatedandnormally touchingparticlearraysareprepared.Thus,anexchangecouplingbe-

tweenthe particlesexists in a preferentialorientationbeingdirectednormal to the substrate.

Themagneticresponse,e. g. thehysteresisloops,shoulddiffer from oneto theother. A two-

dimensionalparticlearraywhichonly interactsvia dipolarinteractionhasits easyaxisof mag-

netizationin the �lm plane.Whenanexchangeinteractionexistsnormalto thesampleplane,

oneexpectsdependingon the strengthof exchange,i. e. the numberof touchingatoms,that

(i) theeffective magneticanisotropy betweenparallelandnormalorientationdecreasesand(ii)

theeasyaxisof magnetization�ips out-of-planeif theexchangeanisotropy is strongerthanthe

shapeanisotropy favoringa in-planealignmentof magnetizationof thearrayof nanoparticles.
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6.2. EffectiveExchangeInteraction

In orderto studythis effect a Co particlearraywith 1.7 particlelayershasbeenprepared

(Figure 4.13) and successively exposedto a reactive plasmaas discussedin section4.3.2.

Element-speci�chysteresisloopsusingthe XMCD signalweretaken at anglesof 0� and60�

with respectto thesamplenormal.In Figure6.5 theexperimentalhysteresisloopsareshown.

Theloopshavebeenmeasuredupto1.5T (� 1200kA/m). Theremanentmagnetizationat60� is

47%andat0� 5%of thesaturationmagnetizationwhichis reachedatabout0.6T (� 480kA/m).

Thecoercitive �elds HC areHC;60� = 14 mT (� 11 kA/m) andHC;0� = 20 mT (� 16 kA/m),

respectively. These�elds aremorethanoneorderof magnitudesmallerthanthecoercive �eld

measuredbeforetheplasmatreatmentfor Co/CoOcore-shellnanoparticles,which re�ects the

strongin�uence of exchangeanisotropy at theCoO/Cointerfacethatmagneticallyhardensthe

particles.

Theinvestigatedquasitwo-dimensionalarrayof 1.7 layersof particlesafter theplasmaex-

posureis shown in Figure4.13. Themagnetichysteresisloopof a quasitwo-dimensionalarray

of interactingmetallicparticlescannotbedescribedwithin easymodels.Thus,micromagnetic

q

Figure6.5.:Experimentalhysteresisloopsof themetallicCoparticlearraywith acoverageof 1.7layers

of particles.A SEMimageof theparticlearrayis shown in Figure4.13. Thehysteresisloopsweretaken

atexternal�elds appliedatanglesof 0� (normal)and60� with respectto thesamplenormal.Theincident

x-raysbeamwasparallel/antiparallelto theexternal�eld. Theloopsweretakenat themaximumof the

L 3 dichroicsignalat 778eV. It is obviousthatanin-planemagnetizationis favoredby thenanoparticle

array.
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6. MagneticPropertiesof Metallic CoNanoparticles

simulationshavebeenperformedtakingintoaccounttheexactsize,sizedistribution,separation,

andmorphologyof theparticlesasdeterminedfrom SEM(Figure4.13) andAFM (Figure4.14).

The systemusedin the simulationsis shown in Figure6.6. It consistsof an arrayof 1600

particlespositionedon a rectangularsubstrateplane.1200particleslog-normallydistributed

in size with a meandiameterof 8 nm were randomlydroppedon the substrateforming the

bottomlayer. The positionof the particleswasgeneratedto simulatethe packingdensityof

theexperimentallydepositedarrayof thenominally9 nm particles,followedby thereduction

of the meanparticlediameterto 8 nm correspondingto the plasmaexposureexperiments.In

the secondlayer400particleswith a coverageof just 70%weredroppedoneby oneandleft

to fall until they get into contactwith theparticlesin thebottomlayer, �nally reachingthe1.7

monolayerarray(Figure6.6) assuggestedfromthemorphologyof theexperimentallyexamined

sample.Hardsphereswereassumedduringthepositioning.Particlesin thetoplayerexhibit also

a lognormalsizedistribution but, however, themeanvolumeis � ve timeslargerthanthemean

volumein thebottomlayer, asobservedexperimentally.

