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Zusammenfassung

Monodispersenagnetisch&anopartilel habenn denletztenJahrergro3eswvissenschaftliches
Interessegeweckt. Die Kontrolle Uber die Monodispersitatder Partikel und ihre Ober
achenbeschdénheitfiihrt zu einerReihenanotechnologisché&nwendungenlhr Einsatzals
nicht- tchtige Datenspeichermediamd als Sensorerstehtim FocusindustriellerForschung.
MagnetischeNanopatrtilkel stehenebenélls kurz vor dem routinemaRigerkinsatzin der Be-
handlungvon Tumoren,beim Bio-Labelling und als Kontrastmittelin der Kernspintomogra-
phie.Nanopartilel werdemmit wachsenderimteresseauchin derGrundlagenforschungenutzt,
um die Licke zwischenAtom- und Festkorperpysik zu schlie3enIntrinsischemagnetische
GroRRenwie die magnetokristallinéAnisotropie,dasmagnetischeMomentpro Atom und die
CurieTemperatuhangennsbesondereon der Grof3eder Partikel ah

Die vorliegendeArbeit beschaftigtsich mit magnetischeil€0=CoO Kern-Hille Nanopar
tikelnim GrolRenbereickon 9-14 nm. Die Nanopartilel sind mit Hilfe chemischeMethoden
hegestelltwordenund zeichnersich durcheinenhohenGradder Monodispersita{ < 10%)
aus.Die untersuchterkolloidalen Partikel besteherauseinemfcc-artigenferromagnetischen
Co Kern,dervon einernatirlichgevachsener©oO Hiille umgebenst. DasHauptzieldieser
Arbeit bestehtin der direktenKorrelationvon Struktur und Magnetismusder Partikel. Zum
besserewverstandniglesEin ussesderantiferromagnetischeille undder Co=CoO Grenz-
schichtauf die magnetischertigenschafterwurdenebenélls metallischeCo Partikel unter
sucht.Diesesind durch die Reduktionder oxidischenHdlle mit Hilfe einesreaktven Plas-
mashemgestelltworden Ein ferromagnetisch/antiferromagnetisalistauschgealppeltesSystem
zeigteinenzusatzlichemnidirektionalerBeitragzur magnetischeesamtanisotropieeruber
densogenannteriExchangeBias" gemessemwerdenkann.Eine allgemeineBeschreibnngder
Austauschanisotropian Grenz achenzwischenFerromagnetind Antiferromagnetist bisher
nicht gelungendader ExchangeBias sehrstarkvon der Beschafienheitder Grenzschichab-
hangt.Um denGrenzschichtmagnetismuas untersuchenywerdenTechnilenbendtigt,die den
direktenZugang zur GrenzschicherméglichenZum Vergleich mit metallischerPartikeln ist
eswunschenswertie Oxidhulle zu reduzierenphnedabeiCo Atome zu entfernen.



Zusammerdssung

Das SystemCo=CoO mit typischenCoO Schichtdiclen von 2-3 nm ist ein Prototypsys-
temzur UntersuchunglesExchangeBias. Wie in dieserArbeit dalgestellt,zeigendie Partikel
vemglichenmit Filmen einensehrgroRenExchangeBiasvon biszu (Hgg = 0,4 T beieiner
Temperaturvon 10K. Die mikroskopischerGréRendie denExchangeéBiasbestimmensind(i)
die magnetischeMomenteder Atomeim KernundderHydlle, (ii) die Anzahlderbeitragenden
Grenzschichtmomentend(iii) die magnetischénisotropienvon Co andCoO. Zum quantita-
tiven Verstandnigler Austauschanisotropien untersuchterdystemwird die genauekenntnis
desmagnetischeMomentsundseinerbitalbeitragalsMalfur die magnetischénisotropie
bendtigt.

Zwei Messtechnikn, die dieselnformationenliefern sind die FerromagnetischResonanz
(FMR) und der RontgenzirkulardichrismuéXMCD). Beide Verfahrenerlaubendie Bestim-
mungdesVerhéltnisseson Bahn-zu SpinmomentFMR ist sensitv auf denferromagnetisch-
en KernwéhrendXMCD im eingesetzteMessmodu®ber achensensiti ist. XMCD erlaubt
dabei- wie in dieserArbeit deutlich gezeigt- das Separiererdes magnetischersignalsder
GrenzschichtAus der besonderefKombinationbeider Technilen bestimmtsich dasmagne-
tischeMomenteinesferromagnetischeKerns( 5 nm) als fcc volumenartigiwdhrendan der
GrenzschichtinkompensiertéCo?* Momentemit groBemOrbitalbeitragvorliegen.Diesesind
dabeiparallel andenferromagnetischeKerngeloppelt.Die effektive magnetischénisotro-
pieenergiedichteon Co=CoO Partikeln ist mit Hilfe derFMR zuK ' = 9 eV/Atom bei 15
K bestimmtworden.DieserWert ist viel kleiner als der hcp-artigeVolumenwertvon Co von
65 eV/Atom[1l] undliegt sehrnaheamfcc-artigenVolumenwertvon8,5 eV/Atom|[2]. Das
magnetischéltern derNanopartilel unterLaborbedingungeist mit frequenzabhangigéiMR
in einemZeitraumvon 18 Monatennachder Probenpraparationntersuchtvorden.Nachder
Depositionstelltsichinnerhalbvon StundereineHdullenstarle von 2,0-2,5nmein, die nachdrei
Wochenauf circa3 nmanwachstAb diesemZeitpunktwirkt die Hulle alsselbstpassierende
Schutzschichauf denferromagnetischeKern unddie fortschreitend€xidationverlangsamt
sichauf einige Atome pro Tag. DiesesExperimentzeigt,dassFMR Untersuchungeebenélls
zur Bestimmungkleinerstrukturelle’Veranderungegenutztwerdenkénnen.

Zur Messungder magnetischerkigenschaftervon rein metallischenNanopartileln sind
die Co=CoO Partikel mit Hilfe desreaktven Plasmaétzens-situ (i) durchSauerstdplasma
von ihrer Ligandenhullebefreit und (i) durch Wasserstdplasmavollstéandigreduziertwor-
den.DieseMethodeerlaubtdie Ober achenmodi kationeinzelnerPartikel ohneAgglomera-
tion oderBewegungder Partikel auf dem Substratis zu BedeckungemaheeinerMonolage.
Leicht groRereBedeckungemiihrenzum Versinternder Partikeln in der oberenLagewahrend
die Partikel in derunterenLage durchdenKontaktzum Substratxiert sind. Durch dasent-



Zusammerdssung

fernender organischenHulle bildet sich ein Zweilagensystemgas senkrechtzum Substrat
eine"gerichtete"Austauschipplungder Partikel zeigt. An diesemPartikelsystemwurdenele-
mentspezi scheHysteresemufgenommennddie Probenmorphologigenauestensntersucht.
Die Resultatesindals Parametein Simulationereinge ossengdie denLandau-Lifshitz-Gilbert
Ansatzzur BeschreibngderBewegungderMagnetisierundolgen.Die Berechnungegeigen,
dass(i) die metallischerPartikel ein sehrkleinesK ' von 1,5 eV/Atom aufweisenund (ii)
die Starle der Austausch&pplungesnahelegt, dassim Mittel nur vier atomarePaarean der
GrenzschichzwischenPartikeln ausuntererund obererLage austauschgelppelt sind. Das
magnetischeMoment der rein metallischenPartikel wird mit XMCD auf 1.56 g/Atom an
Einzellagenbestimmt.Die Reduktionim Vergleich zum Volumenwertvon 1.72 g/Atom re-
sultiertausdemBeladerderPartikel mit ProtonerdurchdasWasserstdplasmaDurchdasAn-
lasserbei 950K konntederWasserstdfausgetriebemwerden Hiernachwird ein magnetisches
Momentvon 1.83 g/Atom beobachtetDieseErhéhungzum Volumenwertkannauf denAn-
teil derOber achenatomeon circal10% zurtickgefihriverden.Die reduzierteSymmetrieder
Ober achenatomenanifestiersichin derErhéhunghresBahnmomentdn zukiinftigenUnter
suchungerkanndie Ober dchenanisotropigon rein metallischerPartikeln bestimmtwerden.
Im Vergleichzu ultradinnenFilmen habenNanopartilkel den Vorteil, dassdie Kontakt &che
zum Substrasehrklein ist und somitder Ein uss der GrenzschichSubstrat/Ferromagneger-
nachlassigtverdenkann.

Um magnetischendstrukturelleEigenschaftederNanopartilel zu korrelieren sinddetail-
lierte strukturelleUntersuchungemit Hilfe der Transmissionselektronenmikragie (TEM)
durchgefuhrtworden.Hochau 6sendeTEM zeigte,dassdie Co=CoO Partikel im Kern aus
vielfachverzwillingtenfcc-artigenCo Kristalliten bestehermwéhrenddie fcc-artigeCoO Hille
polykristallin ist. Die Schichtdicle der CoO Hiille ist mit Hilfe enegiege lterter TEM zu
2-2,5 nm bestimmtworden. Die passvierendeHille umschlie3tdabeiin Abhéngigleit des
Gesamtdurchmesseesnen 5-9 nm starlken Co Kern. Aus diesenResultatenasstsich fol-
gern,dassdie geringeeffektive magnetisché\nisotropieenagiedichteK ¢'f = 1,5 eV/Atom
der metallischerPartikel auf die vielfachverzwillingte Struktur zurtickzufiihrenst. Einzelne
Kristallite mit zuféllig verteiltenAnisotropieachseneduziererK ' erheblichund bilden pro
Nanopartilel eineeffektive uniaxialeAnisotropie Fur Co=CoO Partikel bewirkt die CoO Hulle
eineErhohungvon K ' wodurchdie Partikel magnetisclyehartewerden.






Summary

Monodispersenagneticnanoparticlehiave generatedhugeinterestin appliedresearctwithin
the lastyears.The control of their monodispersityandsurfacepropertiedeadsto a variety of
nanotechnologicapplicationsThe useasnon-wlatile datastoragemediaandsensomapplica-
tionsarein the focusof industry Moreover, magneticnanoparticlesre closeto be employed
in tumortherapy, bio-labellingor contrastagentdn magnetiamaging.To anincreasingxtend
thesearestudiedin fundamentatesearctaswell, sincenanoparticlesvith diametersof a few
nm bridgethe gap betweeratomicandsolid statephysics.In particular the intrinsic magnetic
propertienf ne particlessuchasthe magnetocrystallinanisotrop, the saturatiommagnetiza-
tion andthe Curietemperaturareaffectedby thereductionof their size.

The subjectof this thesisis the investigation of magneticCo=CoO core-shellnanoparti-
clesandmetallic Co nanoparticlesvith diametergn therangeof 9-14 nm. The nanoparticles
have beenpreparedoy meansof organometallicsynthesisandthey exhibit a high degree of
monodispersit < 10%). The colloidal Co=CoO nanoparticlesonsistof a fcc ferromag-
neticCo corecoveredwith a naturallyformedantiferromagneti€ 0O shell. Themainpurpose
of this studyis the directcorrelationof structureandmagnetismnin the particles.For betterun-
derstandingof the in uence of the antiferromagnetishell andthe Co=CoO interfaceon the
magnetisnof the particlespuremetallic Co nanoparticlesvere studied.Thesehave beenpre-
paredfrom Co=CoO particlesby reductionof the oxidic shellwith areactve plasmareatment.
A ferromagnetic/antiferromagneggchangecoupledsystenmshovsanadditionalunidirectional
contributionto thetotal magneticanisotroy enegy whichcanbemeasuredy theso-calledex-
changebias.A generaldescriptionof exchangeanisotropy at ferromagnetic/antiferromagnetic
interfacesis still lacking, since exchangebias strongly dependson the interface conditions.
To addresgheinterfacemagnetismexplicitly, techniqguesave to be appliedwhich give direct
accesdo theinterface.For directcomparisorto metallic nanopatrticlest is desirableto have
controlontheoxide shellwithoutary lossof Co atoms.



Summary

The systemCo=CoO with typical layerthicknessesf 2-3 nm of the antiferromagne€oO
is aprototypefor exchangebias.As shavn in thisthesisthe nanoparticlepresentvery strong
exchangebiasof oHgg = 0.4 T at 10 K comparedo Co=CoO thin Ims. The microscopic
guantitiesvhichgoverntheexchangebiasare(i) themagnetianomentf thecoreandtheshell
Coatoms(ii) thenumberof contritutinginterfacemomentsand(iii) themagneticanisotropies
of CoandCoO. Themagnetionomentandits orbital contritution arequantitatvely measured
to understanghemicroscopianechanismerhichdetermingheexchangebiasandthemagnetic
anisotroy enepy.

Two techniguesvhich provide the necessarynformationwith submonolayesensitvity are
FerromagnetiResonancéMR) andX-ray MagneticCircularDichroism(XMCD). Explicitly,
theratio of orbital-to-spinmagneticmomentcanbe measuredFMR probesthe ferromagnetic
core,only, while XMCD in thetotal electronyield modeis surfacesensitve and- asdemon-
stratedin this thesis- canbe emplg/ed to extract the contritution of buried interfaces.The
uniquecombinationof bothtechniquegieldsafcc bulk-like Co magneticnomentof a ferro-
magneticallyorderedCo core( 5 nm) anduncompensate@o?* momentsat the Co=CoO
interface carrying a large orbital moment. XMCD studiesat two differentoxide shell thick-
nesseshav thattheinterfacemomentsarecoupledparallel to thecore.Theeffective magnetic
anisotroy enegy of Co=CoO particleshasbeendeterminecdoy FMR to K ¢f =9 eV/atom
atT = 15K whichis muchsmallerthanthe hcpbulk valueof 65 eV/atomatT =0K [1] and
surprisinglymatcheghefcc bulk Covalueof 8.5 eV/atom[2]. By frequeng-dependenEMR
in ambientconditionsin a 18 monthsperiodof time after samplepreparationit hasbeenmea-
suredthatdirectly afterthe depositionof the particleson asubstrate 2-2.5nmthick CoO shell
formswithin hours.After threeweeksthe shellgrows to about3 nm. Fromthis point of time on
the CoO shellactsasa self-passiating layerfor eachindividual particle. The oxidationslowvs
down to afew atomsperday: This experimentdemonstratethatsmallstructuralmodi cations
canbeaddressetly FMR investigations.

In orderto verify andto comparethe resultsof Co=CoO particlesto pure metallic parti-
cles,anin-situ reactve plasmaetchingprocesshasbeenemploed. By successie oxygenand
hydrogenplasmaexposureit waspossible(i) to remove the organicligandsand(ii) to reduce
theentireCoO to metallic Co. This methodallowedthe controlledmodi cation of the surface
without ary agglomeratioror movementof the particleson the substratdor coveragesup to
onemonolayer Slightly larger coveragesadmittedto partialsinteringof particlesin atop layer
while particlesin the bottomlayerremainedx edto the substrateThe removal of the organic
ligandsled to theformationof a doublelayer systemwhich shavs exchangecouplingbetween
particlesperpendiculato the substrateUsing detailedstructuralandmorphologicaltudiesas
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Summary

input parametersor theory Landau-Lifshitz-Gilbertype of simulationshave beenperformed
to simulateelement-speci chysteresidoops. The calculationshave shavn that(i) the metallic
particlesexhibit a low effective magneticanisotroy enegy densityK ¢f = 1.5 eV/atomat
T = 15 K which is lessthan 20% of the fcc bulk Co anisotroy constant(ii) The exchange
coupling strengthsuggestghat in mediumonly four atomic pairs of Co atomsare exchange
coupledat the interfacebetweenop andbottomlayer particles.The magneticmomentof the
metallic particleshasbeendeterminedo be 1.56 g/atomby meansof XMCD investigations
on monolayersamplesThereductioncomparedo thebulk magnetionomentof 1.72 g/atom
hasbeenassignedo the hydrogen-loadf particlesduringthe hydrogenplasmaexposure An-
nealingat T = 950K successfullydissociatesobalthydride andforms pure Co nanoparticles
andatotal magneticmomentof 1.83 g/atomhasbeenfound. The enhancemertomparedo
the bulk magneticmomentcanbe explainedby the contribution of about10% surfaceatoms
in reducedsymmetrywhich is manifestedn anenhancedrbital moment.In future studiesthe
surfaceanisotroly canbe measuredn puremetallicnanoparticlesComparedo ultrathin Ims
the nanoparticleapproachhasthe big advantagethat the contactareato the substratds very
smallandthusthein uence of the substrate/ferromagneatterfaceis negligible.

To correlatethe magneticpropertiego the structureof the nanoparticlesletailedtransmis-
sionelectronmicroscopy (TEM) investigationshave beenperformedHigh-resolutionTEM has
shawvn thatthe Co=CoO particlesconsistof multiply twinnedfcc Co coreanda multigrainfcc
CoO shell. The thicknessof the CoO shell hasbeendeterminedo be 2-2.5nm by enepgy-

Itered TEM. The passvating CoO shellencases metallic Co coreof 5-9 nm dependingon
thetotal particlediameterWith theseresultsthelow effective magneticanisotroy enegy den-
sity K ¢f = 1.5 eV/atomfoundfor metallicCo nanoparticlesanbeexplainedby themultiply
twinnedstructureof theferromagnetindividual grainswith randomlyorientedanisotroly axes
reduceK ' remarkablyandproducean effective uniaxialanisotropy. In the caseof Co=CoO
nanoparticleshe oxideshellincreasek ' which resultsin amagnetichardening.
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Preface

The magnetisnof small particleshasbeeninvestigatedover mary decadesThe sizeswhich
canbepreparedandareof technologicalnterestrangefrom clustersconsistingof afew atoms
to nanoparticlesndcolloidsof afew micrometerdiameterMagneticnanoparticlesreof inte-
restnot only for appliedresearclbut to anincreasingextendalsofor fundamentastudiesThe
reasorfor this trendis thatbesidedeingpromisingcandidatego furtherincreasethe density
of magneticstoragedevicestowardsthe TBit/inch? rangeor for medicalapplicationspanopar
ticles with diametersof a few nm bridge the gap betweenatomicandsolid statephysics. All
efforts on adetailedunderstandingf the magnetisnof individual particlesarehinderedby the
factthatparticlespreparedy clusterbeantechnique®r organometallicsynthesisreneverper
fectly alike. Hence the magneticcharacterizatiomverageover the propertiesof particleswith
differentsizes surfaceconditionsandshapeskFor sufciently smallsizedistributions,however,
the measurementgield generalconclusionswvhich arebasedon the increasingmportanceof
nite-size effectsin smallerparticles.

As for smallerparticlestheratio of surface-to-wlumeatomsincreasesthey allow to study
surfaceeffectson avarietyof fundamentaphysicalpropertiesin thecaseof magnetimanopar
ticles surfacemagnetisncan be studied.Often large surface magneticanisotropiedeing ac-
companiedby an enhancedrbital contrikution to the magneticmomentat the surface,i. e.
orbital magnetisntanbeinvestigated.In this thesisCo nanoparticlesvith diameter®9-14nm
andsharpsizedistributionsarestudied.The particleshave beenpreparedy meansof colloidal
chemistry Due to the preparatiortechniquenaturalsurface oxidation cannotbe avoided and
consequentlore/shellparticleshave beenformed. Eachparticle consistsof a ferromagnetic
coreandanantiferromagnetichell. Dueto the core/shellstructureof the particlesoneexpects
the presencef an exchangeanisotropy. The exchangeanisotroy governsthe exchangebias.
Also the orbital momentwill be differentat the interfaceas comparedo the inner region of
the particle.As the anisotroy of the orbital momentis connectedo the magneticanisotroy
enegy, a measurementf this fundamentafjuantity providesalsoinformationon the erviron-
mentthatis seenby the atomic magneticmomentswithin the particle core. The methodsof
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Prefice

choiceto addresghe abore mentionedpoints are ferromagneticesonancéFMR) and x-ray
magneticcircular dichroism(XMCD). The correlationof magnetismand structureof the par
ticlesis achieved by detailedtransmissiorelectronmicroscoly (TEM) andscanningelectron
microscopy (SEM) studies.Reactve plasmaetchingallows to (i) remove the organic ligands
surroundingeachnanoparticleand(ii) reducethe CoO surfacelayer. Consequentlypuremetal-
lic particlescanbeinvesticated.

In chapterl of this thesisthe fundamentaphysical quantitiesmagneticnomentandmag-
netic anisotroy andtheir evolution with particlesizearediscussedisa generalintroduction.
Theexchangeanisotroy in Co=CoO systemss introducedn sectionl.4.Chapter2 describes
theexperimentatechnigue$MR andXMCD. Theorganometallicsynthesiof Co=CoO core-
shell nanoparticless presentedn chapter3. Detailedstructuraland morphologicalinvestiga-
tionsarepresentedn chapter. Differentsamplepreparationtechniquesandthe self-assembly
of particleshave beenevaluatedoy meansf TEM, SEM, andatomicforcemicroscoy (AFM).
The effect of surfacecleaningby Ar * ion etchingandthe reactve plasmaetchinghasbeen
tracked by x-ray absorptiorspectroscop (section4.3). The main partof this thesisis the dis-
cussionof the magneticpropertiesof Co=CoO core-shellnanoparticlenvestigatedby FMR,
XMCD andSQUID magnetometrychapters). Firstly, theindividual propertiedike magnetic
blocking, the orbital contrikution to the total magneticmoment,the exchangebias, the mag-
netic anisotropy, the magnetizatiordynamicsand the nanoparticleaging are addressedSec-
ondly, the magneticresponseof ordered3d rod structuresare examined.By reactve plasma
exposureheoxideshellcanbereducedIn chaptel6 themagnetianomentof metallicparticles
aredeterminedrom XMCD measurementsy meansof magneto-opticasumrules.Moreover,
the plasmatreatmentcanbe emplo/edto form exchangecoupleddoublelayer structuresThe
hysteresidoopsof sucha doublelayer samplehasbeenrecordedunderUHV conditionsand
simulatedoy micromagneticalculationdasedon the structuralandmorphological ndings.

16
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1. General Introduction

1.1. From the Atom to the Solid State: Magnetic
Moment of 3d Transition Metals Fe, Co, and Ni

The magnetisnof singleatomshasthreedifferentorigins: The intrinsic spin of the electrons,
their motion aroundthe nucleus(orbital momentum)andthe appearancef a non-zeroorbital
momentumin an external magnetic eld [3]. The latter is a generalproperty of matterand
the magneticmomentis inducedantiparallelto the appliedmagnetic eld. This phenomenon
is calleddiamagnetismAtoms with completely lled shellswhich carry no netmagneticmo-
mentexhibit this diamagnetidoehaior only. Materialswhich have at leastoneincompletely
lled shell possesantrinsic magneticmomentswvhich align parallelto an external eld (para-
magnetism)In thefollowing the discussions concentrate@n paramagnetiatomsonly. Iron,
Cobalt,andNickel areparamagnetiatomswith anincompletely lled 3d shell. Theseclassi-
cal materialsshov ferromagnetisnin the solid stateat room temperatureln this sectionthe
evolution of themagnetionomentfrom the singleisolatedatomto the solid stateis discussed.

Single Atoms and lons

For nottoo heary elementsgheelectroniccon gurationof multi electronatomscanbedescribed
by the Pauli exclusion principle and the threeHund's rules. The spin momentums; andthe
orbitalmomentunt; of all individual electronsn anincompletelylled shellof theatomcouple
within the Russel-Saunderouplingschemedy their vectorsums[4]:

X X
S= s and C= I (1.1

and the total spin momentumand the total orbital momentumare coupledby spin-orbit
interaction Similarto the oneelectronformalismtheresultanatomicmomentaS andL couple

19



1. Generalntroduction

to give aresultantotal angulamTmmomentumy
J=L+S (1.2)

TheRussel-Saundeduplingschemesiillustratedin Figurel.1for atwo electrorsystemThis

schemas basednthefactthattheelectronsaaredominatedy electrostatiénteractionbetween
them.It isvalid for light elementsncludingthe3dtransitionmetalseriesThis nding motivates
theorderof summingup theindividual orbital momentaandtheindividual orbital momentao

theresultantotal angularmomentumJ . All experimentonly measurehe z-componenof the
totalangulat€mmomentumd, alongthe axisof the negative external eld H.

A

-H

Figure 1.1.:Russel-Saunder®uplingof two spinsandthetwo orbitsforming atotalangulamomentum

Jof unpairedelectrondn anatom.