For themicromagneticsimulationseachparticlehasbeenattributedby its volumemagne-

tizationusingthebulk valueof themagneticmomentof 1.72� B andthenumberof Co atoms

Figure6.6.:Arrangementof particlesusedin thesimulations.Thearrayhasbeenconstructedaccording

to theexperimentalobservationsby TEM, SEM,andAFM. Thebottomlayerhasa �lling factorof 41%

anda meandiameterof 8 nm. The top layer hasbeenbuilt on 70% of the bottomlayer by dropping

particleshaving on averagea � ve timeslarger volumethanthe onesof the bottomlayer. The level of

shadingis proportionalto theprojectionof themagneticmomentof eachof theparticleson theapplied

�eld direction.The�gure hasbeenadaptedfrom [151].
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6.2. EffectiveExchangeInteraction

per individual particle.TheLandau-Lifshitz-Gilbertequationwhich describesthedynamicsof

the magnetizationof a singleentity whena magnetic�eld is appliedhasalreadybeenintro-

ducedin equation2.3. Theeffective �eld ~Bef f is thesumof external,anisotropy andinteraction

�elds [152].To reducethecomputationtimeto areasonablevalue,therealisticassumptionsare

madethatcoherentrotationis themechanismof reversalin eachmagneticparticlewhichis also

consideredto exhibit anuniaxialeffective magneticanisotropy. Theequationhasbeensolved

for equilibriumconsideringthat the �eld ~Bef f effectively appliedto eachparticleis given by

theinteraction�eld andtheexternalapplied�eld ~Hext

~Bef f = ~Bext + � 0

X

j =1 � N
j >i

~H ij (6.1)

with N thetotalnumberof particlesin thesimulatedcell and

~H ij =
1

4�

�
3(~� j � ~r ij ) ~r ij

r 5
ij

�
~� j

r 3
ij

�
+ C � HK

~� j

j~� j j
(6.2)

the magnetic�eld in units of (A/m) producedby the particlej on the site of particlei [153],

~� j is the vectormagnetizationof the particlein units of (Am2). The positionof the particlei

with respectto particlej is givenby thevector~r ij . Thesecondtermon theright handsidein

equation6.2 is thesocalledexchange�eld whereC � is a phenomenologicalparameterwhich

canbeinterpretedasbeingtheresultof theaverageinterparticleexchangecouplingdueto the

momentsat thesurfaceof theparticlesin contactwith eachother. H K denotestheanisotropy

�eld from which theuniaxialanisotropy constantK 2 canbecalculatedby the relationHK =

2K 2=� 0MS with thesaturationmagnetizationM S. Eachparticleinteractswith its neighborsvia

magnetostatic�elds thataresituatedwithin a rangeof four timesthediameterof theparticle.

Exchangeinteractionis taken into accountfor particlesin very closedistancewhich canbe

consideredastouchingparticles.Boundaryfreeconditionshave beenusedin theplaneof the

samplebut not in thedirectionperpendicularto thesampleplane,so that thegeometryeffect

playsanimportantrole in thesimulationsaswell asin experiments.

In orderto obtaininformationaboutthetypeof interactionin thissystem,severalsimulations

havebeenperformedconsideringalargerangeof magneticanisotropiesandonly magnetostatic

(dipole)interactionsbetweentheparticleswhich is thecasefor well-separatedparticles.In Fig-

ure 6.7 simulationsfor the hysteresisloopsat polarangles� = 0� and60� with respectto the

samplenormalarecomparedwith theexperimentalonesfor secondorderanisotropy constants

of K 2 = 2:0 � 105 J / m3 andK 2 = 0:2 � 105 J / m3. Thesimulationsarealwaysperformedfor

the two directionsof theexperimentalhysteresisloopssuchthatonesetof parameterswould

have to �t bothhysteresisloopsmeasuredat 0� and60� . Consideringonly magnetostaticinter-

actions(C � = 0) the bestpossible�ts werefound for K 2 = 0:2 � 105 J / m3. However, it is
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6. MagneticPropertiesof Metallic CoNanoparticles

Figure6.7.:Resultsof thesimulationsof themetallicCoparticlesarraywith acoverageof 1.7monolay-

erstakinginto accountdipolarcouplingonly (C � = 0). Thesimulationswereperformedat polarangles

of 0� (normal)and60� accordingto theexperimentsshown assolid line (60� ) anddottedline (0� ) of the

applied�eld with respectto thesamplenormal.For clarity, only theleft partof thehysteresisis shown.