For the heary elementswith larger spin-orbitinteractionthe individual spin-orbitinterac-
tions aretreated rst, beforethe sumof the total angularmomentaof all the electrons T;
is calculated.This type of interactionis calledj-j coupling.However, all the phenomenalis-
cussedn thisthesisarebasednthelight elementsvheretheL-S couplingrepresentghevalid

description.
Thetotal magnetionoment 4, of afreeatom[5] canbe calculatedusingthe simpleequa-
tion:

. P—
] wt)=9 JUA+1) s (1.3)

whereg is the Landéfactor:

- 14 JUO+1)+S(S+1) L(L+1)
- 2 JJ+1)

(1.4)
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1.1. Fromthe Atom to the Solid State:MagneticMomentof Fe, Co, andNi

Table 1.1.: Electroniccon gurationsof free transitionmetalatomsandthe resultingquantumnumbers
L, S,andJaccordingto Hund's rulesandtheir correspondingroundterm. The Landég-factorandthe
resultingtotal magnetianoment ; arealsogiven.

Element| Conguration| S |[L | J | GroundTerm | g tot
Iron 3d%4s? 2 12| 4 5Dy 3/2|6.71 g
Cobalt 3d’4s? 3/2| 3|92 4Fgmp 8/6 | 6.63 g
Nickel 3d84s? 1 |/3| 4 3F, 5/4|5.59 g

The g-factorwould be 1 for pure orbital magnetismand 2 for pure spin magnetismwhich is
the free electronvalue of g. Theseequationsonly hold aslong asL andS aregoodquantum
numbersandthe couplingfollowsthethird Hund'srule(J = L S for lessthanhalf full shells
andJ = L + Sfor all othercases)whichmeanghattheatomis in its groundstate In table1.1
theelectroniccon gurations,thequanturmumbersaandthegroundtermfor F e, Co, andN i are
presentediFromthe quantumnumbershe total magneticmoment ., andthe Landég-factor
canbecalculatedrom equationsdl.3and1.4. Thevaluesof ., andgarealsogivenin tablel.l
Theorbital | andthespin s magneticmomentcanbe calculatedrom [ = g h.,i and
s = QgshS;i, respectrely. Onemaynotethatin literaturesometimesheratio of expectation
valueshL ,i =S,i is usedto discussthe orbital contritution to the magneticnomentasin [6],
for example.In this thesistheratio of orbital-to-spinmagnetiaonoment = s is emploed.

The calculationsof the g-factorandthe total magneticmoment ,; canbe adaptedo free
ions.For example,afree Co?* -ion givesidenticalresultscomparedo afree Co atom,sincethe
two 4selectrongdo not give ary contritution to the magnetiomomentif the (small) hybridiza-
tion of 3d/4sstateds neglected.A free F €3* -ion hasa ®Ss-, groundterm anda g-factorof 2.
Thesegroundstatecalculationsarecorrectfor free atomsandionswherea sphericalpotential
canbe used.Whenparamagnetiampuritiesarestudiedin a hostcrystalthe potentialmustbe
adaptedo the crystalstructureof the host. For example,the total magneticnomentof Co?*
impuritiesis foundto be ;  4:8 g dependingon the studiedsystem(seee. g. [7]). It is
foundto be signi cantly reducedcomparedo the freeion magneticmoment.Dueto the high
degreeof symmetryof the surroundingatomsthe orbital moments partly quenched8].

Cluster s of Atoms

The study of the size-dependencef the magneticmomentin free metallic clustersis a very
intuitive way of understandinghe couplingmechanisnbetweenatoms.Neglectingthe orbital
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1. Generalntroduction

magneticmomentone nds within the Heisenbey model that the exchangeinteractionH ¢
betweertwo spinsS;; of two differentatomscanbe describedy:

He = 2JS S (1.5)

wherel is theexchangentegral. Oneshouldnotethatthe magnitudeof J is typically 10° times
largerthanthedipoleinteraction[5]. Parallelalignmentof the spinsis favouredif J > 0, while
antiparallelalignmentis found for J < 0. The exchangeinteractionis short-rangeWithin
certainsizelimits - the monodomairimit (discussedn section1.3) - all spinmomentsof an
agglomeratef Fe, Co or Ni atomsarealignedparallel.On the otherhandthe total magnetic
momentis the sumof the spin momentandthe orbital moment.The atomsin a clusterform
bondsto their nearesheighborsThesurroundingcrystal eld partly quenchesheorbital mag-
netismdependingon thenumberof neighboringatomsandtheir crystalstructure Theinterplay
of Coulombandexchangeanteractiondeterminesheshapeof thecluster For example acluster
of 5 Ni atomsis thoughtto beatrigonalbipyramidwith ; = 1:8 g perNi atom.If justone
atomis addedN i formsamoretightly boundN i octahedrorwith ; = 1.5 g peratom[9].
More opensurfacesgenerallyyield larger magnetiomomentsA N3 clusteris aicosahedron
with oneinterioratomandl12 atomsatthesurfaceshaving asmalltotalmagnetianomentof ap-
proximatelyl g peratom.[9]. Closed-shelstructuredave alsobeenfoundfor Niss andNiq47
wherethe next shellsareclosed.Generallytheratio of surface-to-wlumeatomsdecreaseand
the magneticmomentreducesslowly to the bulk magneticmoment.In table/1.2 someresults
of the dependencef the magneticmomentof the clustersize aresummarizedClustersof 25
F e atomshave shavn a total magneticmomentof , = 3 g peratomwhile the bulk value

Table 1.2.:Magneticmomentperatomof freemetalclustersof F e, Co, andNi. All clusterexperiments
useda Stern-Gerlach-typmagneticde ection setup.

Element| Numberof Atoms | magn.Moment | Reference

Fe 25 38 [10]
500 22 g [10]

bulk 2:22 g [3]

Co 115 21 g [11]
56-215 22 g [12]

bulk 172 g [3]

Ni 5 18 g [9]
740 0:68 g [9]

bulk 0:61 [3]
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1.1. Fromthe Atom to the Solid State:MagneticMomentof Fe, Co, andNi

of 2.2 g peratomhasalreadybeenreachedat a clustersize of about500 atoms[10]. Coy15

clusterscarryamagnetionomentof 115 2:1 g [11]. Furthermoreit hasbeenfoundthatCo

clusterswith 56to 215atomsshav aconstantmagnetionomentperatomof = 2:2 g [12].

The decreas®f the magneticmomentwith growing clustersizesfor Co hasbeendetermined
to belessdramaticthanfor F e. In the caseof Ni clustersthe magneticmnomentgraduallyde-

clinesfrom 0:8 g t00:7 g peratomfor Niy;o andN 4 clustersrespectrely. Additionally a

decreasef the Curietemperaturdc from 627K in bulk Ni to 353K in theN 740 clustershas
beenreported9].

Another approachto study the magnetismof nite structuresis the depositionof single
atomsandsmall clusterson cleansurfaceq13,14]. Dependingon the surfacemorphologyit is
possibleto form linear chains,e. g. Co atomicwires on the vicinal Pt(997) surface[15], or
two-dimensionabblateclusterslike two monolayerthick islandson Au(111) [16,17]. In this
casethe magneticnomentstronglydependsn the substrateCo atomsor very small clusters
onNa Ims shav areductionof theratio of orbital-to-spinmoment | = s 0.6 comparedo
thefreeatomratioof | = s = 1. Thereductionis thoughtto bedueto increasedybridization
effectswith the substratg18]. A more dramaticresulthasbeenfound for Ni atomson Na.
The impurities shav no magneticresponsen the x-ray magneticcircular dichroismup to a
coverageof 1.2%of amonolayenmplying a non-paramagnetigroundstate[18]. This nding
is explainedby the chagetransferfrom N ato Ni whichresultsin acompletely lled 3dshell
in Ni.

Nanopar ticles

The next larger magneticobjectis the magneticnanoparticleThereis no well de ned interval
in whichtheterm'nanoparticle'shouldbe used.Theterms'largecluster'or 'ultra ne nanopar
ticle' often de ne speciesof similar size.Mostly the de nition of similar objectsdependson
the scientists'physicalbackgroundin thefollowing, thetermnanoparticlas usedfor thesize
intenval 1.5nm- 20 nm. A shortsummaryon the evolution of the magnetionomentof metallic
nanoparticless givenin tablel.3.

Within the last decadenovel nanoparticlepreparationtechniquesand improvementsof
known synthesigechniquesn colloidal chemistryhave beendeveloped[21-23]. With these
adwancest is possibleto preparemagneticnanoparticlesvith diametersn therangeof 1.5nm
to 15 nmwith avery narraw sizedistribution (< 5%). MonodisperseCo particleshave been
preparedby decompositiorof an organometallicprecursonn hydrogensaturatedsolutionin
the presenceof a stabilizing polymer[19]. It hasbeenreportedthat thesenanoparticlesvith
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Table 1.3.: Reportedresultsof the evolution of the magneticmomentper atomfor Co nanopatrticles
betweeril50and80000atoms.

Species No. of Atoms | Diameterd Shape |  peratom| Ref.
Coin polymer 150 1.5nm spherical| 1:94 g(5T) | [19]
matrix 2:1 5(30T)
310 2.0nm spherical| 1:83 g (5T) | [19]
1:9 (30T)
Coislands 400 4:0nm 2ML | prolate 24 g [16]
onAu(111) 1300 7:2nm  2ML 22 g [16]
1600 82nm 2ML 20 g [16]
freeCo nano- 80000 12nm spherical 1.7 g [20]
particleson SiO,

150 atomsand 310 atomsper particle do not shav oxidationin the stabilizing polymer The
magnetionomentper Co atomin the particleare1:94 g peratomand1:83 g peratomin an
appliedmagneticeld of 5T, respectrely. It hasbeenproventhatin this casethein uence of
the polymersis rathersmall. Thereis supposediyoin uence onthe magnetionomentof sur
faceatoms.n evenhigher elds upto B = 30T one nds alinearenhancemeraf themagnetic
momentperatomto 2:1 g peratomandl1:9 g peratomfor the Conanoparticlesvith 150and
310atoms,respectrely [19]. This enhancemeris explainedby analignmentof non-collinear
surfacespinsdueto a stronguniaxial surfaceanisotroy. Comparablenagneticobjectswith
a similar numberof atomsper particleare Co islandson Au(111) surfaces.Prolateparticles
with a thicknessof two monolayersandabout400, 1300,and 1650 atomsper island carry a
magneticmomentper atomof 2.4 g, 2.2 g, and2.0 g, respectiely [16]. Here, practically
all atomswithin the Co islandsarearrangedn reducedcoordinationwhich resultsin a higher
magnetianomentperatomthanevenfor smallersphericahanoparticle$19]. MuchlargerCo
nanoparticleon SiO, with a mediumdiameterof 12 nm that corresponds$o approximately
80000atomsalreadyshow a bulk-like magnetiaonoment( s = 1:7 g peratom)[20].

In summary nite structuresge. g. sphericalnanoparticlesith diameterssmallerthan5
nm, shav anenhancedotal magnetionomentperatom.Themicroscopioorigin is thereduced
dimensionality As long asthe ratio of surface-to-wlume atomsremainslarge (  10% an
enhancemenaf the total magneticmomentper atom- dueto the atomsin reducedsymmetry
- is detectedLarger magneticstructuresare dominatedby the hugenumberof volumeatoms
shawving a bulk-lik e total magnetiomnoment.
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Solid State

The magneticpropertiesof the room-temperaturéerromagnets-e, Co, andNi arewell un-
derstoodlIn a rst approximationthe magneticnomentperatomis temperature-independent.
This statemenholdsaslong asno structuralchangesr melting of the specimertakesplace.
However, the macroscopianagnetization(A/m), which usually is the measuredjuantity is
temperature-dependefthe groundstatemagneticnomentcanbe determinedrom the mag-
netizationM atT = 0 K, whereall momentsof the ferromagnetrealigned.At highertem-
peratureghe magneticmomentsstartto uctuate, spin wavesare excited thermally andonly
the averagemagnetizations detected.Thereforethe magnetizatiordecreasewith increasing
temperatureAt the Curietemperaturd ¢ thethermalenegy overcomegheexchangecoupling
andthe individual magneticmomentscanrotateindependentlyAbove the Curie temperature
the magnetizatiorof the samplevanisheswhich doesnot meanthatthe magneticnomentsof
the paramagnetanish,too. For the itinerant3d transitionmetalsthe ferromagnetiqroperties
arelistedin table1.4.

Table 1.4.: Solid statepropertiesof the room-temperaturéerromagnets$- e, Co, andNi [3]. Themag-
netizationM atT = 0K, thecorrespondingnagneticnoment ; peratomandthe Curietemperature
Tc arelisted.

Element| M (T =0K) |  peratom Tc
Fe 1740kA/m 2:22 g 1043K
Co 1446kA/m 1.72 g 1388K
Ni 510kA/m 0:61 627K

1.2. Cobalt Oxides

Two differentCo oxidesexist: CoO and Co304. CobaltmonoxidgCoO) is aninsulatorand
crystallizesin the rocksaltstructureshaving a lattice constanta = 0.42614nm at 305K [6].

An ionic bondbetweerCo?* andO? is formed.In theantiferromagnetistatebelov the Néel
temperaturdy 293K CoO shavs a monoclinicstructurethat canbe describedasa large
tetragonalistortionalongthe cubes edgeswith c/a< 1 with anadditionalsmalldeformation
alongthehl11i direction[24]. At 10K thecell parametersf thedeformedace-centerelhttice
are determinedto a = 0.42666nm and c = 0.42151nm which correspondgo a ratio c/a =

0.988[6].
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1. Generalntroduction

Table 1.5.: Theoreticabndexperimentatesultsof thespin s andtheorbital | contritutionto thetotal
magneticmoment ; per Co atomin CoO. The magneticmomentsof free Co?* andCo®* ionsare
alsolistedusingHund's rules.Notethatthe spinandorbital magnetianomentaregenerallynot parallel.
Thus,thetotal magnetionomentis calculatedoy equationl.3takinginto accounthe Landég factor

Method s(B)| t(B)] wl(8)| L=s(8)]| Ref

LSD 238 | 025 | 263 0.11 [25]
LSD+OP 2.52 1.01 3.53 0.4 [25]
XMCD in nanopatrticles 0.6-1.1 [26]

-ray diffraction 2.40 1.58 3.98 0.66 [6,24]
Co?* usingHund'srules 3 3 6.63 1 [3]
Co** usingHund'srules 4 2 6.71 0.5 [3]

In the antiferromagneticstatethe Co momentsare coupledferromagneticallyin f111g
planeswith the momentsin adjacentf 111g planesaligned antiparallel. The ionic quasi-
octahedrakrnvironmentdeformsthe 3d orbitalscomparedo the free Co?* ion. An insulating
gap of 0.4 eV width hasbeencalculatedby the local spin density(LSD) approach25]. The
quenchingf theorbital magnetionomentin CoO is incomplete Thus,Co?* ionscarryalarge
magnetionomentwith alarge orbital moment.LSD calculationgncludinganorbital polariza-
tion correctionOP [25] shav a smallerorbital contrikbution to the total magneticnomentthan
theexperimentln table1.5sometheoreticabndexperimentakesultsonthemagnetianoments
of CoO arelisted.

Co0;0,4 hasa spinelstructure.Unlike the rocksaltmonoxideCoO, which hasonly a single
type of cobaltions (Co?*) locatedat octahedralattice sites,the Co;O4 hasboth octahedral
Co** andtetrahedralCo®* sublatticesThe lattice constantis a = 0.809nm [27]. The spinel
Cx0, is antiferromagnetictoo. The Néel-Temperaturely = 40K is remarkablyreduced
comparedo CoO.

1.3. Magnetic Anisotr opy of Nanopar ticles: Individual
Properties and Collective Phenomena

The groundstateof a magneticsystemis generallynot invariantto the rotationof the magne-
tization. This effectis namedmagneticanisotroy. The enegy densitydifferencebetweenhe
total magneticgroundstate(easyaxis of magnetizationpndthe enegy densityin ary other
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speci c directionis the so-calledtotal magneticanisotroy enegy density Usually this differ-
enceis given by two distinctdirectionsin a crystal. The two microscopicorigins of magnetic
anisotroy arethe dipole-dipoleinteractionbetweernthe magneticnomentsandthe spin-orbit
interactionwhich couplesthe spinsto thelattice. The exchangenteractionintroducedn equa-
tion/1.5 doesnot contrikute to the magneticanisotroy becausehe scalarproductof the spin
vectorsis independenof theangleswith respecto the crystalaxesof thelattice.Dipole-dipole
interactionleadsto the so-calledshapeanisotroy andthe strengthof spin-orbitinteractionde-
terminesthe magnetocrystallin@nisotroy enegy density(MAE). For Fe, Co, andNi the
magnitudeof MAE is ontheorderof eV/atomandtiny comparedo thetotal enegy of a bulk
crystal(  1000eV / atom).For ary magneticapplication,however, the MAE is the quantity
which determineshe easydirectionof magnetizationgoercve elds, andthethermalstability,
for example[19,28].

Magneticinteractionsof denselypacled particleslike Co particlemultilayersin a diamag-
netichostmayleadto interestingphenomenédik e superspirglassorderingandcollectve mem-
ory effects at low temperature$29,30]. Therefore,in quasitwo-dimensionalell-separated
arraysof nanoparticlesas the onesinvestigatedin this thesisit is usefulto split up the dif-
ferentcontrikutions of the total magneticanisotroy enegy densityin two cateyories:(i) the
individual magneticanisotropy of a singlenanoparticleand(ii) the magneticanisotroy dueto
dipolarinteractionsand/orpercolationof the nanoparticleskFirstly, a shortreview onthe mag-
neticanisotroy of anindividual nanoparticlas given andafterwardstheinteractionsbetween
nanoparticleandtheir consequencearediscussed.

Individual Properties

The sourceof the so-calledshapeanisotrop is the long-rangedipolarinteraction.A magnetic
dipole ~ (Am?) producesamagneticeld H; (A/m) atdistancer:

Hi) = S0 T B

3 1.6
r> rs (1.6)
Theresultingdipoleinteractionenegy E 4q betweenwo dipoles~;; atdistances; is:
- 5) 3 <) (M =)
E.= -9 — H.z_o(' i) i i i T 17
ad 4 4 re re (2.7)

Themagnetiadipolesarelocatedat distinctplaceswithin thelattice.Hence thedistancevector
fy; is correlatedo the crystallattice axeswhich meanghatthe dipolarinteractionenegy E 4q
depend=n the relative orientationof the magneticmomentwith respectto the crystal axes.
The anisotropicpart of the shapeanisotroy caneasilybe describedn termsof a free enegy
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densityfunctionF approach31], sincethetotal freeenepy of a systemwith constannumber
of atomsequalsthe sumof all contrikutionsto the MAE andthe shapeanisotroly ata constant
temperaturg32]. For ahomogenouslynagnetizedgamplethe shapeanisotroy enegy density
Faa [33] is givenby:

1
Faqa = > o(NxMZ + NyMJ + N,M7) (1.8)

with thecomponentsf themagnetizatiotM; andthecomponentsf thedemagnetizatiotensor
N; whichful Il Ny + Ny + N, = 1. Here,themagnetizatiotM hasto beusedin unitsof A/m.

The diagonalelementsof the demagnetizatiotensorcanbe calculatedn termsof the general
ellipsoid [34]. The demagnetizatiotensorof a sphericalparticleandanin nite thin disk are
thelimiting caseof this generalpproachFor thein nite thin disk onecalculates

1
Faa = > oM 2cog (2.9)

with Ny = Ny = O0andN, = 1 andthe z-componenbf the magnetizatiortransformedo
M, = M cos . The shapeanisotroy alwaysfavors aneasydirectionof magnetizationn the
Im plane.

For a sphericalparticlewhereall threeprincipal axesof the ellipsoid have identicallengths
it follows from equationl.8 thatN, = N, = N, = 1=3. Hence,a sphericalparticle does
notshav shapeanisotropy. Sincethewholethesisdealswith imperfectlyshapedanoparticles,
one may have to take into accountshapeeffects of individual particles.As an example,an
unusualnon-sphericahanoparticleinvestigatedin this thesis(chapter4) hasdimensionsof
7nm 6nm 5nmoftheprincipalhalf-axesof anellipsoid. Theratiosof thehalf-axesa; b;c
are

¢ 071 and 2 o086 (1.10)
a a

Talulateddata[34] of the half-axesratiosandthe demagnetizatiofiactorsyield
N, 0:28 N, 0:33 N, 0:38 (2.12)

which give amaximumdifferenceN, N, = 0:1. Hence theshapenisotroy of anextremely
non-sphericahanoparticles 10%of theshapeanisotroy of athin Im andcannoteneglected
arymore,if the magneticresponsef a singlenanoparticles detectedin general the investi-
gatednanoparticlesre closerto spheresSinceall measurementgerformedin this thesisare
averagingover anarrayof mary particleswith randomlydistributedaxesof the ellipsoidsthe
shapeanisotroly of asingleparticleis neglected.

The secondsourceof magneticanisotroy besideshe 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. Perturbatiortheory canbe employed to explain this effect. The spin-orbit
coupling(LS-coupling)canbeapproximatedy theoneelectrontermf = [ Swhere is
the spin-orbitcouplingconstantThe constant is ontheorderof 0.05eV thatis muchsmaller
thanthebandwidthof 3d metals(few eV) [35] justifying this perturbatioransatzThis approach
revealsanenegy correctionof the magneticgroundstatein 2" orderfor uniaxial symmetries
andin 4™ orderfor cubic systemslt hasbeenfound that the magnetocrystallin@nisotroy
enegy density(MAE) is proportionalto the differenceof the orbital magneticmomentin the
easyandhardaxisof themagnetization

MAE = — oy pard) (1.12)
Theparameter re ects the electronicstructure.The easydirectionof magnetizations found
wherethe orbital magnetionomentandthereforethetotal magnetionomentis thelargest.Per
turbationtheorygivesreasonablgualitatve agreemento the experiment.More preciseresults
areobtainedby ab initio methodswhich incorporatethe LS couplingby a full relatvistic ap-
proachVeryhighaccuray in thesecalculationss neededincethemagneticanisotroy enegy
is tiny comparedo the total enegy peratom( 1000eV/atom).Fastercomputershowever,
have leadto remarkablequantitatve agreemenbetweercalculationsandexperimentd36-39]
andhave shovn thatthe parameter is nottruly a constan{40].

The spin-orbitcoupling is the origin of several contritutionsto the MAE. In cubic envi-
ronments(fcc Ni andbcc F e) the orbital magneticmomentis nearly completelyquenched.
A small anisotropiccontritution of | is obtainedusing fourth-order perturbationtheory
Ks/ 4=W 3. W is the bandwidthof the 3d band.In anuniaxial lattice (hcp Co) second
orderperturbationnds the secondorderanisotroy K,/ 2=W [41]. Experimentalalues
at T = 300K of the secondand fourth ordertermsof the MAE are givenin table 1.6. One
musttake carewhencomparingcomputedandmeasurednisotroy coefcients, sincethe cal-
culationsusually considemno thermal uctuations (T = 0 K). It is well known thatthe MAE
is temperature-dependefit]. Hence,the experimentaldatamustbe either measuredat 4 K
or at leastextrapolatedfrom the temperaturedependencat highertemperature$28]. Addi-

Table 1.6.:Volumeanisotroy coefcient of secondandfourth orderatroomtemperaturé3].

Element| Structure K> Ka
eV=atom | eV=atom

Fe bcec 0 3.5
Co hcp 31.1 9.9
Ni fcc 0 -0.4
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tional enhancingcontribtutionsto the MAE arealwaysfoundin low dimensionakystemse. g.
ultrathin magnetic Ims [32] or one-dimensionathains[15]. Typical origins are stressat the
sample/substratmterface, stepsthat reducethe symmetry grain boundariespr roughinter-
faces.

The magneticanisotroy of single metallic nanoparticless usually describedn termsof
an effective anisotroy K ' . Contrilutionsto K ¢'f arethe volume anisotroy KV which is
usuallyconsideredo bebulk-lik e andthesurfaceanisotroy K S. Theeffective anisotrogy K ©''
dependon theratio of surface-to-wlume atomswhich canbe controlledby the nanoparticle
diameterThesurfaceanisotroy K S itself combinegheanisotroy of a at surface(facet)and
the stepanisotroy causedy the bentsurface.In Figure/1.2 the atomicstructureof anideal
sphericall2 nm particleis shavn. Facetsform on the surfacewhich are usually the closest
pacled onesfor a given crystal structure,for examplethe (111) planefor the fcc structure.
Thefacetsareconnectedy alarge numberof steps.The smallerthe particlethe moresurface
atomscomparedo the total numberof atomsin the particle are locatedat the boundarieof
differentfacetswhich enhanceshe stepanisotroy remarkablyHence,it is surprisingthatthe
phenomenologicapproachassumingerfectspheres

Ke”:KV+§KS:KV+§KS (1.13)
Vv d
seemsto work reasonablevell for nanoparticled42]. Here, for perfectsphereghe surface

of the nanoparticleis givenby S = d? andthevolumeby V = ( d®=6. d is the particle

Figure 1.2.: lllustration of the surface and volume contritutions to the effective anisotroly constant
K €T . The bendingof the surfaceof the nanoparticlecorrespondso anideal sphereof 12 nm diameter
usingthebulk lattice constanpf fcc Co (a=0.35447nm).
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diameterThis phenomenologicansatas similarto surface-andvolume-separateanisotroy

in ultrathinmagneticlms. In caseof ultrasmallCo nanoparticlegd < 2 nm)thissimplemodel
hasbeensuccessfullyappliedto explain alargerK ' for smallerparticles,althoughparticles
of lessthan2 nm diameterarefar from beingperfectsphere$19].

The effective magneticanisotroy is the all-dominantquantity of mary phenomenan
magnetismFor nanoparticleghe two mostimportantconsequencedriven by the magnetic
anisotroy arethe singledomainlimit andthe superparamagnetionit. Thesetwo limits are
brie y discussedhere.Magneticnanoparticlesirein thesingledomainstate jf thecreationof a
domainwall costsmoreenegy thanit is savedby thereductionof thestray eld of thenanopar
ticle. Thedomainwall enegy Eqw = v d2= d? AK ¢ is neededo form adomainwall
in a sphericalnanoparticleof diameterd. g, is the domainwall enegy density A 10 1
J/mis the exchangestiffnessconstant.The magnetostatienegy differencebetweena single
domainanda doubledomainstateis Ens ( oMZV)=3 with the saturatiormagnetization
Ms in unitsof A/m andthe particlevolumeV [43]. For materialswith a stronganisotroy the

critical diameterof the particled. is reachedvhenEgy, = Ens:
p AK ef f
de 18— (1.14)
OMS

Assumingbulk valuesof hcpCoof (M2 = 24 1% J/n? andK ®'f = 4:1 10 J/n¥ atroom
temperaturehe critical diameteris calculatedo d. 15 nm. For fcc Co the cubicanisotroy
constanK ¢ = 0:6 1% J/n? [2] is smallerandd, reducego about7 nm.Oneshouldnotethat
for smallparticlesthe effective magnetianisotroy differsmuchfrom thebulk valuedueto the
large surfacecontribution. Singledomainparticlesshav a broadrangeof coercve elds from

oHe = 0to oH. = 2K ®T=aMg. The rst appliesfor small anisotroy andsmall diameter
while theupperlimit is reachedor particlesizescloseto thecritical diameterd, [42].

The secondimportantconsequencef the magneticanisotroy is the superparamagnetic
limit reachedy thereductionof particlesize.Below the critical volumethe magnetizatiordi-
rectionof a nanoparticleat a giventemperatures not stablearymore.Consideringan uniaxial
single-domaimparticlethe magnetizatiorcan ip betweerthetwo directionsof the easyaxis.
Thisrandom uctuation is thermallyactivated.The time-averagedmagnetizatiorof sucha par
ticle is zero.One shouldnote that the time-areragingis identicalto the time window of the
techniqueof investigation. The magnetizatiomprocessf a single-domaimanoparticlenvolves
the rotationof the magnetizationn the directionof the external eld. The rst theoreticalap-
proachof magnetizatiomeversalhasbeensuggestethy StonerandWohlfarth[44]. Theenegy
E atacertainangle with respecto the easyaxis of magnetizatiorof particlewith uniaxial
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anisotropy is describeddy:
E()=K®vsin?() (1.15)

V is the particlevolume.Theenegy barrierK ¢V separatethe two enegetically equivalent
easydirectionsof magnetizationWhenthe thermalenegy kg T exceedsthis enegy barrier
themagnetizationuctuatesbetweerthetwo minima.NéelandBrown [45,46]suggestea law
describingherelaxationtime asafunctionof theinvolvedenegies:

K ef f \Vj

ke T

= o exp (1.16)

with the so-calledattempttime , 10 '2s- 10 ° s. The probability for a stablemagnetiza-
tion canbeexpressedy P (t) = exp t= . TheremanenmagnetizatiorM  is obtainedafter
atimet accordingto Mg=My = exp t= whereMg the remanenmagnetizatioratt = O.
When is muchlargerthanthe characteristiaetectiontime of the experiment,no changeof
the magnetizatioris detectedn the time window t, andthe particle shavs stableferromag-
netism.In standaranagnetometryhetime window is around100s andanunstablelirectionof
magnetizations detectedvhenthe condition30kg T > K ¢"V is ful lled. Theblockingtem-
peratureTg canbe de ned by this simpleequation.n the caseof FMR experimentghetime
window is on the orderof 10 1° s. Accordingly, the equationfor stablemagnetizatiorreads
2( DksT < K&V, Vice versawhentheblockingtemperaturandthe particlediameterare
measuredhe effective anisotroy enegy K ¢ fV canbe estimated One shouldnote that this
estimatioroftenyieldstoo large valuesfor K 'V, sincethe blocking effect scalesby thethird
power with thediameterof the particle,anda smallsizedistributionis alwayspresentFurther
more,themodelof StonerWohlfarth particlesis oftennotful lled for realparticlesystems.

Abovetheblockingtemperatur@g andbelow the Curietemperaturd ¢, however, theparti-
cleskeeptheir spontaneousagnetizationvhichhowever uctuatesin time.In anexternal eld
themagnetizatiorof anarrayof non-interactingdenticalparticlesfollows the Langevin law:

M(B)=Ms L kS_T = Ms coth 1 with = kB_E'al' (2.17)
whereM g is the saturatiormagnetizatiorof the arrayof particles,L is the Langevin function,
and themagneticmomentof a particle.M s is connectedo the particlemagneticnoment
byMs = N .N isthenumberof particles Consequentltheeachindividual particlebehaes
like aparamagnetith agiantmagnetionoment.Thesusceptibility of suchasuperparamag-

. . 2
netis proportionatto  / .

Theseresultsarestrictly valid only for individual particlesor arraysof non-interactingpar
ticleswith identicaldiameter However, real magneticparticlesalwaysshav somesizedistri-
bution f (V). Theintegral over all Langevin functionswith distributedvaluesof the magnetic
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1.3. MagneticAnisotropy of NanoparticlesPropertiesandPhenomena

moments = MsV hasto be calculated The magnetizatiorprocesof non-interactingsuper
paramagnetiparticlesis describedy a weightedsumof Langevin functions[47]:
2
M(B) = Ms L
0

(V)B

f (V)dV (1.18)

Moreover, the distribution of particlevolumesresultsvia K ¢V in a distribution of blocking
temperaturedzor a singleparticlethe blockingtemperaturés de ned from equationl.16to

K ef f \V/
° ke In( =) ( )
with  the characteristiaetectiontime of the experiment,i. e. = 100s for SQUID mag-
netometryand = 10 1° s for FMR. For a single particle Tg coincideswith the maximum

magnetizatiorof azero- eld cooled(ZFC) measurementn a particleensemblevith somesize
distribution, however, the blockingtemperatur@g of the systemis nolongerwell-de ned. Tg
hasto be assignedo a distinct particle volume. In this thesis,the blocking temperatureof a
particleensemblas de ned asthe meanblockingtemperaturdg.mean , accordingto the mean
particlevolume.Oneshouldnotethatin caseof log-normalvolumedistributionsthe meanpar
ticle volume lies at a slightly larger volume than the peakof the volume distribution which
correspondso themostprobableparticlevolume.Assumingsphericaparticles,Tc  Tg, and
a constanteffective anisotroy enegy densityconstan ¢ one nds thatthe meanblocking
temperatur@g.mean IS remarkablysmallerthanthe ZFC maximumwould suggestZFC mag-
netizationsimulationsusingthe Néel-Bravn model (equation1.16) have shavn that Tg mean
is reducedby afactor1.5-2comparedo the ZFC maximumpositionfor volumedistributions

v = 0:25 0:45which aretypical for chemicallypreparedoarticles[48]. Note thatthe re-
ductiononly depend®n the volumedistribution of the particlesandnot on the meanvolume.
Thus,it is a statisticaleffect.

Collective Phenomena

Mostexperimentsneasureéhecollectve magnetiacesponsef ananoparticlarray To preparea
squardatticewith onelayerof nanoparticle®n a 1 cm?-substratet a centerto-centeristance
of dec = 15nm 4:4 10 nanoparticlesare needed The maximumdipolar interactionenegy
Edamax (parallelalignmentof magneticmoments)of two point dipolescanbe calculatedby
equationl.7. For 2 nmparticles(310atoms,1:9 ) one nds Eqgmax = 140 eV atadistance
of 15 nm. Two 12 nm particles(80000atoms,1:7 ) shov a maximumdipolar enegy of
Edamax = 7:3 eV atthe samedistance The couplingof anarrayof nanoparticleslependn
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1. Generalntroduction

the magnitudeof the moment,the relative directionsof the momentsandthe centerto-center
distanceof the particles.In practice,the particlescan be treatedas non-interactingnagnetic
objectswhenthe centefto-centerdistanceexceeds ve timesthe particle diameter However,
mostof the studiespresentedn this thesisshav a centerto-centerdistanceof lessthantwo
timesthe particlediameter The particleinteractionscannotbe neglected but, however, remain
smallin mary casesasindicatedin thediscussiorof theresults.

The sumover all dipolesin in nite cubic lattices (sc, bcc, fcc) is zero [49] yielding an
antiferromagnetiorderof dipoles.In nite structureghedipolesumdoesnotvanishproducing
thedemagnetizingeld. Themagnetioggroundstateof a nite dipolarcoupledsystemcannotbe
calculatedeasily However, somegenerakulescanbe dravn. The magnetiogroundstateof fcc
orderedparticlesarrangedn anellipsoidwith anaxisratioc=a> 6 hasbeencalculatedo be
ferromagnetid50]. Thus,aferromagneticorderof dipolar coupledperfectlyorderedidentical
particlesis expectedfor sampleseingnot too thick (e. g. surfaceareal cm? andthickness<
1 mm). Also chain-like structuregeveal a ferromagnetiorder[51]. In samplesvith arandom
distribution of magneticdipolesthe orderedstatewill be the oneof a spin glass[52]. In 2D
arraysof dipolar coupledparticleswith randomlydistributed anisotroy axesandsomesize
distribution the magnetiaggroundstatecanonly be calculatedoy numericalmethodg53].

1.4. Exchang e Anisotr opy in Co/CoO Systems

Whensystemawith aferromagnetic-antiferromagneiitterfacearecooledbelon theNéeltem-
peratureof the antiferromagneandthe Curietemperaturd ¢ of theferromagnets largerthan
the Néel temperaturely an unidirectionalexchangeanisotroy UEA is inducedin the sys-
tem[54,55].MeiklejohnandBean[56] discoveredtheexchangeanisotroy in 1957.By cooling
naturallyoxidizedCo particleswith diameterof 10nm- 100nmin anapplied eld they found
ashift of thehysteresidoop of thespecimenn the oppositedirectionof thecooling eld. When
thesamplewvascooledin absencef a eld astandardysteresidoop- symmetricato theorigin
- hasbeenobsenred. It shouldbenotedthatthe exchangeanisotropy is alwayspresentThe eld
coolingresultsin thealignmentof theantiferromagnetimomentsattheinterfaceparallelto the
ferromagneticallicoupledmomentsn thecoreof theparticle.After eld cooling,theswitching
behaior of the particlesis changedy thealignedfrozenspinsof theantiferromagneactingas
an effective magneticexchangeeld. This additional eld directedparallelto the cooling eld
supportsa magnetizatiordirectionparallelto the cooling eld andhardenghe antiparallelori-
entation.This effectis calledexchangebias.In the caseof Co=CoO exchangebiasedsystems
themagneticanisotroy of theantiferromagneis morethanoneorderof magnituddargerthan
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Figure 1.3.:Interfacespinstructureof (a) anidealferromagnetic/antiferromagne(eM/AFM) interface.
Both, ferromagneti@andantiferromagnetitayersaresinglecrystalswith anatomicallysmoothinterface.
(b) Polycrystallineferromagnetic/antiferromagnefitterface. The strengthof theexchangeanisotroyy is
stronglyin uencedby roughnesanddiffusionattheinterface grainboundariegndthecrystallographic
orientation(seetext).

the oneof theferromagnetThus,the spinorientationof the antiferromagneis not reversedin
typical laboratorymagneticelds of upto 5T.

At theinterfaceto theferromagnethe antiferromagnegxhibits localizednet magneticmo-
ments.In Figure/1.3 (a) an atomically smoothinterfaceis shavn. The topmostlayer of the
antiferromagneis coupledferromagneticallyo theferromagnetienaterialandremainsuncom-
pensatedAn uneren numberof antiferromagnetidattice planeswould give rise to this effect.
A morerealisticpictureis dravn in Figure 1.3 (b). Evenin antiferromagnetigrainswith com-
pensatednterfacial spin planesthe formationof unequahumbersof parallelandanti-parallel
spinsis likely dueto roughnessand intermixing at the interface,disordergeneratedy grain
boundarieor tilted crystallographi®mrientationsof the antiferromagnetispinswith respecto
theferromagnetispins[54].

A generabescriptionof theexchangebiasphenomenors still lacking.Sinceexchangebias
is aninterfaceeffectandin experimentghe quality of theinterfacedepend®ntheinvesticated
systemandthe preparatiortechniquethe experimentaldataare spreadover a wide range.For
anidealinterfaceasshavnin Figurel.3(a)amodelis suggestethatpredictstheexchangebias

eld (for areview seee. g.[54,55]). Here,bothlayersare single crystalsexhibiting an atomi-
cally smoothferromagnetic/antiferromagneticterface.The antiferromagnetienonoxidesare
composedf atomicplanesof ferromagneticallyorientedspinswith anantiparallelalignment
of adjacentplanesshaving no net magnetizationThe interfacial antiferromagnetispinsare
fully uncompensated.he magnetizatiomeversalin the ferromagneis assumedo be a cohe-
rentrotationwhile the spinsof theantiferromagnetemain x ed. Theenepgy for thisrotationis
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1. Generalntroduction

equalto the UEA andcanbedescribedn termsof anexchangebias eld [54]:

. : J
Ies] = oMewm tem - a/iFMF’:Mj\Al\gFM (1.20)
with the interfacial exchangeenegy density J the interfaceexchangeenegy, fy and
AF v the atomic magneticmomentsof the ferromagnetand the antiferromagnetaas v the
(cubic) lattice parameteof the antiferromagnetM gy the magnetizatiorof the ferromagnet,
andtgy the thicknessof ferromagneticExperimentally however, it is always obsered that
JHeg] is two to threeordersof magnitudesmallerthan predictedby this model. Obviously
this simple modelassumingdeal interfacesis not a realisticrepresentatiomf the interfacial
environment.Intermixingandroughnes$ave to beinvokedto accountfor thelarge reduction
of theinterfacialcouplingstrengthOhldagetal. [57] suggesthatonly a smallpinnedfraction
of the uncompensatenhterfacial momentscontrikute to the exchangebias. Whenreplacing
andJ by theireffectivevaluesles = Jand ¢ = it hasbeenfoundthatonly
3% - 5% of amonolayerconstitutetheexchangebias. This nding is auniquefeatureof several

differentlayeredsystemsasshowvn in [57].

In thisthesisnaturallyoxidizedC o particleswith sizesof 9 nmto 14 nmandnarrav sizedis-
tribution areinvestigated.The particleshave beenpreparedy organo-metallicsynthesisSince
the particleshave a core/shellstructureof Co andCoO | will usethe nomenclatureCo=CoO
in the following. A typical setof hysteresidoopsis shavn in Figure/1.4. Hysteresidoops of
anarrayof Co/CoO nanoparticlesveremeasuredboth,afterzero- eld cooling(ZFC)and eld
cooling(FC)in 5T from 370K to 10K. Theloopsweretakenat10K. TheZFCloopis symmet-
rical to the origin. The FC loop is shiftedalongthe negative eld directionappliedduringthe
cooling processThe hysteresidoop of the ferromagnets biasedby the antiferromagnetThe
strengthof the UEA is measuredy the exchangebias eld Hegg = j(H] € + HF©)=2j. The
FCcoerciity HEC = j(Hf¢ HJ©)=2j is awaysfoundenhanced¢omparedo the ZFC hys-
teresisloop. [56,58,59].Both effectsdisappeant the Néeltemperaturef the antiferromagnet
or theblockingtemperaturef theantiferromagnetThis nding con rms thatit is thepresence
of theantiferromagnetienaterialthatcauseghis anisotroy. In somecaseg58,61]avanishing
exchangebiasis found belov Ty thatis explainedby the nite grain size or layer thickness
of the antiferromagnetHere, it is assumedhat Ty is reducedremarkablyfor a 2-3 nm thick
CoOlayerarounda ferromagnetiacore.Below a critical sizeor thicknesson the orderof 1-3
nm smallantiferromagnetigrainsbecomesuperparamagnetabove a critical 'blocking' tem-
peratureT4FM of the antiferromagnetienaterial. The FC hysteresidoops of an array of 13
nm Co/CoOparticles(Figure1.4) shavs anexchangebias eld of (Hgg = 0.4T. This nd-
ing indicatesthe strongunidirectionalexchangeanisotroy (UEA) in the sample An interface
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p (10° Am?)

Figure 1.4.:Zero- eld cooled( ) and eld-cooled hysteresig ) loopsof 13 nm Co/CoO nanopatrticles
measure@t10K. A magneticeld of oH =5T hasbeenappliedduringthe FC procesgrom 350K to
10K. Coercve elds for FCandZFC areindicatedby thearravs. The gure hasbeenadaptedrom[60].

exchangeenegy E perunitarea[55] for sphericahanoparticlesanbe calculatedrom
E = OHEBMFMdFMZG: (121)

Mew isthesaturatiormagnetizatiorof theferromagneticorein unitsof A/m with adiameter
of dr v . Thefactor6 arisesfrom theratio of thevolumeto the surfaceareaof a sphere.

Thetemperaturelependencef the exchangebias eld hasbeenstudiedin the framewvork
of the random- eld model of anisotroy [62] for cubic AFM crystals.The authorspredicted
alineardecreas®f Hgg (T) asa function of temperatureln mary thin- Im systemg54,55]
the predictedlinear temperaturedependencéasbeenobsened. In the caseof nanoparticles
or polycrystallineantiferromagnetsvith a smallgrain size,the temperaturelegradationof the
exchangeenepgy can be describedbetterby the model of thermalinstabilitiesof superpara-
magnetisnof small antiferromagnetigrains[63]. This approactcanalsoexplain thatthe ex-
changebias eld vanishesattemperaturebelon Ty takinginto accountheblockingtempera-
tureTAFM of antiferromagnetigrains. Thetemperaturelependencef the exchangebias eld
Heg canbedescribedyHeg (T) = Heg (0K) 1 T=TAFM "[60]. In thecaseof Co=CoO
particleswherethe exchangebias vanishesat T = 100-150K the degradationlaw suggests
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n = 3.2 [60]. This modelincludesthe linear decreasef the exchangebiaswith temperature
with n = 1 andthe substitutionof T2 M by Ty of theantiferromagnet.

Usingdatafor Co with alayerthicknessof t = 8 nm (neglectingthe sphericalshapeof the
particles),a bulk magnetizatiorof Mgy = 1400kA/m, an exchangeenegy of 20 meV per
Co/CoObondand a squarelattice parameteof a?> = 0:182 nn? of CoO one calculateshe
exchangebiasfrom equation1.20to be (Hegg = 107 T thatis indeedoneto two ordersof
magnitudelarger thanthe experimentalobsenations.Using the effective Jss = 0:04 J for
Co/NiOthin Ims [57] one nds aresultant gHegg = 0:43T. Thisestimatae ectsthedifferent
experimentsummarizedn table1.7 fairly well takinginto accounthecrudeassumptionsOne
may note, thatthe experimentalresultslisted in table/1.7 andthe estimatefrom equation1.20
suggesta decreasingiasing eld with growing thicknessof the ferromagnet.The seriesof
experimentswith varyingthicknessg\y shov thistendeng for Ims [64] andparticles[58].
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Table 1.7.: Experimentabataof Co=CoO exchangebiasedsystemsThe preparatiortechniqueandthe arrangemenfpowder, matrix etc) aregivenin the
rst column.Particle diameterandthicknessof the CoO shell (or Im) areshawn for comparisonThe eld cooling procedurds alwaysfrom above Ty
of CoO(T  300K) to themeasuringemperaturd in aapplied eld Bgc. Theobsenedcoercitve elds andexchangebias elds arelistedbesideshe

temperaturevherethe exchangebiasvanishes.

Preparatioriechnique Particle tcoo Procedure| oHc | oHes | T( oHgg = 0) Ref.
of Co=CoO diameter(nm) | (nm) Brc , T (M (M) (K)
Clustergunsputteringjn Al ;O3 matrix 4.7 1 5T,5K 0 0 - [65]
compacted 4.7 1 5T,5K 0.6 0.95 notgiven [65]
in CoO matrix 4.7 1 5T,5K 0.76 | 0.74 Tn [65]
PMMA sphergemplatesin carbon 3-4 unknovn | 1T,10K | 0.62 | 0.34 180 [66]
Clusterbeamdepositionjn polyimide 6 1 2T,5K 0.50 | 1.02 200 [58]
13 1 2T,5K 0.24 | 0.36 200 [58]
Vapordepositionjn parafn 115 2 2T,10K | 0.60 | 0.57 150 [59]
35 2 2T,10K 0.3 0.1 150 [59]
ElectrodepositionPovder 10-100 unknovn | 1T,77K | 0.11 | 0.16 Tn [56]
rf-sputtering,continuousim 2.7(1m) 2.5 0.2T,10K | 0.36 | 0.23 186 [64]
11.9(1m) 2.5 0.2T,10K | 0.09 | 0.06 186 [64]
39.8(1m) 2.5 0.2T,10K | 0.03 | 0.02 186 [64]
Colloidal chemistry coveredby ligands 9.5 2-3 5T,35K | 0.27 | 0.20 100 thisthesis
11.4 2-3 5T,10K | 0.39 | 0.41 - thisthesis
13.6 2-3 5T,10K | 0.39 | 0.39 150 thisthesis
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2. Experimental Techniques

In this thesis,two complementaryechniqueshave beenusedto probethe magneticproper

tiesof Co=CoO nanoparticlesFerromagnetiRkesonancéFMR) and X-ray MagneticCircular
Dichroism(XMCD). Bothtechniquesillow to measure¢heorbital contributionto thetotal mag-
netic momentwith different probing depths.This magneticcharacterizations supportedby

SuperconductingQuantuminterferenceDevice (SQUID) magnetometryand element-speci ¢
hysteresidoopsusingthe XMCD effect. In addition, X-ray AbsorptionSpectroscop (XAS)

suppliesinformation of the chemicalervironmentof the investigated specimen.The results
are comparedand correlatedto structuraland morphologicalinvestigationsin termsof high-
resolutionTransmissiorElectronMicroscopy (HR-TEM), enepgy- Itered TEM, ElectronEn-
ergy LossSpectroscop (EELS), SelectedArea ElectronDiffraction (SAED), ScanningElec-
tron Microscopy (SEM) and Atomic Force Microscopy (AFM). In this chapterthe physical
backgroundthe efforts and dravbacksandthe experimentalsetupsof FMR and XMCD are
discussedT he descriptionof all othermethodss restrictedto the particularexperimentalde-
vicesusedto achiere the presentedesults.

2.1. Ferromagnetic Resonance

Spinresonancén ferromagnetianaterialsis similar to electronspinresonancé¢67]. Thetotal
magnetizatiorof a sample,e. g. a single nanopatrticle precessesroundthe direction of the
localstaticmagneticeld Bess = oHerr attheLarmorfrequeng. Thebasicprinciplescanbe
discussedn termsof electronparamagneticesonanc¢éEPR)[68].