Theanisotropy constantsareK 2 = 0:2 � 105 J/m3 (� at 60� and� at 0� ) andK 2 = 2:0 � 105 J/m3 (� at

60� and� at0� ). The�gure hasbeenadaptedfrom [151].

obvious from Figure6.7 thatmagnetostaticinteractionsalonecannotdescribetheexperiment

satisfactory. The largediscrepancy betweenexperimentandsimulationsespeciallyat anangle

of 60� (opencircles in Figure 6.7) shows that the considerationof dipolar interactionalone

which energeticallyfavorsthein-planedirectionoverestimatestheeffective anisotropy present

in thesample.

Consequently, oneinteractionsis missingso far in the simulations,which is given by the

exchangeinteractionbetweenparticlesof the top andbottomlayer in metalliccontactto each

other. The inclusionof this inter-particleexchangeis well justi�ed, sincethe organic ligands

have beenremovedandtheoxideshellhasbeenreducedto metallicCo. Thus,thebiggertop

particlestouch the smallerbottom ones.The averagedinter-particle exchangeinteractionis

phenomenologicallyincludedin equation6.2 by consideringa non-vanishingexchangeterm

(C � 6= 0). Theresultis anincreaseof theremanenceandanapparentenhancementof theout-
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6.2. EffectiveExchangeInteraction

Figure 6.8.:Simulationsof theCo nanoparticlearraytaking into accountexchangeinteractionperpen-

dicular to thesurface(C � 6= 0). Theexperimentalhysteresisloopsareshown asa solid line (60� ) and

a dottedline (0� ). For clarity, only the left partof thesymmetrichysteresisis shown. Thesecondorder

anisotropy constantsaregivenin the�gure legend.Thebestresultis obtainedfor K 2 = 0:15� 105 J/m3.

For detailsseetext. The�gure hasbeenadaptedfrom [151].

of-planeanisotropy which becomesunderstandablein termsof anadditionalshapeanisotropy

of theparticles.Theexchangeinteractionactspredominantlyin averticaldirectionbetweenthe

particlesin thetop andbottomlayer. Theexchangeinteractiontiesparticlestogetherfrom the

bottomandthetoplayerforminga"new" particlewith anelongatedshapeandshapeanisotropy

favoringaverticalmagnetizationdirection.

Thesystematicvariationof completesetsof simulationswereperformedfor variousvalues

of 0 < C � � 1. Thebestresulthasbeenobtainedfor C � = 0:8. Thevariationof theanisotropy

constantK 2 yieldsthebestagreementwith K 2 = 0:15� 105 J/m3 for bothexperimentalhystere-

sisloops.Theaccuracy of theeffectiveanisotropy constantis visiblein Figure6.8for largerand

smallervaluesof K 2. Theanisotropy constantK 2 isabout25%of thebulk fccCovalue[2]. This

low valuecanbeexplainedby thepolycrystallinefcc structureof theparticles.Eachnanoparti-

cle consistsof several tensto onehundredindividual grainsseparatedby twinning boundaries

andimperfectionsof thecrystallinity (seesection4 for details).Theresultof suchapolycrystal
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6. MagneticPropertiesof Metallic CoNanoparticles

is aremarkablyreducedmagnetocrystallineanisotropy forminganeffectiveuniaxialanisotropy

asasumof all grains.

To obtainaphysicalunderstandingof theparameterC � , onemayconsidertwo ferromagnetic

Co particleswith parallelmagnetizationanddiametersof 8 nm and14 nm (bottomand top

layer)whicharein metalliccontactto eachother. Usingtheuniaxialanisotropy of K 2 = 0:15�

105 J/m3, the bulk Co saturationmagnetizationM S = 1:4 � 106 A/m onecancalculatethat

C � = 0:8 is equivalentto anaverageexchangeenergy betweentheparticlesof about170meV.

Assuminga bulk-like exchangeenergy (� 20 meV per bond)onemay concludethat eight to

nineatomsof the top andbottomparticlearein metalliccontactto eachother, which appears

reasonablebasedonourSEMandAFM observations.
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A. Self-assemb ly: Growth of

Nanopar tic le Dendritic Structures

The self-assemblyof colloidal Co=CoO nanoparticleshasbeendescribedin section4.2. An-

otherself-assemblymechanism- theorderingof hydrocarbons- is brie�y discussedin this ap-

pendix.Wet-chemicalpreparednanoparticlesareusuallycoatedby hydrocarbonicshellsto pre-

ventagglomerationof nanoparticlesandmake themsolublein organicsolvents[115,119,154].