Non-interactingparamagnetianpuritiesin adiamagnetidostshav the Zeemareffect[68]
in an externalmagnetic eld. In the mostsimple caseof a two-level system(S =  1=2) the
enepgy difference E betweenthetwo statess E =g gBg. Hereg is the Landég-factor

g Bohr's magnetorandB, the externally appliedmagneticeld. In Figure2.1 (upperpanel)
the splitting is shavn. A trans\ersealternatingelectromagneticeld of enegy ~! caninduce
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Figure 2.1.: Principleof an EPR(FMR) experimentof a two-level system(upperpanel).A degenerate
enepy statesplits by the external eld Bg. Magneticdipole transitionscanbe inducedby a trans\erse
microwave eld atfrequencies =9, 49, and80 GHz, for example.The lower panelshavs a typical
frequeng-dependenmeasuremerfor paramagnetispeciesvith g = 2. Thederivative of theabsorptve
partof the susceptibility %%s detectediueto the useof alock-in ampli er.

magneticdipole transitionif bothenegiescoincide(~! = g gByg). Thus,the Landég-factor
canbeeasilymeasuredy a singleexperimentful lling theresonanceondition

l = B 2.1)

with thegyromagneticatio = g g=. Forthefreeelectronvalueg = 2:0023one nds

H
=90 2&02—GT 2 2.2)

Obviously, microvaveshave to be usedto studythis effectin magnetic elds of 0-3 T which
canbereacheduy standarcelectromagnetsiccordingto equation2.1 onemay vary boththe
microwave frequeng or theexternal eld. However, mostexperimentaktationsoperateat x ed
microwvave frequeng usingthe resonatottechnique[67] to increasesensitvity. The external
eld is sweptandthe eld atwhichresonancés obseredis de ned astheresonanceeld B ¢s.
Sincea lock-in techniques usedfor the signalacquisition,the derivative of the absorptions
detectedThe minimumnumberof spinswhichis necessaryor signaldetections ontheorder
of 10 10" [69] stronglydependenbn the linewidth of the detectedsignal. The sensitvity
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2.1. Ferromagneti®kesonance

of an EPR experimentincreasesat higher microwave frequeng directly implying that high
magnetic elds areneededThe experimentspresentedn this thesisusea frequeng rangeof
9-80GHz. Thus,magneticelds of Bo = 0.3T - 2.9T arerequiredfor paramagneticesonance
of materialswithgt 2.

Whenferromagnetianaterialsare examinedthis type of investicationis called Ferromag-
neticResonancéMR). In ferromagnetsheexchangecouplingresultsn ahugemagnetization.
Stronginternal elds play animportantrole, whichvarythelocalmagneticeld in theFMR ex-
perimentAdditionally, theinternal elds arevariedby theanisotroy elds. Thelocalmagnetic
eld canbeshiftedupto Teslasfrom thevalueof theexternal eld.

Thephysicaldescriptionof the motion of the magnetizatiori aroundits equilibriumposi-
tion is givenby the Landau-Lifshitzequation28,33]:

dw dvt
= M B + - M — 2.3
dt 1+ 2 T M dt (2:3)
with M = M (T;H) the temperatureand eld-dependentmagnetizationn units of A/m or
T, the effective magnetic eld Bes¢ in unitsof T which includes(i) the external eld, (ii) the

rf-microwave magneticeld of frequeng , and(iii) theanisotroy eld. Thesecondermon

the right handside denotesthe relaxationof the magnetizatiortowardsthe direction of the
effective eld B¢ with  beingadimensionlesparametethatprovidesa phenomenological
way of taking into accountall variousrelaxationmechanismsThus, it becomegpossibleto
modelthe linewidth of theresonancsignal[28,33,70,71]In generaltherelaxationin uences
theresonanceeld, since entersthe rst termontheright handsideof theequation2.3 The
valueof alphahowever, is ontheorderof 10 2 or smaller andconsequently 2 canbeneglected
within the rst term.Moreover, for smallvaluesof thesecondermcanbetransformednto
the so-calledGilbert form [33]. In this case,equation2.3 is usually termedLandau-Lifshitz-
Gilbertequationof motionandreads:

dwt G dvt
— = M B +— M — 2.4
HereG = M is the Gilbert relaxationparameterG hasthe unit Hz. M in unitsof T has

to be usedhere.Figure2.2 shavs both, the precessiorof the magnetizatiorandthe damping
towardsthe axis of the effective eld. Onemay notethatequation2.3 and equation2.4 only
hold for a single magneticobjectlike an ultrathin Im [28] or a single nanoparticlevherea
giant spin precessearoundthe directionof the eld axis.In caseof a nanoparticleensemble
thedistribution of anisotroly axeshasto betakeninto account.

To nd theresonanceelds from equation2.3 two differentapproachesanbe emplo/ed.
Oneis thesolutionof coupleddifferentialequationgor thetime-dependernnhagnetizatiowom-
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Figure 2.2.:Movementof themagnetizatioraroundtheeffective eld axis.ThelLandau-Lifshitz-Gilbert
equationdescribedoththe precessiomroundandtherelaxationtowardsthe effective eld axis.

ponentswhich revealsresonanceosition,intensity(/ M), signalshapeandthe linewidth of
the FMR experiment Detailsarediscusse@lsavhere[28,70,72].

Neglectingthe dynamicsof FMR andfocussingon the resonanceositiona muchsimpler
approacthasbeenderived[73]. Here,insteadof theeffective eld B¢ thefreeenegy density
is usedin theequatiorof motionof themagnetizationTheanisotropiamagneticenegiesdueto
the sampleshapeandthe atomicstructureof the samplearedescribedn termsof symmetryas
shawvn below. Gilbert dervedtheidenticalresultby usingthe Lagrangeformalismto describe
the precessiomf the magnetizatiorj74] solvingthefollowing equations:

d _ oF d _ oF
dt~ Msin @ and dt = Msin @ (2.5)

d =dtandd =dt arethederiativesof time of the EuleranglesandF denoteghefree enegy

densityof the systemarisingfrom the potentialenegy. Assumingthatthe precessioris limited

tosmallchanges = (t) oand = (t) o aroundthe equilibriumpositions o and
o One nds by seriesexpansiontruncatedafterthe linearexpression:

@ _G©F |, GF @ _0or |, OF

@ @2 @@ @ @? @@

Now, the periodicsolutionsproportionalto €' t arefound for and if thedeterminanbf

and (2.6)

thecoefcients vanishesThesolutionis

2 2
—gg ng 62; 4 M 2sin? = 0 (2.7)

andtheresonancérequeng canbeexpresseds

S
_ @F ©@F @F 2
T Msin, @2 @2 @@

! res

(2.8)
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Thus,theresonancérequeng is givenby thedoublederiativesof F with respecto theangles

and . Equation2.8 mustbe evaluatedat equilibriumangles and of the magnetization
M = M (T;H) in anexternal eld. Here,M is neededn unitsof A/m. The FMR experiment
probesthe spatialdistribution of the free enegy densityfrom which (i) magneticanisotropies
canbededucedvith high precision( eV resolution)and(ii) thegyromagneticatio andhence
theg-factorcanbedetermined.

Thefreeenepgy densityF is expressedisthesumof all typesof magneticenegiesin agiven
system.Sincethe doublederivativesareneededn equation2.8, only anisotropiccontributions
have to betakeninto account.The mostimportantcontritutionsarethe enegy densitiesof the
demagnetizingeld andthe crystallographianagneticanisotropy. In somecasesnagnetoelas-
tic effectsand magnetostrictiorplay animportantrole [28] thatis neglectedin the following.
Examplesfor tetragonalsymmetriesare givenin [72] and[70] taking into accountthe mag-
netocrystallineanisotroy enegy density constantof secondand fourth order Dealing with
magneticnanoparticlesll contritutionsto the magneticanisotroy enegy densityareusually
summarizedo aneffective anisotroy constanK ¢ asdiscussedn sectionl.3.

In orderto quantify the effective anisotroy of the particlesthe distribution of the easyaxis
hasto be taken into accountexplicitly. For this purpose the generalKittel relation [28] for

arbitraryanglesof theexternal eld with respecto the easyaxisof magnetization

h i h i
| 2
— = ByesCOS( ) + Ba cog B/ es COY ) + Ba cOS2 (2.9)

hasto be used.Here and denotethe anglesof the easyaxis with respectto the particle
magnetizatiomndtheexternal eld appliedin anFMR experimentrespectrely. For simplicity,

the anisotroy eld B, is assumedo be uniaxial andidenticalfor all particles.Underthese
assumptiotWiekhorstetal. [75] dervedanumericalrelationthatcontaingheanisotropy of the
particlesafteraveragingtheresonanceelds B,es( o;!; ) of the particlesat their equilibrium
positionsgivenby = o(B; ) over

2#0:36

B
Bres= — 1 I—A : (2.10)

This relation has been used to estimatethe effective anisotroly enegy barrier Ex =
( pBA)=2 o of FePt [75] and Co=CoO [76] nanoparticlesvhere » is the magneticmo-
mentof aparticle.FromE 5 = K ¢V theeffective magneticanisotroy densityconstank e
canbedetermined.

When nanoparticleensemblesare examinedwell above their blocking temperaturethe
isotropicsuperparamagnetiegimeis reached77]. In this casetheindividual total anisotroyy
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enegy of a single particleis much smallerthanthe thermalenegy. Thus,the only contriku-
tion shifting the obseredresonanceelds from the paramagneticesonanceeld is the shape
anisotropy resultingfrom the sampleshapeandmorphology Whenthe particlesaredeposited
asa singlelayer or a few layersof particleson the substrateconsequentlythe dipolar stray
elds of thewhole ensembleareminimizedin anexternal eld whenthe particlemomentsare
orientedn the Im plane.Thisleadsto apreferentiablignmentof themagnetianomentswithin
the Im plane.By the solutionof the Landau-Lifshitz-Gilberequation(dampingis neglected)
in thisspecialcaseone nds thattheexperimentsanbedescribedy thewell-known Kittel res-
onanceconditionsfor thesituationthatthe external eld is appliedparallel(k) or perpendicular

(?) tothesampleplane

h i
| 2
= Bres Bresk + f Mett (Bresk) (2.11)

= Bresz Mgt (Bres?): (2.12)

Here,f M¢s denotesthe effective anisotroy eld arising from the sampleshapeand ary
magnetocrystallin@nisotroy. The volumetric lling factorf takesinto accountthe discon-
tinuousmediumof an array of nanoparticlesB, ¢ >) arethe obsered resonanceelds. For
non-interactingparticlesandhencea smallvolumetric lling factorf thesecondermsin equa-
tions2.11 and2.12 can be negglectedin the superparamagnetiegime. Consequentlyequa-
tions2.11 and 2.12 read as paramagneticesonancesonditions(equation2.1) with B,eg =

Bes> . IN thecaseof a continuousim it follows thatthevolumetric lling factorf = 1.

Themaineffort of themeasuremenrdf nanoparticlesibore their blockingtemperatures the
determinatiorof the g-factorandthusthe ratio of orbital-to-spinmagnetismIn ferromagnetic
materialshe determinatiorof the g-factorbasedon FMR experimentss very complicateddue
to large intrinsic magneticanisotroy elds beingtemperaturalependenf{78]. In ensembles
of superparamagneticanoparticlesabove their blocking temperaturehowever, the intrinsic
magneticelds becomenggligibly smalldueto thermal uctuations. A straightforvardg-factor
analysign termsof the paramagneticesonanceonditionsbecomegpossible.

Experimental Setup

The FMR experimentspresentedn this thesiswere conductedn a wide rangeof microvave
frequenciedetweer® GHz and80 GHz. At 9 GHz the so-calledresonatotechniqud67] has
beenusedfor enhancedensitvity. The measurement&ere mostly performedusinga TE102
resonatoiproducinga rectanguladistribution of the magnetic eld vectorof the microwvaves.
Detailed descriptionscan be found in [67,79]. The resonatorhasan 11 mm sampleaccess
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holearrangedectangulato boththe magnepolesproducingthe homogeneoustaticmagnetic
eld andtheincidentmicrowvaves. The accesshole easilyallows the userto performangular
dependenEMR measurementsf a typically 5 5 mn? sizedsampleat room temperature.
Coolingof the sampleis achiezed by a He continuouso w cryostatallowing a minimumtem-
peratureof T = 20 K. For isolationa doublewall ion- andwaterfree quartztube(Suprasil)has
beenusedthatcanbe evacuatedThe quartztubewhichis almosttransparentor microwvavesis
placedin theresonatarThesmallabsorptiorof thequartztubeis nearlyfrequeng-independent
for themicrowave X-band(8.8 GHz- 9.8 GHz).For experimentsatlow temperatureghesample
is positionedwithin the quartztubeallowing a maximumsamplewidth of 4 mm.

Theslowly sweepingmagneticeld is producedoy anelectromagneteachinga maximum
eld of 1.6 T. This magneticeld is superimposetty a smallac magneticeld whichis pro-
ducedby two small additionalcoils reaching eld amplitudesof upto 2 mT at a modulation
frequeny of 10 kHz. The eld modulationfrequeng is usedas the time baseof a lock-in

ampli er [67].

Microwavesarecreatedoy a klystronat constanpower of 200 mwW. The microwvave power
canbe chosenby a attenuatordown to 60 dB attenuationThe microvaves are directedby a
waveguide systemto the resonatorand a referencearm. The systemresonator/samplbasa
x edresonancdrequeng. By aniris scrav the microvave eld within the resonatoiis tuned
until nore ectionsfrom the cavity aredetectedSmalllossesof microwave powerin the cavity
arepermanenthcompensatetly theincidentmicrowaves.Thusthesystenresonator/sample
permanenthexposedo amicrowvave eld whichdoesnotdependntimeaslongasnoresonant
absorptiorof thesampleoccurs.n this statethe cavity hasa constanguality factorQ [67]. By
sweepinghe magnetic eld at somepoint resonanabsorptionof the microwavestakesplace
andthe absorptiondirectly changeghe quality factor Q of the cavity. Then, microvavesare
partially re ected andguidedbackto the waveguide system.The re ected power is detected
by a diode.The signalchannels modulatedby the 10 kHz eld modulation.Both, the sample
signalchannelandthereferencesignalarefed to a lock-in ampli er working at the time base
of the eld modulationfrequeng.

Thelock-in signal( rst derwative of the absorptve partof the high-frequeng susceptibil-
ity) is readout by a standard®C computersystem.The PCcombineghelock-in signalwith the
actual eld value measuredy ateslameterThe accurag of the magnetic eld measurement
is B=B 10 “*. Themicrowvave frequeng canbe determinedy afrequeny counterwith a
relatve uncertaintyof = = 10° 10 ’. Thus,the eld determinatioris the quantitythat
de nestheerrorbarof the experimentsTypical uncertaintie®f the experimentalsetupareon
theorderof 2 mT thatresultsin ag-factorerrorbarof g= 0:015in paramagneticeso-
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nanceTheexpansiornto measurements severalmicrowvave frequenciegnhancetheaccurag
of theg-factordeterminatiorenormously

At higherfrequencieg17 GHz - 80 GHz) all experimentswvereperformedat roomtemper
ature.Several setsof waveguide systemsvere mountedallowing an external eld orientation
in the planeof the sample(parallelcon guration) or perpendiculato the sampleplane(normal
con guration) at all frequenciesLow-resistvity mangnin (CugsM ny,Ni,) hasbeenusedas
a substrateThe metallic substratewith the nanoparticle®n top formeda part of a shortened
waveguidesystem.There ected microwave power from the sampleis decoupledrom thein-
cidentone by a bidirectionalcouplerand detectedoy a semiconductodiode. The sweeping
magnetic eld hasbeenmodulatedoy a smallac- eld (  0.1-0.3mT) at 95 kHz enablingthe
sensitve lock-in detectionof there ected microvave power.

2.2. X-ray Magnetic Circular Dichroism

The x-ray magneticcircular dichroism(XMCD) techniques basedon the changesn the ab-
sorptioncrosssectionof a magneticmaterialusing circularly polarizedphotons. XMCD is a
magneto-opticagffect which relatethe spectroscopispectra measuredh transmissioror ab-
sorptiongeometries to the magneticpropertiesof a given material.In this sectionthe basic
approaclof theinterpretatiorof the XMCD spectrawill bediscussedTheinteractionof x-rays
andmatter i. e.thex-ray absorptiorcrosssection,s introduced.Theso-calledsaturatioreffect
which is dueto the "self-absorption'of excited electronsin the sampleis reviewed andsome
consequencef®r nanoparticleabsorptionspectraare discussedThe theoreticalapproachfor
the interpretationof the XMCD effect is presentedThe developmentof the magneto-optical
sumrulesin core-level spectroscopin the 1990 resultedin a hugeprogressn the interpre-
tation of the measuredspectra,especiallyin the determinationof separatedrbital and spin
magneticnomentsFinally, the analysisprocedure®f the experimentaldataandthetechnical
detailsof the synchrotrorbeamlineggeneratedhe presentedlataaredescribed.

Basednthepioneeringvork of Faraday{80] in 1846andKerr[81] in 1877for transmission
andre ection geometriestespectiely, magneto-opticatharacterizatiotechniquesarewidely
usednowadays.e. g. the magneto-opticaKerr effect (MOKE) usinglaserlight. Photonener
giesof afew eV (within or closeto the visible range)are usedto excite intrabandtransitions
from occupiedto unoccupiedralencestatesDueto the dipole selectiorrulesthe absorptionn
theexchange-splittedtalencestateds differentfor thetwo circularcomponent®f theincident
linearpolarizedight. There ectedbeam(in Kerrgeometry)s foundelliptically polarizedand
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theso-calledKerrrotationis ameasuref themagnetizatiorof the sample However, the quan-
titative interpretatiorof intrabandransitionds very dif cult [82] andthediscriminationof dif-
ferentmagneticelementss generallynot possible Hence the probingof core-level excitations,
e.g. thels, edgesof the 3d transitionmetalsis favorable,sinceeachelementof the investi-
gatedspecimerfeaturests characteristiexcitationenegy. The corestatesarehighly localized
with well-de ned quanturmumbersandthusthe quantitatve descriptiornof thetransitionssim-
pli es. However, a continuousspectrunof circularly polarizedx-rayswith high photon ux is
necessaryo performsuchmeasurement3.heserequirementsreonly availableat synchrotron
radiationsourcesThe rst experimentalproof of XMCD hasbeenmeasuredtthe K edgeof
F e by Schiitzetal. [83] in 1987.

X-ray Absorption Spectroscopy

X-ray absorptionspectroscop (XAS) is an experimentaltechniquethat probesthe electronic
structureand gives both magneticand structuralinformation of the investicatedsample.The
fundamentainteraction®of x-ray photonsandmatterarethephotoeffect, thescatteringprocess,
andtheproductionof electron-positropairs.Within theenegy rangeusedfor x-ray absorption
spectroscop (10 eV - 100 keV) the creationof electron-positrorpairsis not possible.The
scatteringnvolveselastic(Thomsonscatteringandinelastic(ComptonandRamanscattering)
processedn theenegy rangeof 10eV to 30 keV thephotoelectri@absorptiorprocesss larger
thanthescatteringproces$y two to threeordersof magnitudg84] andsotheintensityl (E ; d)
transmittedhroughmatterof thicknessd canbe describedy LambertandBeer's law:

[(E;d) = Io(E) e ®Md (2.13)

wherel o(E) denotegheincidentphotonintensityasa functionof enegy and theabsorption
coefcient. Figurel2.3 (a) shawvs a typical geometryfor transmissiorexperiments.The x-ray
intensityl (E; d) passinghesampleof thicknesd is detectedTheabsorptiorcoefcient (E)
is measuredby | =1, asafunctionof photonenegy h . For ameasurabl@hotonintensityafter
transmissiothesamplemustbeof nite thicknesof about2= o [85]. max iSthemaximum
absorptiorcoefcient in theenegy rangeof interest.In thecaseof Co L 3., transmissiorexper
imentsone nds  ma (EL,) 59 10° 1/m[85]. In literature,mostly the reciprocalvalue of
(E) = 1= «(E) isreportedthatis the x-ray attenuatioriength.For Co one nds amaximum
samplethicknessof 34 nm. However, for substratesupportecsamplesg. g. magneticlms or
nanoparticle®on metallic or thicker dielectric substratesthe absorptioncoefcient cannotbe
directly measuredn transmissiorgeometry Due to the thicknessof the sampleincluding the
substratandthehigh off-resonantbsorptiorcoefcient of thephotondan thesoftx-rayregime
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Figure 2.3.: X-ray absorptionspectroscop in two detectionmodes.(a) shawvs a typical transmission
experimentthat directly yields the absorptioncoefcient. In (b) the total electronyield of an in nite
thick Im is detectedthat is producedby the cascadingnelastic scatteringprocesse®sf the primary
Auger electrons.The x-rays deeplypenetratahe sample( ). Freeelectronsescapgrom the sample
only closeto the surfaceindicatedby the electronescapalepth .

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

measuredvhichis directly proportionalto the absorptiorcoefcient within certainlimits [86].

The limitations arediscussedelow. In Figure2.3 (b) the typical geometryfor TEY detection
is shavn.

Eachabsorptiorprocesss mostlik ely followed by the emissionof oneor severalelectrons.
In a simple picture,the x-ray absorptioncanbe describedoy two independenprocessesex-
citation of a photoelectrontestingthe atomic potential, creationof a core hole followed by
therearrangementf the electrondnto the groundstate. The rearrangememroducesprimary
(spin-polarizedAugerelectronsThefurtherthe excitedatomis away from the samplesurface
thelesslikely the Augerelectrongmay escapdrom the sample The TEY signalis dominated
by theinelasticallyscatterealectroncascadénot spin-polarizedpriginatingfrom the primary
Augerelectrond85]. Above approximately50 eV spin-polarizedspin-upor spin-davn) elec-
tronsproduceanequalnumberof secondarglectrongerprimaryelectron.Thetotal numberof
secondarglectrongTEY) is thereforeproportionako thenumberof Augerelectrongroduced
by coreholedecay Thus,the TEY is agoodmeasuref the x-ray absorptiorcoefcient.

Theabsorptiorcoefcient (E) is mainly determinedy the electronicstructurewithin the
specimenandis proportionalto the sumof thetransitionprobabilitiesP;; from theinitial state
jii tothe nal statedf j:

Py = it j0jiij? ¢ (E) (2.14)

where¥ and ; (E) arethetime-dependermerturbatiorpotentialandthedensityof nal states,
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respectrely. Finally, onehasto sumoverall initial stategii with bindingenegy lowerthanthe
enepy of theexciting photons.

The absorptionspectrumof eachelementshavs characteristigumps indicating the suc-
cessve excitation of the coreshells,i. e. K (1s); L 1(2S); L2(2p1=2); L3(2ps=») etc. The enegy
region in thevicinity of thesetransitionscanbe dividedinto the so-callednearedgex-ray ab-
sorption ne structure(NEXAFS) re ecting excitationsof the photoelectrorinto unoccupied
valencestatesandtheextendedx-ray absorptionne structurg EXAFS)regionwherethe pho-
toelectronis excited into a continuumstateand scatterswith the neighborsof the absorbing
atom(for areview seee.g.[87,88]).

Basic Principle of XMCD

X-ray magneticcircular dichroismis basedon x-ray absorptionspectroscop usingcircularly
polarizedlight. The differenceof the absorptionspectrafor left andright circularly polarized
photonsis called XMCD. The differencearisesfrom the imbalanceof majority and minor-

ity electronsn aferromagnebr a paramagnein anapplied eld thatleadsto differentcross

Energy

4s

M1k

—~_ 3d
| | Figure 2.4:Basicmodelof XMCD in the3dtransitionme-
tals. Left (right) circularly polarizedx-rays excite spin-up

(spin-davn) electronsof the spin-orbit split 2pz-5.1-, le-

-1 vels. In a secondstep,the electronacceptingunoccupied
statesof the exchange-spliBd bandactasa spin detector
Spin conseration in optical transitionsleadsto a predo-

) minantly probing of the majority bandunoccupiedstates
left ”ght by left-circularly polarizedlight with respectto the mag-
netizationdirection. Right polarizedx-rays act vice versa
+h -h testingthe minority band.Both helicitiesof light therefore

show a differentcross-sectiomlueto the imbalanceof un-
ZpS/2 +$ --------- ** |+s occupiedstatesTheeffecthasoppositesignsfor Lz andL »
transitionsdueto the spin-orbitcouplingin thecorelevels:

A o Pyp— * -------- 4 ---------- l-s L3 (I+s)andL; (I-s).
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sectionsand nally to differentabsorptionsoefcients for both helicitiesof light. Dueto the
electricdipoletransitionrulesin opticsfor circularly polarizedlight

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

the spinis consered. Left or right circularly polarizedphotonstransfertheir angularmomen-
tum ( ~ or +~) to the excited photoelectronskigure 2.4 illustratesthe excitation of the core
electrondrom the spin-orbitsplit 2p;-,.1-, levelsto thevalencebandof the3dtransitionmetals.
Left circularly polarizedlight transfershe oppositemomentunto the electronwith respecto
right circularly polarizedlight. The spinpolarizationis oppositeat the two 2p levels sincethe
levelsshowv oppositespin-orbitcoupling(L 3: I+s andL: I-s).

Thegenerategbhhotoelectronprobein asecondstepthe exchange-splivalenceband.Majo-
rity andminority bandshave a differentnumberof electron-acceptingnoccupiedstatesacting
asaspindetector Thus,the crosssectiondiffer for both helicitiesof light. The crosssections
canbe evaluatedfrom the transitionprobabilitiesdescribecas matrix elementsof the electron
excitationprocesg89]. As aresult,theabsorptiorcoefcients (whicharemeasuredalsoshov
adifferencefor left andright circularly polarizedlight.

The discussiorabore assumeshat the magnetizatiordirection of the sampleis x ed and
the XMCD differenceis the differenceof the two helicities of light. Most experiments how-
ever, switchthe magnetizatiordirectionanddetectthe XMCD signalat constanthelicity. The
equialenceof bothapproachebasbeenshawvn in [90], for example.

Depth Sensitivity and Saturation Effect

The differentabsorptioncoefcients andthusthe XMCD signal canbe measuredy the de-

tection of the amountof transmittedx-rays or the countingof secondaryelectronsescaping
the sample.The two detectionmodespresentedn Figurel2.3 shav stronglydifferentprobing

depthsTransmissiorexperimentdor Co arepossiblefor thicknessesipto 30-40nmin the soft

x-ray regimeyieldinginformationof thecompletetransmitteccrosssection.The TEY detection
methodmainly probesthe atomsat or closeto the surfaceof the specimersincethe electron
escapealepth . liesontheorderof 1.7 nm- 5.0 nmfor the pure3d metalsF e, Co, or Ni and

theiroxides[91]. Thecombinatiorof both,transmissiorexperimentsandTEY detectiorwould

yield the most completeinformation aboutthe investicgated specimenj. e. bulk and surface
propertiesrespectiely.

Sincesubstratesupportedsampleswvereinvestigated,the TEY detectionmodeis usedfor
XAS experimentsthroughoutthis thesis.In the following the proportionality of the TEY
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Y(E)/ (E) iscritically surveyedsincetheproportionalityis notalwaysful lled. Theenepgy
dependenelectronyield Y (E) is de ned by

A
Y(E)= [I(X;E) (E)e * =dx: (2.16)
0
Herex is thelocationwith respecto the suriacewherethe absorptiorprocesdakesplace, .
the electronescapalepth,and (E) the photonabsorptioncoefcient. The photonintensityat
depthx andenepy E is expressedy

I(;E)=1g e X ® (2.17)

wherel o(E) representtheincidentintensity At normalincidencg = 0 in Figure2.3(b))the
x-ray intensity decayswith the x-ray attenuatiorlength y = 1= (E) producingthe primary
Augeryield. Secondaryelectronshowever, only leave the samplefrom a muchshorterdepth
describedvy the electronescapealepth .. Theenegy dependenabsorptiorcoefcient causes
a modi cation of 1 o(x; E) perabsorptionlayer dx resultingin smallerintensitieswhere is
largest(L 3..-edges)[85]. This effect is often neglectedsince e andthusthe variation
of the signal originatedfrom differentdepthsis very small. Whenthe angleof the incident
x-rayswith respecto the sampleplaneis off-normal( 6 0 ), e. g. for probinganin-plane
magnetizationthe penetratiordepth , cos of thex-raysshrinksandat grazingangles
cos e Is found. In this caseall x-rays contribute to the sampledrain currentand the
measuredaignalis proportionalto theincidentx-ray intensity TherelationY (E) / (E) does
not hold anymore.Fromthin Ims (seee. g.[85,89,92))it is well known how correctionscan
be appliedto the measuredpectraFor samplef nite thicknessd one nds:

E 1 1
Y(E)/ # 1 exp — +
1+ —£C0S e x COS

d - (2.18)

Equation2.18 shaws thatonly in the limit of smallvaluesfor either = 1= , or d (or both)
theoftencitedlinearrelationY (E) / (E)d=cos isjusti ed. This modellingis alsoextend-
ableto multilayersample$89,92]. Experimentallythenecessargorrectionsareobtainedrom
thickness-andangulardependenmeasuremen{®2,93].

In the caseof nanoparticleshe correctionof saturationcannotbe describedwithin simple
analyticalcalculationsdueto themorecomplex geometry(spheresandthelateralcon nement
of the particleson the nanometerscale.The differencesof supportednanoparticlesn com-
parisonto a continuousIm of nite thicknessariseasfollows: (i) the nanoparticleszolumeis
moreuniformly sampledhana Im of comparablehickness.Thus,secondaryelectrongyen-
eratedat somedistancefrom the nanoparticlesurfaceescapanoreeasily (ii) theillumination
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cross-sectiorand consequentlghe amountof light absorbedvithin the single nanopatrticles
independenof theangleof incidence( = 0  80) for well-separategpheresSmallinter-
particlespacingsyield smallereffective probingdepthsdueto partial shadeving of x-raysand
the absorptiorof free electronsby the neighborsn the TEY detectionmode.Oneshouldnote
thatthe magnitudeof the measuredignalincreasest grazingincidence sincethe numberof
illuminatednanoparticlesncreasesAfter correctsignalnormalizationno angulardependence
shouldbe expected.

The experimentalproof [94] of the above considerationsvasrecentlyfound by measuring
XAS andXMCD of 20nm micellarCo particlesatdifferentanglesof incidence Spectraatnor-
malincidenceandat = 60 coincidewithin 2% in the completespectrarange However, the
reportedresultsin literatureon XAS andXMCD usuallyneglectthe saturatiomprocesg$95,96].
Fauthet al. suggestr numericalansatzto estimatethe saturationeffect in nanoparticle§94j.
Within thesecalculationghe generatiorof secondarelectronsafterabsorptiorandAugerde-
cay insidea sphericalnanoparticleare simulatedby a Monte Carlo algorithm.As a result,the
linearrelationbetweernthe numberof absorbeghotonsandthe absorptiorcoefcient (E) is
valid until theattenuatiodength , = ! reachesheorderof theparticlediameterCo trans-
missionexperimentgfreeof saturation)nd , =17nm(35nm)atthel; (L,) edge[85] being
justafactorof two to four timeslargerthanthetypical diameterof the particlesinvestigatedin
this thesis.Furtherevaluationof the expectedtotal electronyield signalby calculatingthe es-
capedepthprobabilityof thesecondarglectrony ¢(Co) = 2:2nm[91]) shavsthatdeviations
from thelinearrelationY (E) / (E) arefoundfor x-ray attenuatiodengthsof lessthan100
nm. Thus,the pre-edgeregion remainsunafected( 100nm). The calculatedtotal elec-
tron yield of the L3, L, peak,andpost-edgeegion arefoundto bereducedby approximately
18%,15%,and4%, respectiely. These ndings directly imply thatthe L 5., peakareasareun-
derestimatedesultingin anerroneousleterminatiorof the magneticnomentsvhenapplying
the magneto-opticadumrulesto the experimentalXAS andXMCD spectraln chapter6these
dif culties areaddressed.

To evaluatethe effective probingdepthof TEY measurementsf nanoparticlesystemghe
above describednodellingof secondaryelectronshasbeenperformedon substratesupported
9.5nm Co=CoO0 core-shelparticlesusingthe characteristielectronescapalepthef 2.2nm
(Co) and3.0 nm (Co0O) [91]. One shouldnote that the CoO electronescapedepthwas es-
timatedand not experimentallyveri ed. The calculationswerekindly provided by K. Fauth.
Figure2.5 shavs theintegratedtotal electronyield asa function of nanoparticlecrosssections
from the substrateo the upperpoint of the nanoparticlesphere Simulationswere performed
for both,anisolatedCo=CoO core-shelparticle(4.5nm Co corediameter2.5nm CoO shell
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Figure 2.5.: Integratedtotal electronyield contritution asa function of crosssectionswith respectto
the substrateplaneof anisolated9.5 nm Co=CoO core-shellparticleanda particle surroundedy 12
neighborsata centerto-centeistanced.c = 13nm. Theparticlecenteris setto zeroheight.For details
seetext.

thickness)anda particlethatis surroundedy 12 nearesnheighborgtwo shellsof a perfectly
hexagonalorderedtwo-dimensionaparticlearray)at a centerto-centerdistanced.. = 13 nm.
The escapingelectronshave to passthe ligandshell beforedetection.The TEY signalin Fig-
ure2.5is calculatedor low absorptiorcoefcients  (pre-edgeegion)to explicitly investicate
the electronescapealepthsof the electronsn the sphericalgeometry The nanoparticlecenter
is setto zero.The integratednormalizedtotal electronyield is found asymmetricato the par
ticle centerdueto the factthatthe electronescapealepthis smallerthanthe particlediameter
The isolatedparticle shavs a electronescapelepth(1/e-\value)in the TEY of 5 nm which is
remarkablyenhancedomparedo the electronescapalepthvaluesfor thin Ims givenabove.
The neighboringparticlesblock mostelectrons( 80%) generatedat the lower particle half
sphereHence the 1/e-\alueof the TEY is foundat shorterdistanceg(4 nm) from the top most
point of the particle spherewith respecto the substrateHowever, the valueis still enhanced
comparedo the Im. In summaryit canbeconcludedhatthe particle’s sphericashapeesults
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in adeepersamplingdepthof a TEY experiment.The strongestontriktutionto the TEY (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
particlescanbe addressewith high sensitvity.

By variationof thenumberof Coatomsin metallicandoxidic environmentit is now possible
to scalethe samplingdepthpro le to referencespectraof Co andCoO. Therelative contriku-
tionsfrom Co andCoO signaturego the measureXAS spectracansupplyinformationabout
the Co metalcorediameterandthe CoO shellthicknessThe methoddescribedererepresents
anindependengxperimentabpproactof the determinatiorof the particlecompositiorbesides
HR-TEM, for example.

Theoretical Approach to XMCD: The Magneto-Optical Sum Rules

Theinterpretatiorof the XMCD differencespectras basednthe so-calledsumrules.Theuse
of theserulesprovidesthe separateleterminatiorof the orbital momentandthe spinmoment.
However, anumberof approximationgndlimitationsarediscussedhroughoutheliterature A
brief overview - limited to 3d metalswherethelL ;.,-edgesn thesoftx-ray regimeareexamined
- is givenbelow.

Magneto-opticasumrulesin generalare commonlyfound in atomic physics[97]. Using
anatomisticpicturewhich only takesinto accountintra-atomichybridizationof the wave func-
tions,threesumrulesfor x-ray absorptiorweresuggesteth 1988,1992and1993:

1. Theintegratedx-ray absorptionis proportionalto the groundstateexpectationvalue of
thenumberof holesin the nal state(unoccupiedstatessumrule)[98].

2. TheintegratedXMCD signalis proportionalto the groundstateexpectationvalueof the
operator. ; actingontheshellwhichthe photoelectromeceves(orbital sumrule)[99].

3. Thelinearcombinationof the XMCD signalatthe coresplit edgeds proportionalto the
expectationvaluesof the two operatorsS; andT; actingon the shellthatrecevesthe
photoelectror{spinsumrule) [100].

The operatord_z, Sz, and Tz arethe orbital, the spin, andthe magneticdipole operatoy re-
spectvely, actingonthequantizatioraxis. Theimportanceof thesesumrulesis thatthe exper
imentallymeasuredKMCD integratedareais directly connectedo the ground-statgroperties.
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For atransitionbetweeracorelevel ctowardsavalencdevel | with n electronsn theground
state thesumrulesreadasfollows [101]:

R
1 +1 1 +1
[ (Ic+1:2 |c+1:2)d! + D(Ic 1=2 Ic 1:2)d!

= A(c;l;n)hLzi (2.19)

”(Ic+:.!l-.=2+ |;+1122+ I(?+1:2)d! + .‘(Ic11:2+ |<-2'-11=2+ I((:) l=2)d!
and [(1+1) clc+1)+2
+ c(c+ 1)+
ACEN = i+ DR@+ 1) 1 (2.20)
for the orbital sumrule. Thespinsumruleis expressedy:
R R
R (Ic+i=2 |;}1:2)d! % (Icllzz Igll=2)d! —
(leamt 1ot 1%, d + (1, + 125, + 12 ,)d! (2.22)
= B(c;l;n)hSzi + C(c;l;n)hTzi
with
[(1+1) cc+1) 2
B(c;l;n) =
©@hm= @+ 0 n ) s
Coim < (F DIC+ D+ 2dcr v 4] 3 pPer2p

6cl(l + 1)[2(2 + 1) n]

Thel g 1=, arenormalizedabsorptiorcrosssectiondor polarizationg=-1,1,0r 0 corresponding
to left, right circularly or linearly polarizedight, respectrely. Theindicesc 1=2 correspondo
thetwo spin-orbitsplit corelevel edgesThel | ,_, integralsareproportionalto the sumof the
transitionmatrix elementsquaredTheintegralsarecalculatedor photonangularfrequeny !
from 1 to+1 , althoughonly transitionsto nal stated"*! shouldbeincluded.Fromthese

sumrulesthe magnetiaonomentscanbe determined:

theorbitalmagnetionoment: | = -&h_;i
thespinmagnetionoment: s = 2E8hS,|
themagnetiadipolemoment: = + -BhT;i

The determinatiorof the magneticmomentsrom XMCD differencespectraby usingthe sum
rules are limited by several aspectd101]. At rst, enegy independentrosssections are
assumedlf the rangeof integrationis not too large this holdsin a rst approximatiorfor the
measuredntensityl /  assuminghatthe proportionalityconstanis independenof enepy.

Accordingto thedipoleselectiorrules,therearetwo possibleransitiondrom the corestate
c. The conseration of the orbital angularmomentumimplies transitionsto | = ¢+ 1 and
| = ¢ 1 states.The sumrulesfor thesetwo channelsare different. The x-ray absorption
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2. Experimentallechniques

spectracontainboth contritutionswhich cannotbe separate@asilyandmake the simultaneous
applicationof thetwo differentsumrulesimpossible However, in the caseof L 3., absorption
edgesof the 3d transitionmetals,the ratio of the radial dipole matrix element2p !  4s(l =
c 1to2p! 3d(Il =c+ 1)issmall[102]:

jMsjirjizpij® 1

radiri2ni? 50 (229
The measurecKMCD differencesignalis stronglydominatedoy the2p ! 3d transitionsand
the2p! 4sarengglected.

In the atomistic picture the initial and nal statesare treatedas pure stateswithout ary
intermixing which generallydoesnot hold for the 3d metals.The radial integral is assumed
to beindependenof enegy andspindirection,which bringsadditionalcomplicationgnto the
spinsumrule. For example,it hasbeenshovn [103] for the L3, edgesof Ni thatthe radial
matrix elementsarenot constanbut vary linearly with the photoelectrorenegy by 30%from
the bottomto the top of the 3d band. The orbital sumrule is not affectedby this additional
complication.The total discrepanciebetweenthe well-known valuesof Fe, Co, andNi and
the separatednagneticmomentsdeterminedby the sumrules are found to be about4% to
10%for the orbital sumrule andup to 30%for the spinrule checled by experiment104] and
theory[105].

However, the sumrulesyield an easyapproacho the interpretationof XMCD difference
spectraExperimentallythevalidationof themin thecaseof Fe, Co, Ni Ims hasbeenchecled
by mary experimentqfor reviews seee. g.[106,107]).The sumrulesdo not take into account
intermixingof thecoreholesc 1=2 andc+ 1=2. Hencetheapplicatiorfor thelight 3delements
fails. In this caseab initio calculationsexplain the measuredspectrataking into accountthe
intermixing [38]. In compoundsand alloys the validity of the sumruleshasto be provenin
all casesFor systemsn reduceddimensionsespeciallythe magnitudeof hTzi hasto betaken
into accountto calculatecorrectmomentsThroughoutheliteratureone nds mary examples,
wherehT ;i is ngglected.Thecritical readershouldbe awvareof this fact.

Experimental Determination of Magnetic Moments

For the heary 3d metalsthe determinatiorof the orbital and spin magneticmomentsaccord-
ing to the sumrulesfrom experimentalspectras straightforvard. However, it shouldbe again
emphasizedhat the spectrahave to be free of saturationeffects as discussedbove. In Fig-
ure/2.6 the necessargtepsareillustrated. From majority and minority XAS spectraboth the

58



2.2. X-ray MagneticCircularDichroism
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Figure 2.6.: Experimentamajority andminority x-ray absorptiorspectraof 8 nm metallic Co particles
recordechtapplied elds of 1.5T, normalincidenceand15K. In darkgrey the XMCD areaX AS *

X AS is shawn. The separatiorenegy Esep dividesthe L3 andL, peakareas.The light grey area
representsheisotropicpeakarealiso = Ax as++xas )= afterstepfunctionsubstractiorto account
for excitationsinto continuumstatesFromthethreeareas A ,; A, of theXMCD andtheisotropic
peakareaA s, theorbital andspinmagnetionomentscanbe evaluatedseparately

XMCD differenceX AS* X AS andtheisotropicspectrum(X AS* + X AS )=2 arecal-

culated.The integratedareaof the XMCD differenceis dividedinto the contributionsfrom L3

andL, attheseparatingnegy Esep, andtheareas A, and A, areachieved. Theisotropic
spectrummustbe freed from transitionsto continuumstates.t is commonto usea 2:1 step
function [104] for removal of the Lz andL, edgejumpsaccordingto the quantumdegener

ag/ (2)+1). The thresholdsare setto the peakpositionsof the isotropic spectrum.This area
is de ned asAjs, In the following. Experimentally the determinatiorof Ay, thatnormalizes
the XMCD spectrumon a perunoccupied-3d-statieasisgivesthe largestuncertaintiesn the
magnetianomentevaluation[92].

Finally, thethreeareas A, ,, A.,,andAjs de ne thespinandorbital magneticonoment
(for areview seee.g.[108]):

eff _ Nh AL, 2 AL

= 2.24
S Pc cos 2Aiso (2.:24)
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2. Experimentallechniques

4 ny AL+ AL,
3Pc cos 2Ais0
Hereny, de nesthe numberof unoccupied3d statesoften denotedasthe numberof 3d holes.
In thefollowing ny, is setto 2.49calculatedor fcc bulk Co[104]. Sincesynchrotrorbeamlines
donotoffer perfectlypolarizedight onehasto divide by thedegreeof circularpolarizationP.
Finally, thecos accountdor theangleof incidentlight with respecto the samplemagnetiza-
tion direction.As alreadymentionedthe spinsumrule suppliesalinearcombinationof s and
1. Thus,onemeasuresan effective spin moment g” = s 7 1.Incubicsymmetries 1

canbe ngglected[89] while its contrikution increasedor lower symmetrieof nite structures

= (2.25)

like monatomiowires[15].

Fromequation.24and2.250nemay easilycalculatetheratio of orbital-to-spinmagnetic

momentm,_ =m¢ ' :

L L 2R+ 1 . A L
= = with R= —=:
s 71 STT3R 2 A L,

(2.26)

Throughoutheliteratureit is very popularto give this relative value,sinceone nds it directly
from the XMCD differencespectrumTheratio = &' isindependensf thenumberof unoc-
cupied3d statesthe degreeof polarization,andthe angleof incidenceof light andreduceghe
discussedincertaintiesMoreover, this value(after 1 correction)canbedirectly comparedo
the g-factoranalysisby FMR by therelation |= s = (g 2)=2 andconsequenthallows the

independenmeasuref theidenticalmicroscopicgquantityby two experimentakechniques.

Experiments at Sync hrotron Facilities

The synchrotrorexperimentsresentedn this thesiswereperformedat two synchrotrorfacil-
ities: MAX-Laboratoryin Lund, SwederandBessyll in Berlin, Germary. Sincethe magnetic
propertiesof Co-basednanoparticlesarein the focus of this thesis,the measurementsiere
conductedat beamlinegroviding circularly polarizedlight atthe Co L 3., edges Suitablefor
suchinvestigationsarethe bendingmagneteamlined©1011at MAX-LaboratoryandPM-3 at
Bessyil. Both beamlinesareequippedvith amodi ed SX-700monochromatoworkingin the
soft x-ray regime underUHV conditions.Detaileddescriptionf the beamlinesanbe found
in [109,110]for D1011and[111] for PM-3 beamlineyespecitrely.

BeamlineD1011operatesn anenegy rangeof 30 eV - 1500eV. At a typical ring current
of 100mA it provides2 10 2 10 photonspersecondataphotonenegy of 800eV for
exit slitsof width6 mand92 m, respectrely. Theenepgy resolution( E/E)varieswith the
width of the exit slit from E/E=800(92 mslit) to E/E=3600(6 m slit). The degree
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2.2. X-ray MagneticCircularDichroism

of circular polarizationP¢ is tunableby a local modulation(bump) of the electronbunchin
theacceleratof109]. Besidedinear polarizedlight the operationrmodesallow a Pc of 63%or
85%dependingn the magnitudeof thebump (0.25mrador 0.50mrad). The UHV endstation
is equippedwith a pair of solenoidsnto which softiron polesare tted giving static elds up
to 50 mT. The solenoidsare mountedon a platform,which is fully rotatableaboutthe ma-
nipulatoraxis [110]. This providesthe possibility to apply magnetic elds at differentangles
to the photonbeamdirection. Samplecooling is achiezed by a continuous o w He-cryostat
reaching25 K at the sample.The beamspotsize on the sampleis lessthanl 3 mn?. The
photonabsorptionis detectedoy the electronyield escapinghe sampleusingboththe sample
draincurrentanda channeplatedetector The smallcurrentg(pA - nA) areampli ed andthen
transformedby a frequeny corverterwhosesignalis recordedby a standardPC system.To
scalethe signalto the incoming ux a gold grid is installedasa | o monitor section.In order
to measurghe XMCD a pair of XAS is recordedn remanenceThe samplemagnetizations
ipped by two methods{(i) by a50 mT eld pulseor (i) by heatingthe sampleabove theits
blockingtemperaturdollowedby a eld coolingprocedurean 50 mT to themeasuringemper
ature.All spectragpresentedn this thesisaretheresultof atleastthreemeasurement®r each
magnetizatiordirection. The typical recordingtime of onespectrumis aboutl5 minutes,thus
the measuringime for onesetof parameterss 2-3 h dependingn the magnetizatiorreversal
procedure.

Theoperatingenegy of beamlinePM-3 at Bessyll synchrotrorfacility liesin the rangeof
30-1900eV. Circularly polarizedlight is collectedabove the synchrotrorplaneby a premirror
collimatingthelight to themonochromatorAll spectraaremeasureétadegreeof polarization
Pc = 0:92 Theenegy resolutionusedhereis E/E>4000.TheUHV endstationis equipped
with a fast-switchingsuperconductingnagnet( 3 T) applyingthe magnetic eld parallelor
antiparallewith respecto thepropagtiondirectionof theincominglight. Thesamplds cooled
by a IHe systemachiezing a lowesttemperatureof 15 K at the sampleposition. The x-ray
absorptionis detectedn thetotal electronyield modeapplyinga negative potentialof 100V
to the samplein orderto pushthe excited electronsaway. Typical currentsareon the orderof
2-50 pA measuredy an ultrahighprecisionamperemeter Measurements an applied eld
shaw typically areductionof thedraincurrentby afactorof 2 to 10 comparedo thezero eld
signal,sincefreeelectronsnayreturnto thesampleébecausef theLorentzforce. Thus,extreme
careis takenin theisolationof the samplewith respecto the chambelin orderto measurghe
draincurrentwith highestaccurag. Theisolationof the sampleis realizedby a kaptonfoil on
which the samplesaregluedby epoxiresinshaving a resistancef morethan200G (range
of the Ohmmeter) The computersystemallows fully automaticcontrol of the photoneneny,
theapplied eld andthe currentdetection.The XMCD is recordedby switchingthe magnetic

61
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eld at eachenepgy point which increaseshe accurag of magneticmomentevaluationsince

the beamcharacteristidoesnot changedramaticallybetweertwo points.A eld sweepfrom
+1 T to -1 T takesaboutl5 s. All spectraare normalizedby a gold grid 1, monitor section.
Additionally, the electronbeamcurrentin theaccelerators detectedat eachpoint.

The possibility of measurements anapplied eld allows the userto take element-speci ¢
hysteresigoops.Theloopswerealwaysmeasuretthemaximumof theL 3 dichroicsignaland
atareferencepointin the pre-edgeegion to accountfor changingdrain currentsasa function
of the appliedmagnetic eld. The validity of this procedurehasbeenexperimentallyproven
by the comparisorof hysteresidoops of the identical sampleby SQUID magnetometryand
hysteresidoopsusingthe XMCD effect[112].