The bondof the polar headof the hydrocarbonstabilizerto the nanoparticlessurfaceis not

strongenoughto form a�x ednanoparticle-hydrocarboncomplex atambientconditions.Hence,

an excesssupply of hydrocarbonicligands(hereoleic acid and oleyl amine) is usedin the

solutionto substitutedissociatedhydrocarbonsfrom thenanoparticlesurface.A dynamicequi-

librium is adjustedto conserveisolatednanoparticleswhichresultsin alongtermstabilityof the

nanoparticlesolution.If theexcesssurfactantsis extremelyincreasedtheself-assemblyprocess

on �at substratesis not longerdeterminedby theself-assemblypropertiesof thenanoparticles

but by theorganizationof freehydrocarbons.

In theexperimentsdescribedin section6.2 thesolventtoluenehasbeenexchangedby hex-

aneto achieve enhancedwetting propertieson naturally oxidized Si substrates.During this

process80% to 90% of the nanoparticleslost partsof their protective shell and agglomera-

tion took place.By centrifugationof thenanoparticlesolutionat 14000roundsperminutefor

30 min theagglomeratednanoparticlessedimentedto thebottomof thespinningvesselwhile

thehydrocarbonsremainedin thesolutionenhancingtheexcesssupplyof ligandsextremely. A

5 � l drop of a hexane-basedCo/CoOnanoparticlesolutionwasspin coatedat 4000rotations

perminuteon a native Si (001)substrateat roomtemperature.An arrayof Co particleswith a

coverageof 1.7 particlelayerswasformedover macroscopicareas(mm2). After transferinto

anultrahighvacuumchambertheligandshellwasremovedandtheCoOshellwastransformed

to metallicCo by a oxygen/hydrogenplasmatreatmentyielding anarrayof metallicparticles

partially in contactto eachother. After theXAS/XMCD examination(section6.2) theparticle

arrayhasbeenexaminedby meansof SEMandAFM.

147



Self-assembly:Growth of NanoparticleDendriticStructures

1 µm 200 nm

Figure A.1.: SEM imagesof Co particleson a Si (001)substrate.The left imageshows a low magni�-

cation.An dendriticstructureis visible.Thedarker areaconsistsof a singlelayerof nanoparticleswhile

in thebrighterareaa doublelayerof particleshasbeenformed.Singleparticlesbecomevisible on the

high magni�cation imageon the right handside.The particlesin the singlelayer region have a diam-

eterof 8 nm while the top layer particlesin the doublelayer region show a larger diameterof 14 nm

(section6.2).

FigureA.1 showsSEMimagesof thesamplewith differentmagni�cations.Ontheleft image

areasof differentbrightnessarevisible.Theright imagewith ahighermagni�cationshowsthat

the darker region consistsof a single layer of 8 nm Co particlesafter the plasmaexposure

(compareto Figure4.13). In the brighterregion a doublelayer of particleshasbeenformed.

Thebottomlayerparticleshave a meandiameterof 8 nm while the top layerparticlesshow a

largermeandiameterof 14nmaftertheplasmatreatment.

The AFM imagingcon�rms the SEM results.Figure A.2 shows on the left a large scale

AFM image.Obviously, a dentriticstructurehasbeenformed.Thesingleleaveshave a length

of about20 � m. Thebrighterregion (doublelayerof particles)coversaround70%of thetotal

samplearea(8 � 4 mm2) andsurroundsthe dendrites.The right imagein FigureA.2 presents

a highermagni�cationof thesinglelayerregion.TheAFM detectsthedendritesasnearly�at.

A maximumroughnessabout1 nm hasbeenobserved.Onemaynotethat thestandardSi tip

usedin theexperimentswith a tip radiusof 30 nm cannotproperlydetecttheheightvariation

betweentheparticles.

Dip-coatingexperimentsof F ePt nanoparticlesstabilizedby oleic acid and oleyl amine

anddispersedin hexanehave shown that the excesssurfactantsdramaticallychangethe self-

assemblypropertiesof particleson Si (001)substrates[125]. Experimentsby dropletevapora-

tion of F ePt particleson native Si (001)substratescanleadto theformationof self-organized

dentriticstructures[155]. An large-scalearrangement(mm2), however, hasnot beenobserved.