2.3. Other Structural and Magnetic Characterization

Techniques

Additionally to FMR and XAS/XMCD investigationsvariousother mostly structuralandmor
phologicalcharacterizationmethodswere employed to obtaininformationon both, structure
and magnetisnof the Co=CoO particles.Here,only a shortdescriptionof the experimental
setupsis given that are usedto achiese the presentedesults.For more detailedinformation
especiallyon the operationprinciplesthereaderis referredto theliterature.

BesideghealreadymentionedsMR andXMCD, SQUID magnetometrys a powerful tool
to measurethe eld- and temperature-dependentagneticresponseof a magneticsample.
Changesof the magneticstray eld of the dipole are detectedby linear motion of the sam-
ple throughso-calledpick-upcoils. A well-shieldedSQUID sensot'counts"thechangeof ux.
Finally, themagnetizatioof thesampleas achievedby a t routineconsideringhestray eld of
themoving pointdipolewith respecto the detectingcoils. The experimentsvereperformedn
acommerciallyavailable QuantumDesignMPMS-XL SQUID magnetometesystemworking
at elds upto 5T andin atemperatureangeof 2-400K. Both,the so-calledrapid-scan(RSO)
andthe standardinearmotionmodeswereused.

The structureof individual nanoparticlesandtheir assemblyinto superlatticesvere mostly
characterizedby TEM. For corventionalTEM and SAED a Philips CM12 anda JEOL 3010
microscopevereutilized which bothareworking at anacceleratiorvoltageof 200kV. Images
werealwaystaken by a multipixel CCD cameraDiffraction patternsverecalibratedoy a gold
standardhsareferenceHR-TEM studieswereperformedwith the Berkeley atomicresolution
microscopavorking at 800kV anda TecnaiF20 microscopewvith an operatingvoltageof 200
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2.3. OtherStructuralandMagneticCharacterizatiorfechniques

kV anda point resolutionof 0.24 nm. A Philips CM200 eld emissionmicroscopesupplied
the microchemicalnalysiswith a probesizeof 0.8 nm usinganimagingenegy lter andan
enegy-dispersie x-ray analyzerboth with an enegy resolutionof 2 eV. For all TEM investi-
gationsCu gridswith anamorphousarbonor silica Im wereusedassubstrates.

The samplemorphologyof arraysof Co=CoO particleswas additionally investigated by
SEM emplogying a LEO 1530standarcelectronmicroscopeausingthein-lensdetectorat 10 kV
acceleratiorvoltage.Topographiamagesof plasmatreatedsamplesvererecordedwith aDig-
ital InstrumentsAFM on Si(001)substratesStandardsi tips scannedhe samplein thetapping
mode.Beforethe plasmatreatmentAFM hasbeenfound unpro table sincethe tip is ableto
move the particleson the substrateandthe excessof organic ligandsafter solventevaporation
coversthewhole samplesurface.After O plasmatreatmenthowever, the organicligandshave
beenburnedaway, allowing the nanoparticleso stick to the substratéoeingunmoveableby the
tip andexhibiting a "free" surfacethatcanbe scannedy AFM.
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3. Organometallic Synthesis of
Co/CoO nanopar ticles

NanosizedC0=CoO particlescanbe preparedy bothphysicalandchemicalpreparatiormeth-
ods.Theinvestigation of size-dependemnnagneticpropertiesdemandghe fabricationof large
amountf particleswith asmallsizedistribution. Physicalpreparationypically usessputtering
methodg59] often combinedwith gas o w driven clusterformationanddeposition[65,113].
Metallic Co particlescanbe oxidizedwithin the preparatiorchambelby controlledadmixture
of O, forming a CoOshell. The shellthicknesss adjustablg59] allowing theinvestigation of
oxide overlayerthickness-dependentagnetismin the nanoparticlesA variety of preparation
methodss listedin table3.1 All techniquespreparesphericalparticleswith sizedistributions
of 10%-25%.The biggerthe particlethe smalleris the sizedistribution.

Anothercost-efcient way of preparatiorof Co=CoO nanopatrticless the chemicalsynthe-
sisby organometallicprecursorg114,115]or the saltloadingof inversemicelles[116]. Large
amountson the orderof gramscanbe routinely preparedwith size distributionssmallerthan
10%.Within thelastdecaddargeprogressn termsof chemicaltabilityandmonodispersityhas
beenachieved. Besidessingle elementmagneticnanoparticleshemistssucceededh the syn-
thesisof bimetallic magneticparticlessuchasF ePt [117], CoRh [118], or AgCo [119], too.
Here,however, the discussions focussedo preparatiorprocedure®f Co=CoO particles.An
arbitraryselectionof preparatiormethodss listedin table3.1 For example theorganometallic
precursolCo( 2 CgHi3)( # CgHjy) reactswith hydrogenin tetratydrofuranen thepresence
of polydimetlyl pheryloxide to 7.5- 11.5nm Co particleswhich slightly oxidize after prepa-
ration.GenerallymetallicCo particlesaresynthesizedinderoxygen-freeconditions After the
preparationhowever, someoxygenprovided by air, organiccompoundsn the solutionfor par
ticle stabilization or somecontaminanti the solventdonateoxygento theparticlesurface An
oxidic shellis forming thatstabilizeghemetallicCo coreata CoO layerthicknessf 2-3.5nm
(table3.1) preventingfurtheroxidation.Onemaynotethatsomeauthorsdo notanalyzesurface
oxidationandthusclaim that chemicallypreparedCo particlesdo not oxidize at the surface.
Structuralcharacterizatioby TEM or x-ray diffraction (XRD) are not sufcient methodsto
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3. OrganometallicSynthesiof Co/CoOnanoparticles

Table 3.1.:Arbitrary selectiorof Co=CoO nanoparticlepreparedy both,physicalandchemicalprepa-
rationmethodsThetotaldiameterits distribution (full width athalf maximum) the CoO shellthickness,
andthestructureof the metalliccoreandthe oxidic shellarelisted.

Preparation Total Size CoOsshell | Structure Ref.
method diameter | distribution | thickness | Co=CoO
Vapordeposition 8-35nm 1.5-5nm 2nm fcelfee [59]
Clustergunsputtering 4.7nm 1.1nm 1nm fcelfee [65]
Clusterbeamdeposition| 6,13nm <10% 2-3nm fcclfce [113]
Organometallicsynthesis 7.5-11.5nm large 2.5-3.5nm | hcplfcc [27]
Organometallicsynthesis 9,11,13nm | 1.2-1.5nm 2-3nm fcc/fce | thisthesis

exclude surfaceoxidation. XAS in the TEY moderevealsmore detailedsurfaceinformation.
Thistechniqués ableto prove surfaceoxidationof lessthanonemonolayer(section4.3.2.

Anotherwidely usedorganometallicprecursoris dicobaltoctacarbon (Co,(CO)g) [115,
120,121].By the thermaldecompositionin organic solventssphericalparticlesof 6-14 nmin
diametercanbe routinely preparedAll batchesof Co=CoO nanoparticlesnvesticatedin this
thesishave beensynthesizedby M. Hilgendorf [115] usingthis method His approachwasthe
useof commerciallyavailablechemicaldor the synthesiof monodisperseolloidal nanoparti-
cles,whichyieldsthecost-efcient preparatiorof hugeamountsof nanoparticlesolution.

The synthesiof Co/CoO nanoparticless basedon thethermaldecompositiorof dicobalt-
octacarboyl (Co,(CO)g) in non-polarsolventssuchasdecanean the presencef a combina-
tion of stabilizers,i. e. oleic acid (CH3(CH,);CH = CH(CH,);COOH) andoleyl amine
(CH3(CH2);CH = CH(CH;)gNH,). The providersof the chemicalshave beenpublished
elsavhere[115]. Oleic acid hasbeenfoundto bethe beststabilizerto slow down the oxidation
of the particlesef ciently. Oleic acidastheonly stabilizeris not sufcient for size-controlling.
Thus,oleylaminehasbeenaddedo controlparticlegrowth. In atypical experiment50 ml Ar -
saturatedoluenecontainingd.6 mmol oleic acidand0.6 mmol oleylaminewasheatedo re ux
for 30 min. After coolingto 330K 1 mmol Co,(CO)g hasbeenaddedandagain the solution
washeatedo re ux for 60 min. The preparations scalableup to 1.5 molarconcentratior{200
ml) with standardaboratoryequipmentHighly concentrategdolutionswerefoundvery useful
for long-termstability. Quasi-monodispergearticleshave beenobtainedusinganexternalmag-
netic eld to separatgarticlesof similar sizeandmagnetianoment.For simplicity, amagnetic
stirrer hasbeenusedduring the particle growth. Very large particlesand someagglomerates
werepresengtfterpreparationThesecanbeeasilyremoved,togethemwith themagneticstirring
bar, after coolingto roomtemperatureA further stepwisesize selectionby a strongN dFeB
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permanenmagnet(B 1 T) hasbeenrepeateduntil a small size distribution was obtained
(typically threesteps) However, the separatiorof sizesled to the lossof anunknavn amount
of material.Furthermoresize-selectiortanbe increasedy size-selectie precipitation[122].
If a smallamountof ethanolis addedto the solventthe barrierto aggreationis reducedand
the nanoparticlalispersions destabilizedSincelarger particlesexperiencethe greatestattrac-
tive forces,theseparticlesaggregate rst andcanbe separatedrom the dispersiorby Itering,
centrifugationor exposureto amagneticeld gradient.

In summary colloidal chemistryallows the fabricationof monodispersdigand-stabilized
Co=Co0 particlesin organicsolvents.Long-termchemicalstability ( 1 year)is achieved by
the oxygenfree storageof the particle containingsolvents[95]. The particlesoxidize at the
surfacemostprobablyby the donationof oxygenby oleic acid. After nanoparticledeposition
on a substrateand their exposureto air the oxidation continuesfaster This phenomenons
discussedn termsof magneticagingin section5.1.6 Particleswith diameterselov 6 nm are
found fully oxidizedwithin daysafter the depositionon the substrateén ambientconditions.
Larger particlesmaintaina smallmetallic Co coresurroundedy 2-3 nmthick CoO overlayer
protectingthefurtheroxidation.Oncethe2-3nmthick CoO shellis formed,theoxidationslowvs
down to afew atomsperdayalthoughthe particlesarestoredunderambientconditions.

Comparedto physical fabricationsthe chemical route allows the self-assemblyof the
nanoparticle®n differentsubstratesdnversemicellesandLangmuirBlodgettdepositiontech-
nigues,for example,yield well-orderedlatticesof "Co" particleson Si substratesHere,the
nanoparticladistances givenby thedoubledchainlengthof themicellebeingin minimum ve
timeslargerthanthenanoparticleliameterThisresultsn atotal coverageof approximatelyl %

(b)

Figure 3.1.:1dealized11 nm Co/CoO nanopatrticlevith a2 nm CoO shell(a). Theligandlengthis also
approximatel\2 nm. In (b) a closepacledsuperlatticeof particlesis shawvn.
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of thetotal substraterea[116]. A simpleapproacho enhancehe coveragewithoutlosingthe
self-assemblyppportunitiess theusageof nanoparticlestabilizedby shortlength( 2 nm)or-
ganicligandsandthedispersionin non-polarsolvents.An idealizedCo=CoO particleis shavn
in Figure3.1 (a). Superlattice®f particlescanbe preparedy dropletevaporation spin coat-
ing or magnetophoretideposition(section4.2). An ideal superlatticeof particlesis shavn in
Figure3.1(b).

Thetwo mostimportantrequirementgor the self assemblyof colloidal particlesinto well-
orderedsuperlatticesrea narrav sizedistribution andtheabsencef any agglomeratiorof the
particles.Both requirementsaresatis ed for quasi-monodisperseanoparticle$115,122,123].
Additionally to theself-assemblypropertiest is now possiblgo scalethemagnetiqropertieso
thenanopatrticlesizesandcon nementthatwaspreviously only possiblewith clustergdiameter
d <2 nm)or lithographicallyproducedstructuregd > 20 nm). Colloidal magneticmanoparticles
closethis gap.
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4. Structural and Morphological
Characterization

Detailed structuralinvestigations on both, the atomic structureand compositionof a single
nanoparticleandtheir superstructurenorphology e. g. the orderinginto orderedarraysof the
particlesareabsolutelynecessarjor theinterpretatiorof magneticcharacterizatiorfirstly, the
shapethesizedistribution,thecompositionandtheatomicstructureof singlenanopatrticlesre
discussedn this chapter Secondlythe organizationinto 2D and 3D superlatticess presented
usingdropletevaporation spincoating,or magnetophoretideposition Finally, postdeposition
samplemanipulationby meansof reactve plasmaetchingis discussedhatallows investigation
of metallicCo nanopatrticle$ree of organicligandsandsurfaceoxides.

4.1. Structure of Single Nanopar ticles

The Co=Co0O nanoparticlehrave beencharacterizedby meansof TransmissiorElectronMi-

croscoly (TEM). The size distribution and the shapeof the nanoparticlesvere investicated
for all batchesMore detailedinformation on the local atomic structureand the distribution
of elementdn a singlenanoparticleor a smallarrayof particles( 10-20particles)have been
achieved by sophisticatedechniquedound in a well-equippedTEM suchas high resolution
TEM (HR-TEM), enepgy Itered TEM (EF-TEM), selectedareaelectrondiffraction (SAED),
andelementispersie x-ray (EDX) analysis.

The sizedistributions of the nominally 9, 11, and 13 nm Co=CoO particlesare shavn in
Figure 4.1 For the evaluationof the size histogramsseveral low magni cation TEM images
have beenusedfor eachbatch.The diameterof a single nanoparticlewas averagedby two
measurementgerpendiculato eachother Total numbersof particlesof 573,75, and 205 for
the 9 nm, 11 nm, and 13 nm particleswere taken into account,respectrely. The resulting
histogramswvere tted by thelog-normalsizedistribution

1 1
f(d) = p——ex —1In° — 4.1
(d) pZ—d P 52 A (4.1)
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Figure 4.1.: Size histogramsof the nominally 9 nm (a), 11 nm (b), and 13 nm (c) Co=CoO particles
andtheir correspondindog-normal t functions.The mostprobablediameterdy,, (sizedistribution full
width athalf maximum)are9.5nm (2.7nm), 11.4nm(3.0nm),and13.6nm (2.6 nm), respectiely. The
insetsrepresentypical low-magni cation TEM imagesusedfor the sizecharacterization.

wheref (d) is the fraction of the total amountof particlesin aspeci ¢ diameterange, isthe
sizedistribution anddy,, is the mostprobablediameterindicatedby the maximumof the log-
normalsizedistribution function. Thelog-normal t functions(alsoshavn in Figure4.1) give
a mostprobablediameterof 9.5nm, 11.4nm, and 13.6 nm for the threebatchesof Co=CoO
particles.The size distributions shav a full width at half maximum(FWHM) of 2.7 nm, 3.0
nm, and2.6 nm, respectrely. Althoughthe sizedistribution is commonlycalculatedby a log-
normalfunction, the evaluationof the sizedistribution by a Gaussiarfunction givesidentical

resultsin the caseof the9 nm Co=CoO particles. Thetypical broadeningat largerdiameterss
notobsenedin this batch.

A typicalhighresolutionTEM imageof a11 nm Co=CoO particleis presentedh Figure4.2
(a). It shaws thatthe particleis polycrystallinewith a core-shellstructure Atomic resolution
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4.1. Structureof SingleNanopatrticles

Figure 4.2.:High-resolutionTEM imageof a 11 nm Co=CoO particleon anamorphougarbon-coated
coppergrid (a). Atomic resolutionimagesof the particle core (b) and the patrticle shell (c). A twin
boundaryparallelto the common(111) planeis clearly visible in the core (b). The insetsshowv the
Fouriertransformsof theimages(b) and(c), respectiely. The gure hasbeenadaptedrom [61].

studiesof singlegrainslocatedcloseto the particlecenterandatthe particlesurfaceareprinted
in Figure/4.2 (b) and (c), respectiely. Detailedanalysisof the atomic resolutionimagesby
FouriertransformgFig|4.2 insets),angledeterminatiorand centefto-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 pointsin the Co core Fourier transformspotsis dueto the
twinning boundary Fourier transformson both single crystalline partsof the imageyield a
clear6-spotstructure The Co coreis multiply twinnedwith thetwin boundariegparallelto the
common(111) plane.The typical grain diameteris 2-3 nm. Detailedstructuredetermination
hasbeenperformedon morethan10 particles SAED studies(shavn in appendixB) arein full
agreementvith the HR-TEM results. SAED patternsof the Co=CoO particlespresenfull sets
of diffractionringsof thefcc Co andfcc CoO phasegAppendixB). Thelattice parameterare
closeto bulk fcc Co andbulk fcc CoO structures.

The core-shellstructureof the Co=CoO particlesbecomesmore apparentn Figure 4.3
Nominally 13nm Co=CoO0 particlesexhibit a CoO shellthicknesf 2-3nm. Individual grains
areclearly visible in Figure4.3. Lattice planespacingsof CoO djzo = 0:150nm andd,g =
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4. StructuralandMorphologicalCharacterization

Figure 4.3.:High-resolutionTEM imageof a 13 nm Co=CoO particleon anamorphousarbon-coated
coppergrid. Thecore-shelbktructureof the particleis clearlyvisible. Thearrovs marksingleCoO grains
with lattice planespacingof doog = 0:150nmanddygp = 0:213nm.

0:213nm have beenidenti ed. Themetalliccorehasa diameterof approximately7.5nm.

Spatially resolved compositionalanalysisof the particleshasbeenperformedby spectral
imagingof the sampleusingthe electronenegy-losssignal.Figure/4.4 (a) and (b) shav EF-
TEM imagesof asingleisolatednanoparticleltered attheCo L ;-edgeat 778eV andthe O-K
edgeat525eV, respectiely. The oxygen- Iteredimagedirectly revealsa non-uniformdistribu-
tion of oxygenalonga singlenanoparticleThe correspondingntensityline scang(Figure/4.4
(c) and(d)) alongthe line shavn in Figure 4.4 (a) reveal a ratheruniform distribution of Co
in the particle. The Gaussiarshapeof the intensity signalis characteristidor sphericalparti-
cles.The O-mappingexhibits a doublepeakdistribution. Usinga Gaussiardoublepeak tting
routinefor the simulationof theintensityhistogramin Figure4.4 (d) thethicknessof the CoO
shellhasbeendeterminedo 2-2.5nm, andthe diameterof the Co coreis approximately7 nm.
The resultsof the element-speci cimagingarein full agreementvith the HR-TEM analysis
describedabove.

Enegy ltering hasalso beenperformedon lower magni cation images.An exampleis
shavn in Figurel4.5 A standardTEM imageof an array of Co=CoO particlesis shavn in
Figure4.5 (a) while the enegy- ltered imagesat the Co L3 edge(778eV) andthe O K edge
(525 eV) arepresentedn (b) and(c), respectiely. The whole arrangemenbf more than50
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4.1. Structureof SingleNanopatrticles

) )
5 5
2 :
§ &
2 2
5 2
= E
5 10 15 20 25 : 5 10 15 20 25
Position along the particle (nm) Position along the particle (nm)

Figure 4.4.: EF-TEM imagesof a single nominally 11 nm Co=CoO nanopatrticleltered out (a) the
cobaltL 3 edgeandon (b) theoxygenK edge.n (c) and(d) thecorrespondindinescansareshovn. The
gure hasbheenadaptedrom [95].

Figure 4.5.: TEM imagesof an array of the 11 nm Co=CoO nanoparticlesin (a) the standardTEM
imagesis presented(b) and(c) are Itered onthe Co L3 edgeandon the O K edge,respectiely. The
gure hasbeenadaptedrom [61].

Co0=Co0 particlesshav the sametendenyg. Co atomsareratheruniformly distributedalonga
nanoparticlevhile O atomsarepreferentiallylocatedat the surface.

73



4. StructuralandMorphologicalCharacterization

Finally, it is importantto note that the 2-2.5 nm CoO shell actsas a protectve layer to
theencased o corewhenthe particlesaredepositedn a substrateandareexposedo air. The
developmenbf this protectve oxideshelltakesplacein two stepsf{i) directly afterthechemical
preparatiorathin CoO shellformswithin minutesuntil the smallamountof molecularoxygen
in thesolventis consumedkurtheroxidationwithin thesolutioncanonly take placeby cracking
theCOOH groupof oleicacid.Oleicacidbindsto the Co particlevia oxygen.Then,thedegree
of oxidationremainsnearlyconstantsincethe solubility of oxygenin anorganicsolventis low
andthe solutionis keptin atightly closedcontainer(ii) Whenthe particlesaredepositecbn a
substrateéheligandsurroundegarticlesareexposedo air afterthe evaporationof the solvent.
Then,within hours,the CoO shellgrowsto a shellthicknessf aboutl-2 nm forming anearly
stageof a protectve oxide layer. Only from this degreeof oxidationon, structuralinformation
by meansof TEM is available. The further growth of the CoO shell slowvs down. After half
ayear9 nm Co=CoO particleshave not shavn a noticeablethicker CoO shellby TEM. One
shouldnotethat the measurementsave beenperformedwithin one hour after the deposition
of the particleson a TEM grid. Thus,the particleswereexposedto air for identicalperiodsof
time. This nding provesthe rst processof oxidation.The growth of the CoO shell by the
exposureto air is not easyto detectby imagingtechniquessince high-resolutionimagingis
alwaysneededMore pro table investigationsof the oxidationasa functionof air exposureare
XAS/XMCD andFMR. XAS andXMCD in thetotal electronyield modearesurfacesensitve
andFMR detectgheferromagneticoreonly. Theresultsof thesemeasurement@represented
in chaptef5. To completethediscussiorthemain ndings aregivenhere.

Only two daysafterthenanoparticlesynthesisanddirectly afterthesamplepreparatior{less
thanonehourair exposure® nm Co=CoO particleshave beentransferrednto aUHV chamber
for XAS/XMCD characterizationAt this stagea CoO shellthicknessf 1.0 0.3nmhasbeen
found.Half ayearlater, however, the shellthicknesshasincreasedo 2.5nm[124]. Meanwhile
the samplehasbeenkeptin ambientconditions. FMR experimentsover a periodof 18 months
suggesanupperimit of theCoO shellthicknesf about2 nmfour hoursafterthenanoparticle
depositionfrom the solutionanda relatively fastfurther gronth to about2.8 nm threeweeks
afterthedeposition Fromthis point of time on the oxidationprocesslows down to only afew
atomsper day reachingan upperlimit of 3.2 nm after 18 months.These ndings con rm the
secondmechanisnof oxidationmentionedabove.

In summaryall threebatchesof Co=CoO nanoparticlebave shavn atypical fcc CoO shell
thicknessof 2-3 nmafterthechemicalpreparatioranddepositiorontoa substrateThemetallic
core consistsof multiply twinned Co grainswith a typical diameterof 2-3 nm. For both, the
coreandtheshellthe obseredlattice constantsrecloseto the bulk lattice constant®f fcc Co
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4.2. Self-assembly

Table 4.1.:Resultof the structuralcharacterizatiofor thenominally9 nm, 11 nmand13 nm Co=CoO
particles.Thetotalnumberof C o atomss calculatedrom thecoreandshellvolumes.Thegivennumbers

areaveragedover the uncertaintyof the CoO shellthickness.

Batch 9nNnmCo0=Co0O | 11 nm Co0=Co0O | 13nm Co=CoO
Diameter 9.5nm 11.4nm 13.6nm
Sizedistribution (FWHM) 2.7nm 3.0nm 2.6nm
Sizedistribution 14% 13% 14%
Thicknessf CoO shell 2-2.5nm 2-2.5nm 2-2.5nm
Corediameter 4.5-5.5nm 6.5-7.5nm 8.5-9.5nm

Total numberof Co atoms 25800 47100 82800
Numberof Co coreatoms 6100 16400 34600
Numberof Co?* ionsin shell 19700 30700 48200

andfcc CoO, respectiely. Theresultsof the sizedistributionsandthe compositionaknalysis
are summarizedn Table4.1 for the threebatchesof particlesof slightly differentdiameter
From the constantthicknessof the CoO shell the metallic core diameternasbeencalculated
to 4.5-5.5nm, 7-8 nm and 8.5-9.5nm for the 9 nm, 11 nm and 13 nm particles,respecitrely.
Usingbulk lattice constant§Co: 0.35447nm, CoQO: 0.42614nm) andthe bulk densitiesof Co
andCoO (Co: 8900kg/m?, CoO: 6400kg/m*) the numberof Co atomsin the coreandin the
shell canbe calculatedfor the most probablediameterand sphericalparticles.Although the
shellthicknessof asphericaparticlehasbeenfoundto be constantthe numberof Co atomsin
thecoreandtheshellchangesiramaticallywith themostprobablediameteysincelengthscales
enterby third powerto thevolume.

4.2. Self-assemb ly

Marbles on the cm length scalewith nearly identical diametershav the tendeng to self-
assembldanto orderedsuperlatticesvhenthey are shalenon a at surface.Sphereson the
nanometescalebehae similarly [123] althoughthe shakingof particlesis not driven by the
movementof the substrateonly (e. g. spin coating)but alsostronglyin uenced by Brownian
motion and electro-and magnetostatiinteractionsbetweenparticlesandto the substrateln
this sectionthe orderingof Co=CoO nanoparticlesnto orderedandnon-orderedarraysin two
andthreedimensionss presentedThe detailedknowledge of the self-assemblynechanism
is essentialsincethe morphologyof the sampledirectly in uencesthe magneticpropertiesn
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4. StructuralandMorphologicalCharacterization

termsof magnetostatiénteractionbetweenthe particles.Three different samplepreparation
techniqueswill be describedAt rst, the mostintuitive way of nanoparticledeposition- the
controlleddrying of a dropletof solution containingthe particles- is presentedTo achieve
lower but very uniform coveragespin coatinghasbeenfound to be the methodof choice.Fi-
nally, thedrying in anappliedmagneticeld is discussedwhere3d rod structuresareformed
consistingof severalthousand®f particles.Within the rodsthe particlesare coupledby mag-
netostaticforces.The advantagesandthe dravbacksof the threetechniquesare discussedn
this sectionwhile the detailedparameter®f the investicgatedsamplesare always given when
themagnetiaesponsef theindividual samplesarepresented.

Droplet Evaporation Technique

The simplestway to arrangenanoparticle®n a substratas the controlleddrying of a droplet
of particle-carryingsolution.This techniqueyieldsthe formationof well-orderedclose-packd
arraysof particleson thescaleof afew m? underappropriateconditions[123]. The mostim-
portanttuning parametersrethe wetting propertieof the substratevith respecto the solvent
mediumandthedrying time. The concentratiorof particlesin the solventdetermineghetotal
coverageof the substrateunablefrom very low concentration$<10%)with large interparticle
spacinggo severaltensof multilayersof particles[95]. In Figure4.6 the effect of the wetting
propertiesof the substrates clearly visible. The SEM imagein Figure 4.6 (a) shovsthe 9 nm
Co0=Co0 particlespreparedrom 1:20dilutedtoluene-basedanoparticlesolutiondepositedn
a B dopedSi (Si:B) substratenith a natve 3 nm layer of SiO,. Eachlight spotrepresents
singleparticle.Verylocally a closed-packdarrangemendf 20-30particlesis found.Enhanced
closed-packd orderingshavs the TEM imagein Figurel4.6 (b). The 11 nm Co=CoO parti-
clesarrangeinto a hexagonalclosed-packd superlattice Defect-freearrangementsf several
hundredsof particleshave beenobsered for this specimenThe drying of the toluene-based
solution onto carbon-supportedEM Cu grids obviously enhanceghe self-assemblyof the
particles. The centerto-centerdistanced.. of approximatelyl00 particlesof eachbatchhas
beenmeasuredThe 9 nm particlesshav ad.. of 13 1 nmin a hexagonalarrangemenand
the 11 nm particleexhibit ad.. of 149 1 nm. Usingthe mostprobablesizesof the different
batcheone nds aninterparticlespacingof 3-3.5nm for both Co=CoO particlebatchesThe
chainlength of the stabilizingligandsis around2 nm. Hence,it cannotbe expectedthat the
separatiorof particlesis lessthan2 nm and more thantwice the chainlengthof 4 nm for a
closed-packdsuperlatticeTheinterparticlespacingsarefoundin this range.The spacingof 3
nm revealsa partialinterlockingof the particlesurroundindigandsshells.In the caseof 9 nm
Co0=Co0 patrticlesthetoothingbetweemeighboringparticless lesspronouncedDistancede-
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4.2. Self-assembly

Figure 4.6.: SEM imageof a typical resultfor 9 nm Co particlesa on Si:B substrateusingthe droplet
evaporationtechnique(a). Closed-packd arrangementsf 20-30 particlearefound. (b) shovs a TEM
imageof a closed-pac&dsuperlatticeof the 11 nm Co=CoO particles.

tweenparticlesarelargerin average sinceonly shortrangearrangementsf 20-30particlesare
obsenred. Distancesetweenordereddomainsare larger thanthe interparticledistancewithin
theorderedregions.This resultshavs thatthe spacingof nanoparticlesvith anidenticalligand
shellmayvary with the wetting propertiesthe drying time, andalsothe particlediameter(not
showvn). Thus,thedetailedknowvledgeof the particlespacings essentiahndhasto bemeasured
for all individual samplesMoreover, it hasbeenpublished125] thatanexcesssurfactantsan
leadto enhancedong-rangeordering.Generally a smallexcesssurfactantss usedin colloidal
chemistryto achieve long-termstability of the particles.

Spin Coating Technique

Nanoparticledepositionby spin coatingis a commonlyusedtechniqueto achieve large scale
two-dimensionabhrrangementf23]. The advantageof this techniques the large scaleunifor-
mity of the sample the dravbackis the loss of nanoparticleorderingdueto the fastdrying.
The preparatiorof coveragedetweenl% and90% of a close-packd superlatticds possible.
In Figure/4.7 two examplesare shavn with different particle densitiesof 54% (a) and 89%
(b) of thecorrespondinglose-packdnanoparticlearrangementt is importantto notethatthe
projectionof a 2D hexagonalsuperlatticgperpendiculato the sampleplaneis only 56% of the
total sampleareafor 9 nm Co=CoO particles(interparticlespacing3.5nm). Thetwo examples
have beenpreparedrom hexane-base@ 0=CoO particlesolutionwith aninitial concentration
of 1:10and1:300f the concentratedoluene-basedolutionon native Si(001) substrate¢4 4
mn¥) at 6000 rotationsper minute (rpm) in ambientconditions.An areaof 3 3 mm? in the
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Figure 4.7.: SEM imagesof spin coatednanoparticleassemblie®n native Si(001) substratest 6000
rotationsperminute.Different lling factorsof 54% (a) and89% (b) of a correspondin@D hexagonal
arrangemenére obsened. For the spin coatingdifferentinitial concentrationfiave beenused.Details
aredescribedn thetext.

samplecenterexhibits a uniform coveragefor all samplesAt the edgesof the samplesmulti-
layer formationtakes place.The fastrotationspeedspinsaway the particle carryingsolution.
Only a thin Im of hexaneresiststhe centrifucal force and the hexane Im instantaneously
breaksup into dropson the micrometerscalesincethe hexanestartsevaporating Wheneer a
particle getsinto contactto the substratehe particle sticks at its positiondueto electrostatic
attraction.Thewhole procesgakesplacewithin afew secondslependingntherotationspeed
andthetemperatureThevelocity of the preparatiorprocesss responsibldor thelack of close-
pacled hexagonalarrangementen the sample Detailedparametetuning might give rise to a
hexagonalorderingasobsenedfor F ePt nanoparticle$23].

Here, however, the aim is the preparationof uniform coveragesover large areas.For the
synchrotronrmeasurementgartly spin coatedsampleswvere used,wherea uniformly covered
areaof 4 8 mm? ona5 10mn?¥ Si(001) substratdhasbeenachieved. To scalethe magnetic
responsef thistypeof samplesn absolutainitsoneonly canemploy magneticharacterization
techniqueswith limited probing spotssuchas magneto-opticamethods.Stray- eld methods
like SQUID magnetometrprovide informationof the total magneticresponsef the sample,
thusmeasuringhe sumof the uniformly coveredareaandthe multilayersat the sampleedges.
Only the removal of multilayer regionswith several layersof particles,e. g. by breakingthe
edgesf thesubstratewould give riseto a scalablemagnetiaesponséy countingthe particles
perunit area.Oneshouldnotethatespeciallyfor low coveragesatthe samplecenterup to 90%
of the total numberof particlesare found at the edgesof the sample.Thus,a SQUID signal
dominantlymeasuresheregion whereseverallayersof particlesarefound.
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4.2. Self-assembly

Magnetophoretic Deposition Technique

Theformationof regulararraysof Co=CoO particlescanbeachiezedby drying of thenanopar
ticle solutionin anappliedmagneticeld [126,127].Detailedinvestigationsof thesuperlattices
formationasafunctionof theapplied eld in thesampleplane[115] have shavn that(i) atlow
externalmagneticelds (B < 0.7T) the close-packd superlatticesormationis enhanceavith
increasingexternal elds, (i) theformationof anordereddoublelayeris obsernedatB = 1.5
T and(iii) anexternalmagneticeld of B = 6 T yieldsthe formationof a third layerin ABA
con gurationwith respecto the nanoparticldayersunderneathTheseexperimentswvereper
formedat low nanoparticleconcentrationHowever, to achieve a sufciently strongmagnetic
responsdrom the investicgatedsamplewe useda higherconcentratiorfor our experiments A
typical exampleis shavn in Figure4.8. An externalmagneticeld of B =0.35T parallelto the
grid planewassufcient to producea stripestructureonto a carbon-coate€u grid by drying
5 | toluene-basedolutionin ambientconditions.Stripesconsistingof aregular close-packd
arrangemenodf the Co=CoO particleswith a width of 200-250nm anda lengthof 1.5-3 m
wereformedalongthe external eld axis. Mostly, the stripesconsistof 3-4 layersof particles
forminganearlyperfect3D fcc latticewith the(111) planearallelto thesubstrateThenearest
neighbordistances aboutl6 nmin this case Thesestripestructuregprovide the possibility to
investicatethedipolarinteractionof theparticleswithin astripeandbetweerstripesby angular
dependenterromagnetiadesonanceloseto the blockingtemperaturéT = 300K) asshawvn in
section5.2

0o

Figure 4.8.: TEM micrographof the 11 nm Co=CoO particlesdepositentoa carbon-coate€u grid
in amagneticeld of 0.35T parallelto thegrid planeat high resolution(a) andlower magni cation (b).
The high degreeof crystallinity is shovn by the Fourier transformin theinseton the right image.The
gure hasbeenadaptedrom [126].
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4.3. Post Deposition Manipulation

The depositiontechniquegrovide 2D and3D nanoparticlearraysasdescribedabove. All par

ticlesaresurroundedy organicligands.Characterizatioby x-ray methodg{XAS andXMCD)

using the total electronyield mode provides high surfacesensitvity. Thus,the electronsex-

citedin theparticleby XAS, e.g. atthe Co-L 3., edgeshave to passthe organicligandsaround
the particles.Additionally someexcessof surfactantis generallyusedin colloidal chemistry
to achieve long-termstability of the particleswhich resultsin someoverlayersof free organic
moleculeson top of the particlearray The organic materialdampsthe total electronyield sig-

nalremarkablyWhena scientisiooksfor smallmagneticsignals,. e.the XMCD signalof Co

particlesin remanenceheorganicmoleculesnale it basicallyimpossibleto quantifythemea-
suredsignalin termsof magnetiomomentdeterminationTwo methodsareusedto remove the
chemicalresidue:(i) Ar* ion etchingand(ii) reactve hydrogenandoxygenplasmaexposure.
Detailsonthe processearediscussedh this section.

Besideghetechnicalpointof dampedsignalsaremoval of theligandshellandthereduction
of theCoO allowsto studywell-separateffee metallicCo particles A routeto achieze metallic
Coparticleswithoutany agglomeratiomsingsinglelayerarrayss thereactve plasmaexposure
asdescribedelow.

4.3.1. Surface Cleaning by Ar™ lon Etching

lon etching using noble gas ions is a commonly used techniqueto clean metal sur
faced[79], [89]. In the caseof Co=CoO nanoparticlesurroundedy organicligandsthe Ar *

ion etchingprocesgesultsin a preferentialsputteringof the lighter elementsi. e. carbonand
oxygen,while pin holesin the particlesareinducedsimultaneouslyHowever, the ion etching
at typically 2-3 keV acceleratiorvoltageand a drain currentof afew A increaseghe total
electronyield signalintensityfrom Co by afactorof 5. Thustheorganicligandsare— atleast—
partially removed.

Theeffect of the Ar ™ ion etchingasa function of exposuretime is shavn in Figure4.9. A
3D arrayof orderedCo=CoO nanopatrticle20-30layers)wasdepositecbn polishedM o foil
asa substrateAt a pressureof 1 10 3 PaAr* ionswereacceleratect an enegy of 3 keV
towardsthesampleaesultingin atypicaldraincurrentof 4 A. For comparisonthespectravere
normalizedon a peratombasis.The XAS spectrumof the asdepositedCo=CoO nanoparticle
arrayrevealsthetypical line shapeof CoO. Here,the ne structureof themultiplet statess not
visible sincethebeamline exit slit wasopenedo achieze higherx-ray ux resultingin areduced
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Figure 4.9.: XAS spectraof 11 nm Co=CoO particlesasa functionof the Ar * ion etchingtime at an
enepgy of 3keVand4 A draincurrent.Thespectraveretakenwith linearly polarizedx-raysatnormal
incidenceandarenormalizedon a peratombasisfor comparison.

enegy resolution.A 10 min Ar* ion etchingprocessstrongly decreasethe peakintensities
while the edgejump remainednearly constantLongerion etchingtimes,however, revealeda
continuousdecreasef the peakintensitywhile theedgegump increasedAfter 135min of Ar *
ion etchingno furtherchangean theabsorptiorspectréhasbeenobsened. Oneshouldnotethat
non of the spectrashavs a pure metallic charactermsobseredin Co thin Ims, for example.
Accordingly, the further analysisof the magneticresponsé XMCD) hasto take into account
contritutionsfrom both, Co atomsin a metallicanda oxidic ervironment.

4.3.2. Reactive Plasma Etching

Comparedo the Ar * ion etchingprocessat enegieson the orderof kV thatcreategin holes
andintermixing of atomsreactve plasmaetchingis favorable,sincethe samplestructureand
morphologyis not or only slightly modi ed [116]. Procesgjases(hydrogenand oxygen)are
much lighter than argon and thus the ballistic removal of target atomsat enepiesfar below
1 kV is unlikely. In fact,thes€'slow" excitedatomsareableto chemicallyreactwith thetarget
surfaceatoms[128]. Here,a soft methodis presentedhatallows the controlled(i) removal of
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organicligandsand(ii) thereductionandoxidationof the Co=CoO nanoparticles.

For the processinga radio-frequeng (rf) plasmasource(13 MHz) hasbeenemployed for
reactve etching.Thesamplesverepositionedrar off the plasmacloud. Thus,thesamplesvere
mostlyexposedo slow excitedfreeradicals. Themaximumkineticenepgy of thefreeradicalss
givenby thesocalleddc-biasvoltageappliedbetweerthetwo electrodesLow dc-biasvoltages
(100- 500V) andthechambegeometryyield asoft reactve etchingof the specimensincethe
sampléds placedeitherfaroff andrectangulato theelectrodegeometryor closeto oneelectrode
shadeving the plasmaFreeradicals,. e. hydrogenor oxygenatoms chemicallyreactwith the
exposedspecimenDueto thetiny kinetic enegy a sputteringof sampleatomsis not possible.

Theefciency of suchareactve plasmaetchingproceshasbeendemonstratetyy the cre-
ationof metallicnanoparticlesrom Au [129] or Co[116] saltloadedmicelles.Oxygenradicals
reactwith carbonandhydrogenatomsof the micellesforming organic gasesandwater In the
caseof Co saltloadedmicelles,however, this procesoxidizesthe metalsaltcorecompletely
Co304 nanoparticlesvereformed.By hydrogenplasmaexposurein a secondstepthe Co304
particlescanbe reducedio metallic Co particles.Thus,the reactve plasmaetchingexposure
yield the preparatiorof well-isolatedmetallic Co nanoparticle$ree of ary contaminants.

Thereactve plasmaetchingprocessaneasilybe adaptedo metalnanoparticleprepared
by meansof colloidal chemistry For example,F ePt [23] and Co=Co0O (this thesis)particles
have beenexposedto hydrogenor oxygenplasmassuccessiely. For the evaluationof the ox-
idation andreductionprocesssurfacesensitve chemical ngerprints areneededvhich canbe
providedby XAS, x-ray photoelectrorspectroscop(XPS)or Augerspectroscop Thus,afully
UHV-compatibleplasmareactionchambehasbeenemploredto performsamplemanipulation
processesllowing animmediatein situ characterizationHere, 2D arraysof 9 nm Co=CoO
particleswith a samplethicknessof 10% of a monolayerto about2-3 layerswere exposedto
thefreeradicalsguaranteeinghatthereactve etchingcantake placeon all nanoparticlesThe
particlesweredepositedlirectly from thetoluene-basedolutionon naturallyoxidizedSi(001)
substrates.

Transf ormation to Metallic Particles

The effect of the reactve plasmaexposureto a submonolayercoverageis presentedn Fig-
ure4.10 At severalstepsof theprocessingo-L 3.», O-K, andC-K edgeshave beentrackedby
meansof XAS in thetotal electronyield mode.In the as-depositedtate(0 min H plasmalhe
XAS atthe Co edgesof theligandsurroundedC0=CoO particlesshav a mixture of metallic
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and oxidic Co contrikutions. Details on the XAS of untreatedparticlesare discussedn sec-
tion 5.1.2 The oxygenspectrumn the untreatedstaterevealstwo sharppeaksarounds525eV

and527eV. Severalhigherenegy peaksof lower intensityoverlapto a broadabsorptiorpeak
andcannotbe assignedo a specialchemicalernvironment.Thetotal O-K edgespectruncanbe

assignedasthe sumof threedifferentcontritutionsoriginatingfrom (i) the CoO shellof each
individual particle, (i) the organicligands(oleic acid andoleyl amine)andtheir bondsto the

nanoparticlesuriaceand(iii) thenative SiO, layerof theSi substrateThe C-K XAS spectrum
is dominatedby the doublepeakat 288 eV while a small additionalcontrikution is found at

285eV. Carbonis only locatedin theligandsforming singleanddoublebondsin oleicacidand

oleyl amine.

In a rst stepstartingfrom the untreatednanoparticlearray we exposedthe specimeno
mild H plasma(100W, 5-10 Pa) until we measured puremetallic Co XAS responsef the
nanoparticlesAfter 46 min the Co XAS spectrunrevealeda puremetallic characteindicated
by thelack of ne structureandtheincreaseof the edgejump in the metallic XAS spectrum.
ExaminingtheO-K XAS spectrunmafter6 minand46 min H plasmaexposureone nds thatthe
peakat527eV vanishesnstantaneouslwhile thesharppeakat525eV decreasesontinuously
asafunctionof time of exposure Theoverlapof peaksathigherenegiessmearout. Theshape
of the C-K XAS respons@oesnotchanganuchby theH plasmajut thetotal signalintensity
decreaseby afactorof three.Thus,theH plasmaexposureyieldsareductionof Co=CoO core-
shell particlesto pure metallic particlesthroughthe ligand shell remaving somecarbonfrom
theligands.However, sincethe C-K spectroscopicespons&loesnot changesigni cantly, it is
likely that only the CoO shellis reducedandthe chemisorbedigand COOH -groupdocking
to the particle surface (mediatedby an oxygenatom)is cracled producingwater while the
carbotyl-group of theligandsremaingpartially stable.

After thereductionof CoO throughtheligandshellthe samplehasbeenexposedo anoxy-
genplasma(100 W, 7-10 Pa, 20 min) resultingin a completeremoval of the ligandshell by
chemicalreactionof thelong-chainligandsto organicgasesge.g. CO, CO,, andwater These
gasescanbe easilypumpedaway yielding ligand-freenanoparticlesThe O plasmaexposure,
however, alsoresultsin fully oxidizedCo30, particles[116]. Hence,anotherH plasmatreat-
ment(100W, 5-10Pa, 30 min) of the specimerwasnecessaryo prepardigand-free metallic
ConanoparticlesThe nal XAS spectrdor Co, O, andC arealsoshowvn in Fig 4.10indicated
by H=0=H plasma.The Co spectrums clearly dominatedby the metallicresponseshaving
only a slight shoulderin the onsetof the L3 edge.Employing referencespectrafor Co and
Co0 [91] it canbe concludeahatan equialentof lessthanone monolayerCoO remains.A
longerH plasmaexposuretime would reducethe remainingCoO. The oxygenspectrumre-
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Figure 4.10.: XAS spectrashaving the evolution of the successie hydrogenandoxygenplasmaexpo-
surefor Co-L3:2, O-K, andC-K edgesrespectiely. Thedetailsaredescribedn thetext.
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vealsa sharpenegeakat 530eV whichis assignedo the slightly transformedsSiO , substrate
surface.Thelack of any C-K XAS signalprovesthattheligandscouldberemoredcompletely
The smallinversestructureat the C-K edgeis dueto a slight contaminatiorof carbonof the
x-ray mirrorsin the monochromatoandthe gold grid measuringhe incomingintensity (I o).
Thustheintensitycannot be perfectlyscaledby the | o-monitor.

The spectroscopieneasurementsave shavn thatthe H=0=H plasmaexposureresultsin
ligand-freemetallic Co particles.However, from XAS alone,no informationcanbe achieved
aboutchange=f the shapeof the particlesand the samplemorphology Aggregation or sin-
tering of particlesmay take placewhenthe protectve ligandsare removed. To quantify the
possiblechangesn the particlemorphologylithographicallymarked substrateave beenused
to nd theidenticalparticlesbeforeandafter the successie plasmatreatmentin Figure4.11
the effect of the differentplasmatreatmentss presentedThe as-deposite€ 0=CoO particles
surroundeddy ligandsareshavn in Figure4.11 (a) usinga low concentratiorof particleson
the substrateFigure4.11(b) shavs the morphologyafter the plasmatreatmentwithout the li-
gands.Oneshouldnotethatthe samplehadto betransferredn ambientconditionsbeforethe
post-plasm&EM imagewastaken. Thus,the particlesare oxidizedat the surface.Eachdark
spotrepresenta singlenanoparticleComparingthe particlearraybeforeandafterthe plasma
exposureone canconcludethatall nanoparticlesemainisolated,evenif the distanceis small
betweerthe particles.lt is obviousfrom Figure4.11thatthe particlesdo not move duringthe
plasmaexposurewhich yieldsthe possibility of the removal of the ligandswithout particleag-
glomeration.Using high-resolutionSEM the sizesof single particlescanbe evaluatedbefore

(a) (b)

Figure 4.11.: SEM imagesof the 9 nm particlesof theinitial state(a) andafter successie oxygenand
hydrogenplasmaexposure(b). Lithographicallymarked Si:B substratesvereusedto nd theidentical
sampleareabeforeandafterthe plasmaexposure.
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4. StructuralandMorphologicalCharacterization

and after the plasmatreatmentWithin the errorbar (1 nm) the diameterof the Co=CoO
particlesdoesnot changefor identicalparticles.Thus,mostprobablyalsoligand-freeparticles
form a coreprotectve CoO shellwith atypical thicknesof a few nanometers.