The importanceof the free surfactantsin the solutionfor the growth of dendritescanbe un-
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Figure A.2.: AFM imagesof Co particleson a Si (001)substrate.The left imageshows a largesample

area.The darker region consistsof a single layer of nanoparticleswhile in the brighterareaa double

layerof particleshasbeenformed.Thedendritesconsistsof leaveswith a lengthof about20 � m. The

right imageshowsahighermagni�cationof thesinglelayerregion.For theAFM tip with a radiusof 30

nmthesinglelayerregionappearsnearly�at.

derstoodin termsof self-assemblyof alkaneson SiO x /air interfaces.Triacontane[156], for

example,forms similar dendritic structuresas the onesobserved in Figure A.2. The role of

theremoval of hydrocarbonsby theplasmatreatmentremainsunclear, sofar. Interestingly, the

inverseorderingof nanoparticleshasbeenobserved comparedto the structureof alkanes.In

sampleregions,wherethe hydrocarbonshave ordered,the nanoparticleshave beenfound as

singlelayers.In theregion,which is notcoveredby thefreehydrocarbons,moreparticleswere

deposited.During theplasma-assistedremoval of thehydrocarbonstheparticlesarefreeto sin-

ter. To clarify themechanismsof thedendriticgrowth of nanoparticlesboth,theself-assembly

processand the morphologicalchangesby the plasmatreatmenthave to be studiedin more

detail.
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B. Selected Area Electr on Diffraction

BesidesHR-TEM onsingleparticlesselectedareaelectrondiffraction(SAED) re�ects another

TEM-basedmethodto determinethe lattice structureof the nanoparticles.The SAED results

of 11 nm Co=CoO particlesarepresentedin this appendix.The diffraction patternshown in

Figure B.1 hasbeentaken from about100 particlesdepositedon a carbon-coatedCu grid.

Several diffraction rings arevisible. Most of the rings appeardiffusewhich is due to (i) the

overlappingof fcc Co andfcc CoO rings and(ii) the poor crystallinity of the particles.The

imagehasbeencalibratedby a Au specimendiffraction patternby Rdhk l = �L with R the

radiusof the diffraction ring, dhk l the interplanespacing,and �L the cameraconstant.The

diffractionringscouldbeascribedto the fcc Co andfcc CoO asindicatedin FigureB.1. The

interplanespacingsdhk l and their relative intensitiesare listed in Table B.1 for fcc Co, fcc

CoO, andthe � -Co lattices.The recentlydiscovered� -Co phase[157] hasnot beenfound in

thesenanoparticles.Thediffractionringsof CoO appear(i) morepronouncedand(ii) sharper

in thediffractionpattern,since(i) the total CoO volumeperparticleis morethanthreetimes

larger thanthevolumeof metallicCo and(ii) Co shows a poorcrystallinity within in thecore

asprovenby HR-TEM images(Figure4.2).

Table B.1.: Interplanespacingsdhk l for fcc Co (a = 0.3544nm), fcc CoO (a = 0.4261nm), and� -Co

(a= 0.6097nm)latticestructuresandtheirrelativeintensities.Thedatahasbeentakenfrom[24,157,158].

fcc Co (a= 0.3544nm) fcc CoO (a= 0.4261nm) � -Co (a= 0.6097nm)

hkl dhk l rel. Intensity hkl dhk l rel. Intensity hkl dhk l rel. Intensity

111 0.2046 100 111 0.2455 100 221 0.2032 100

200 0.1772 40 200 0.2126 40 310 0.1928 58

220 0.1253 38 220 0.1503 38 311 0.1838 25

311 0.1069 50 311 0.1282 50 510 0.1196 21

222 0.1023 15 222 0.1227 15 520 0.1132 19
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CoO (111)

CoO (200)

Co (111)

CoO (220)

Co (220)

CoO (222)

Co (311)

Figure B.1.: SAED patternof 11 nm Co=CoO particlesdepositedon a carbon-coatedCu grid. The

diffractionpatternhasbeencalibratedby a Au reference.Thediffractionringscouldbeascribedto the

fcc Co andfcc CoO latticestructuresasindicatedin theimage.
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