Well-separatedontaminant-fre€ o particlescanbe preparedy the plasmaexposureup to
acoveragecloseto onecompletelylled monolayerFigure4.12(a) representsuchaarrange-
mentof particles.9 nm Co=CoO particleswerelet to self-assemblby the dropletevaporation
methodfrom toluenebasedsolutiononto a native Si(001) substrateThe coverageis homoge-
neousover areasof several mn¥. About 85% of the total sampleareais coveredfrom which
XAS/XMCD spectraweretaken. At a rst glance,it is obvious that around7% of the total
numberof particlesare biggerthanthe majority of all particles.Thesebigger particleshave
not beenobsened beforethe plasmaexposure.To quantify changesn diametera size dis-
tribution is evaluatedby meansof SEM imaging. The log-normal t to the size histogramin
Figure4.12(b) revealsa mostprobablediameterof 9.4 nm anda full width at half maximum
of 3.9 nm. The contrilution from larger particlesto the histogramis not aslarge asthe visual
inspectionsuggestsComparedo the pre-plasmasize distribution of the 9 nm Co=CoO par
ticles shavn in Figure 4.1 the most probablediameterremainsconstantwithin the error bar.
Oneshouldnotethat SEM imaginghasa uncertaintyin the sizeevaluationof 1 nm.Thesize
distribution, however, clearly increasesrom a FWHM of 2.7 nm (14%)to 3.9 nm (19%) af-
ter the H=0=H reactve plasmaetchingandadditionaloxidation afterthe XAS experiments.
The particle centerto-centerdistanced.. = 12.6 nm (not shavn) thatis slightly smallerthan

0.15F . :
N =620
drrrp =94 nm

N
/‘ -

(b) %

o
[
o

fraction f(d)

80 nm J
0.00 L

4 6 8 1IO 1I2 14 16 18
diameter d (nm)

Figure4.12.:(a) SEMimageof the sampleinspectedy XAS/XMCD (Figure4.10 afterthesuccessie
H=0=H plasmaexposure.About 7% of the particlesappeararger thanthe majority of particles.(b)
guanti esthesizedistribution of plasmatreatedparticles.A mostprobablediameterof 9.4 nmis found
by log-normal tting.
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4.3. PostDepositionManipulation

dec = 13.0nm suggestedy TEM imagingshowvn in Figure4.7. The difference however, lies
within the error bar of the SEM apparatusFromthe resultsabore it canbe concludedhatin
caseof coverageaup to onemonolayerthe particlesin contactto the substratelo not move or
agglomeratdoy the exposureto the free radicals.lt seemsrobablethat larger particlesgron
by a smallamountof particlesin a secondayerduringthe oxygenplasmaexposure sincethe
ligandshellwereremovedfrom initially agglomeratiomprotectedCo=CoO particles.Oncethe
shellis removedtouchingparticlesarefreeto sinterforming particlesof largerdiameter

Whenmoreparticlesaredepositedntothesubstratehey cannotremainisolatedperpendic-
ularto the substratef theligandshellis removed. Thus,oneexpectsthe formationof particles
in contactto eachother- exhibiting exchangenteraction- normalto the sampleplane.To see
the effects of exchangeinteractionmore easily the concentratiorhasbeenchosenso that an
arrayof Co particleswith a coverageof 1.7 particlelayersis formedover macroscopi@areas
(mn?). Then,the ligand shell hasbeenremoved andthe CoO shell hasbeentransformedo
metallic Co by the oxygen/lydrogenplasmaexposureyielding an array of metallic particles
partially in contactto eachother The position of the particleswas imagedatfter the plasma
treatmenby meansof SEM andAtomic ForceMicroscopy (AFM) at mary differentpositions
onthesampleln Figure4.13(a) a characteristiSEM imageof the quasitwo-dimensionahr-
ray of 9 nm Co particlesis shavn. Approximately30% of the total samplearea(8 4 mm?)
is coveredby a singlelayerwhile 70%is coveredby two layersof nanoparticlesNowherea
third layeror three-dimensionagglomeratearedetectecby AFM or SEM. Eachsmallbright
spotrepresents single nanoparticle Areasof typically 100 m? are coveredby one mono-
layer. Doublelayerregionscover about70% of the whole substraterea,surroundinghe one

200 nm 50 nm

Figure4.13.:SEMimagesf the9 nm Co=Co0 particlesaftertheplasmaexposure Theinitial coverage
of the substratas not uniform. Singlelayerregionsareencasedy areasof two layersof particles(a).
Image(b) shavs a highermagni cation of thedoublelayerregion. For detailsseetext.
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4. StructuralandMorphologicalCharacterization

monolayeregions.The lling factorof theparticlesin the rst is layeris 35%. The particlesin
thetop layer have a larger averagediameterof about14 nm which corresponds$o a vetimes
largervolumeandis theresultof the plasmatreatmentisdiscussedbelow.

Theexistenceof thebottomlayerof smallparticlesunderlyingthetop layeris provenby the
high-resolutiorSEMimagein Figure4.13(b). Thearravs indicatesomebottomlayer particles
in thedoublelayerregion. The sizedistribution of the monolayerregionsrevealsno signi cant
changeof thediameterof the particles.In thedoublelayerregion no propersizehistogramcan
be given, sincemostparticlesare partially coveredby the top layer. However, by comparison
of thea few bottomlayer particlesin the doublelayerregionswith the onesin the singlelayer
regionsit is evidentthatthe sizesandshape®f the particlesin the rst layeraresimilar.

The AFM imagingcon rms theseresults.Figure4.14representsa typical AFM imagewith
two singleandonedoublelayerregions.Below the AFM imagethe calibratedheightvariation
alongtheline scanindicatedby thewhite line in theimageis shavn. Theerrorbarof theheight
determinations 1 nm. In the singlelayerregionsthe AFM detectsaroughnessf lessthanl.5

Height (nm)

o

Figure 4.14.:AFM imageof theinitially 9 nm Co=CoO particlesafterthe plasmaexposure.Thelower

panelshovs aline scanaccordingheline in the AFM image.Thebottomlayerappearsearly at while
in thetop layerparticlesof largerdiameterarevisible. Theline scanshawvs the heightvariationbetween

bottomandtop layer. Detailsaredescribedn thetext.
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4.3. PostDepositionManipulation

nm. Notethata standardsi tips with atip radiusof 30 nm have beenused.Thus,thetip cannot
properlydetectthe heightvariationbetweenthe particles.In the line scandiagramnearly at
regions(singlelayer) aresetto zero,sothatthe heightdifferencebetweerthe bottomandthe
top layeris visualized.Thebiggerparticlesin thetop layerappea® nm higherthanthe bottom
layer particles.Taking into accountthe lling factorof 30% of the particlesin the rst layer
onecanconcludethat particlesin thetop layer partly Il the spacebetweenthe bottomlayer
particles.Thus,we assumen section6.2 sphericaparticlesof 14 nm diameterforming thetop
layer for micromagneticsimulations.From SEM and AFM imagingno directinformationon
thesizeof the contactareaof bottomandtop layerparticlescouldbe achieved.

Finally, onehasto discusschange®f the particlediameterby the plasmaexposure Dueto
the strongly differentlattice constantf fcc Co (a = 0.354nm) and paramagneti€€ o0 (a =
0.426nm) oneexpectsa shrinkingparticlediameterin the puremetallic state.Usingthe CoO
shellthicknesoftcoo = 2:5nmthatis determinedy TEM, asimplegeometricatonsideration
usingdco=coo = deore + 2 tcoo = 9.5nmrevealsa mostprobableparticlediameterdc, after
plasmareductionof

ac 1=3
deo = dgore+ d%o=CoO dgore ac—o = 81 nm: (4-2)

o0

Here,dco=coo IS theinitial particlediameterandd.e is the Co corediameter Onemay note
that this simple consideratiorhas not beendirectly proven by microscoly techniguessince
the plasmareductionchambercould not be attachedo the SEM or TEM apparatusThe post-
plasmaSEM characterizatiopresentedn Figure4.12yields a mostprobablediameterthatis
identicalcomparedo theinitial diameterdeterminedy TEM. Thereademay remembethat
thefreemetallicparticleswereexposedo air beforethe SEMimaging.This experimental nd-
ing suggestshat(i) theoxidationproces®f freemetallicparticless similarto ligand-stabilized
particlesand (i) no lossof Co atomstakes placeduring the reactve plasmaetching.These
simple considerationdecomeimportantwithin the interpretationof the magneticresponse
especiallyin termsof micromagneticimulationg(section6.2).

In summarythe successie oxygenandhydrogenplasmaexposureis found very ef cient
to preparemetallic Co particlesfree of ligandson Si(001) substratesThe morphologicalin-
vestigationsbefore(TEM) andafter (SEM, AFM) suggesthatno lossof Co atomstakesplace
duringthe plasmaexposure Below a coverageof onemonolayerthe particlesremainisolated
andkeeptheir positionon the substrateBy the depositionof morethanonemonolayerSEM
andAFM imagesshawv thata doublelayer structureis formedafter plasmatreatmentinterest-
ingly, the particlesin the top layer have a ve timeslarger volumeindicatingthat a sintering
or agglomeratiortake placeduring the plasmaexposure Particlesin the singlelayer regions,
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4. StructuralandMorphologicalCharacterization

whicharein contactto the substratego notagglomerater sinter Onecanconcludefrom these
resultsthat the mobility of particlesin the secondlayer is higherthanthoseof the particles

touchingthe substrate.
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5. Magnetic Properties of Co/CoO
Core-Shell Nanoparticle Systems

Themagnetisnof Co=CoO nanopatrticleshavsavarietyof interestingphenomena-erromag-
neticblockingwhich stabilizesa distinctmagnetizatiordirectionin agiventime window below
acertaintemperaturdy is causedy the magnitudeof the magneticanisotroy enegy (MAE)
comparedo the thermalenepy. Sincethe anisotroly of the orbital magneticmomentis di-
rectly connectedo the MAE detailedinformationof the orbital magnetisnin the nanopatrticles
is highly desired Moreover, the situationin Co=CoO particlesbecomesvenmoreinteresting
sincein this systemferromagnetic/antiferromagnetexchangecouplingis present.The cou-
pling is the origin of a unidirectionalexchangeanisotroly UEA (exchangebias)andgoverns
theusuallyobseneduniaxialanisotroly of nanoparticlesoo. In this chaptethesemechanisms
areaddressedAt rst, thediscussiorfocusse®nthe magnetisnof individual particles After-
wards,the magnetostaticoupling of theseparticlesis discussedn termsof a eld induced
anisotroly employing magnetophoretideposition.

5.1. Individual Magnetic Proper ties

Startingfrom the blockingtemperaturdz asa generalparametefor stablemagnetizatiordi-

rectionof nanoparticles agiventime window this sectionconcentratesn the basicquantities
like MAE andtheratio of orbital-to-spinmagnetionoment | = s. Theg-factoris anintrinsic
magneticquantitywhichis adirectmeasuref | = s.Usingfrequeng-dependenEMR mea-
surementghe g-factor can be determinedwith high accurayg. Besidesthe FMR experiments
theratio of orbital-to-spinmagnetionomentis independentlyneasuredby XMCD. Moreover,

the frequeng-dependenFMR vyields information on the Gilbert dampingparameteiG. The
temperaturelependencef the magneticanisotroy enegy densityof 9 nm Co=CoO particles
is determinedvith asimpli ed modelalreadyintroducedn section2.1 Magneticaging,which
heremeansthe slov growth of the CoO shell of the individual particleswith time in ambi-
ent conditionsis investicatedby both by frequeng-dependenEMR and by element-speci ¢

91



5. MagneticPropertieof Co/CoOCore-ShellNanoparticleSystems

hysteresidoopsusingthe XMCD signal.Finally, the UEA in aCo=CoO nanopatrticless inves-
tigated.

5.1.1. Magnetic Blocking of Particles

The blockingtemperaturdlg indicatesthe temperatureat which the thermalenegy becomes
sufcient to reversethe magnetizatiordirectionover the enegy barrierEg of a systemwith
uniaxialsymmetryin a certaintime window (usuallygiven by thetype of experiment).In this
casetheenegy barrierEg is givenby the MAE for non-interactingdeal spheresBesideshe
MAE of asingleparticlemagnetostatimteractiondetweemeighboringparticlesmayhave to
betakeninto accountThedipole-dipoleinteractingenegy E 44 entersequationl.16[130]:
_ Eg _ KV + Ey
o ksT kg T
Accordingly, wheninterparticleinteractionscannotbe neglectedthe enegy barrierincreases.

In (5.1)

Themaximumdipolarinteractionenegy (parallelalignmentof magnetionoments)f two par
ticles canbe calculatedoy Eqq=ks = ( o p)?=4 od.ks [76]. p de nesthetotal moment
of aparticle.For 9 nm (11 nm) Co=CoO particleskE 4q=ks is foundabout30K (120K). Thus,
magnetostatiinteractionscannotbe neglected.In this estimateonly the volume of the ferro-
magnetiacoreof 5 nm (7 nm)wasusedassuminghebulk magnetionomentof 1:7 g/atomand
parallelalignmentof all atomarmagneticnomentsorming a giantspinlocatedat the particle
center The centerto-centerdistanced.. is 13nm (16 nm)for 9 nm (11 nm) particles Whenthe
blockingtemperaturés measuredhe effective anisotroy enegy densityconstanK ' could
be calculatedree of interactionsOneshouldpoint out thatthis simplemodelneglectsary in-

uence of the CoO shellwhich is antiferromagnetibelov Ty = 293K. Sincethe exchange
couplingattheferromagnetic/antiferromagnetiaterfaceenhanceshe coercvity andthusalso
the MAE [42,59] of a Co=Co0 patrticlethis simplemodelis misleading.Moreover, the CoO
shellis stabilizingthe magnetizatiorof a particleathighertemperaturethanit canbe expected
from the MAE of aferromagneticorealone.

An estimateof blocking temperaturesf fcc multiply twinned, pure metallic particlescan
be givenusingtheanisotroy constanK ¢ = 1:5 10* J/n? found by micromagnetisimula-
tionsof hysteresidoopsafterplasmaransformationDetailson thesimulationscanbefoundin
section6.2 Fromequation5.1 the expectedblockingtemperatureanbe calculatedby setting
In( =) = 30thataccountdor thetime window of a SQUID magnetometrgxperiment.Fur-
therthe calculateddipolarenegy givenabove entersequations. 1 Usingtheseassumptionshe
expectedblockingtemperaturesf magnetostaticallgoupledCo particlecoresof 5 nm (7 nm)
isfoundtobeTg = 6 K (17 K).
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Figure 5.1.: ZFC/FC magnetizationprocessas a function of temperaturefor the nominally 9 nm
Co0=Co0 particles.(a) shawvs the temperaturelependencef approximatelyl00 layersof particleson
a native Si(001)substrateA eld of 5 mT hasbeenapplied.In (b) the identicalexperimenthasbeen
performedfor onemonolayerof particles.The measuringeld hadto beincreasedor sufcient signal
strengthto 30 mT. Both measurementshov identical positionsof the ZFC maximumatT  150K.
Accordingto thevolumesizedistribution y = 0.38one nds a meanblockingtemperaturé g :mean
85K.

In Figure5.1 the zero- eld cooled(ZFC/FC)magnetizatiorprocessof the 9 nm Co=CoO
particlesis presentedsa function of temperaturefor both,a sampleconsistingof about100
layersof particlesanda singlelayer of particles,the ZFC maximumis foundatT  150K.
Using the volume size distribution = 0.38 of the particlesone nds the meanblocking
temperaturdeingTs.mean 85 K. Both experimentshave beenperformedwith the magnetic

eld appliedin the Im plane.Onemay notethatthe magnitudeof the magnetiaresponsef a
singlelayeris only slightly largerthanthe detectionlimit of themagnetometendicatedby the
large errorbars.However, the blocking effectis clearlyvisible. The origin of the paramagnetic
contribution attemperature§ 20K in Figure5.1 (a) is assignedo paramagneti€o salts
presengfterthe synthesisBy carefulwashingof the particlesolutionthesecontaminantsvere
eliminatedfor furtherinvestications.Figure5.2 shavs theZFC/FCmagnetizatioproces®f 11
nmand13nm Co=CoO0 particlesasafunctionof temperaturén amagneticeld of B = 5mT.
The maximaof the ZFC measurementare found at T 290K and 270K for the 11 nm
and13 nm Co=CoO particles.The meanblockingtemperaturd g .mean = 167K (184K) has
beenestimatedrom the volumesizedistributions y = 0:36 (0.24)for the 11 nm (13 nm)
Co0=Co0 patrticles.Interestingin theseexperimentsis the fact that the irreversibility point of
the ZFC/FCmeasurementarefound slightly lower but very closeto Néeltemperaturdy of
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Figure 5.2.: ZFC/FCmagnetizatiorprocesgor nominally 11 nmand13 nm Co=CoO particlesassem-
bliesasafunctionof temperaturelnterestinglytheZFC maximumatT 290K of the 11 nm patrticles
is found at highertemperatureshanthe oneof the 13 nm particles(T  270K). The meanblocking
temperaturdhasbeenestimatedrom the volumedistribution y = 0:36 (0.24)t0 Tg:mean = 167K
(184K) for the11 nm (13 nm) particles.

the antiferromagneCo0. Thus,it seemdikely that the CoO shell determineghe blocking
temperatureof the largestparticles.Above Ty theredoesnot exist ary additionalstabilizing
mechanisnof themagnetizatiorof asingleparticleandthe MAE of thecorealonecannotform
a stabledirectionof magnetizatiorasdiscusse@bove.

The irreversibility point of ZFC/FC measurementat about150 K of the 9 nm particles
is found stronglyreducedcomparedo the larger particles.At this temperaturd-C hysteresis
loopsshawv a vanishingexchangebias eld asshavn below. This nding is attributedto the
superparamagnetisaf the CoO shellabove 150K. Moreover, the magnetianoment(Am?) of
theferromagneenterghe estimationof theexchangebias eld in equationl.20 Themagnetic
momentof a5 nmCo corein a9.5nm Co=CoO particleis morethantwo timessmallerthanin
thecaseof a7 nm Co corein 11 nm particlesdueto thedifferencen thenumberof coreatoms.
The limited rangeof sizes,however, doesnot allow to quantify the agumentsgiven above.
Fromequationl.13o0neis temptedto separatehe volumeK V andsurfacecontritution K S of
theeffective anisotroy enegy densityconstank ¢'f = KV + gK S. Onemaynotethatdipolar
interactionshave to be includedby equation5.1 K ¢ fV is determinedo 217 meV/particle,
421 meV/particle,and 449 meV/particlefor the 9 nm, 11 nm, and13 nm Co=CoO patrticles,

94



5.1. Individual MagneticProperties

respectrely. Equation1.13 doesnot take into accountexchangeinteractionbetweenthe core
andthe shell of the particles.On the otherhand,the discussiorabove hasshavn thatthe CoO
determinesheblockingtemperaturd@g . Consequentlythe estimateof K S andtheveri cation
of the6/d-law fails. Only in the caseof puremetallicparticlesequationl.13canbeapplied.

In summarythe ZFC/FCmagnetizatiorexperimentsof differentsizedparticlessuggesthat
the antiferromagneti€€ 00O shell mainly de nes the blocking temperatureof Co=CoO patrti-
cles. The superparamagnetisin the CoO shell may reducethe blocking temperaturavhile
magnetostatilmteractiondbetweerthe particlesincreasehe enegy barrier

5.1.2. Orbital Contrib ution to the Total Magnetic Moment

The FMR and XMCD experimentsfor the g-factor andthe ratio of orbital-to-spinmagnetic
momentdeterminatiorarepresentedn thefollowing. Frequeng-dependenEMR experiments
allow the accuratedeterminatiorof the g-factorthatis a direct measureof the ratio of orbital-

to-spinmagneticmomentvia = s = (g 2)=2. FMR only detectsthe metallic core of

the Co=CoO particles.Core-lerel spectroscopies the total electronyield modelike XAS

and XMCD have a much smallerprobing depthallowing the measurementf the magnetic
responsef both,the Co coreandthe CoO shell. Theratio of orbital-to-spinmagnetiaonoment
is investigatedin remanencandin externalmagneticelds atvarioustemperature€specially
the coupling mechanismbetweenthe core and the shell of the particlesis addressedn this

section.

Frequenc y-dependent FMR: g-factor Determination

Ensemble®f magnetimanoparticlesvhichaddup10'® 10" magnetianomentsanbemea-
suredby FMR, evenwhenthe linewidth of the absorptionspectrumis on the orderof several
hundrednT. As anexample,Figure5.3(a) shavs experimentaFMR absorptiorspectr&or pa-
rallel (pc) andnormalcon guration (nc) with respecto the sampleplaneat threedifferentfre-
guenciesatroomtemperatureAt 9.8 GHz Si(001) substratesvith a native SiO , surfacelayer
andat higherfrequencie$35.7 GHz and69.7 GHz) low-resistvity mangnin(CugsM nioNi;)
substrate®iave beenusedbecausef technicalreasonsThe differentsubstratefiadno in u-
enceontheresonanceeld andthusontheg-factordeterminationA 5 | dropof toluene-based
highly-concentrated1 nm Co=CoO particlesolutionhasbeendried onthe substrategh ambi-
entconditions.As aresult,40-50layersof nanoparticlehave beendepositecbn the substrate.
Theasymmetryat 35.7GHz and69.7GHzis dueto the positioningof thesamplewhichis very
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critical ( mm) in the usedsetup.Differentintensitiesoccur sincethe waveguide systemsat
35.7GHz and69.7 GHz aredifferentfor pc andnc con gurations.Thesetechnicaldifferences
donothave ary in uence onthedeterminatiorof theresonanceeld. At 9.8 GHzthesamples
not saturatecandthusthe samplemagnetizatiorchangesluringthe eld scan.Theline shape
canbeexplainedby a superparamagnetinagnetizatiorfM (H)), asdiscussedbelow.
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Figure 5.3.: (a) FMR/EPRabsorptionspectrafor threedifferentmicrovave frequenciedor pc (solid)
andnc (dashedfon gurationsatroomtemperature(b) Experimentalesonanceelds B g andBes?

asafunction of the microvave frequeny at T = 300K. Theresonanceelds B es:.cor COrrectedor the
effective magnetizatiorarealsoshawvn (seetext for details). The errorbarsaresmallerthanthe symbol
size.The gure hasbeenadaptedrom [95].
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Theresonancepectravere tted by a Lorentzianline pro le for all measurementandthe
pc and nc resonanceelds canbe determinedwithin an error bar of 3 mT. The lower reso-
nanceeld is alwaysfoundin the pccon gurationasshavn in Figure5.3(b). It is smallerthan
the paramagneticesonanceeld (! = ), which shaws that thereexists an additionalintrinsic
magnetic eld dueto an effective magnetizatiorM ¢ ¢ . The easyaxesof M is parallelto
the Im plane.Using equations2.11and2.12 M ¢ canbe calculatedby an iterative proce-
dureallowing a slight variation of the g-factor(g = —;) startingfrom the fcc bulk Co value
g = 2:16. This calculationhasbeenperformedfor 35.7 GHz and69.7 GHz only, shawing an
fMes = 67  11mT. f is the volumetric lling factorthat accountsfor the discontinuous
mediumof nanoparticlesAt 9.8 GHz additionalinformation aboutthe magnetizatiorat the
resonanceositionis neededSQUID magnetometrpf the identicalsampleshaved the mag-
netizationM (B,es) = 0:94M ;s atresonanceUsingthe correctedvalueof f Mgs at9.8 GHz
and67 11mT for higherfrequencie®necancalculatethe correctedesonanceeld B es:cor
thatdoesnot dependon M s arymore.In this case the g-factorhasbeendeterminedoy the
paramagneticesonanceondition~! = g gByes.cor- IN Figure5.3 (b) the experimentalreso-
nanceelds for pcandnccon gurations(B, cs; andByes» ) andBes.cor areplottedasafunction
of themicrovavefrequeny = ! =2 .Alineart of thethreefrequenciesndtheoriginyields
ag-factorof 221250 0:015 whichliesvery closeto thebulk valueof fcc Co(g = 2:16). Within
thegivenerrorbarthe sameg-factoris obtainedn parallelgeometrywhenusingtheferromag-
neticresonanceonditionwhichrequiresaquadratict accordingequatiorn?2.11 However, if the
sampleis not saturatedat the resonanceosition,the methodusedhereis favorablesinceeach
frequeng canbe correctedseparatelyThe quadratict averageddirectly over f M« which
only holdsfor saturateddamplesatall frequenciesisedin the experiments.

The g-factor determinationaccordingequation2.11 for parallel con guration and equa-
tion 2.12 for perpendicularcon guration has also beenperformedon the 11 nm Co=CoO
nanoparticleon a secondindependentlypreparedsampleon mangnin substratesWhile in
the experimentsshavn in Figure 5.3 the particleswere depositedon the substratéawo weeks
afterthechemicalkynthesighesamplanvestigatedin Figure5.4hasbeenprepared ve months
laterfrom theconcentratedolution.Thesolutionhasbeenkepttightly closedn ambientcondi-
tions.TheFMR experimentavereperformedatsevenfrequenciebetweerD.82GHzand79.34
GHz. The experimentakpectradisplayedn the upperpanelsof Figure5.4 weretakenthreeto
serenweeksafterthe samplepreparatiorwherea nearlystableeffective magnetizatiorf M ¢
hasbeenobsenedasdiscussedbelow in termsof nanoparticleaging.

Figure5.4(a) shavs achoiceof spectrdor paralleland(b) for perpendiculacon gurations.
Thelower panelsrepresenthe squarednicrowvave frequeng (a) andthe microwvave frequeng
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Figure5.4.:FMR spectraof the11 nm Co/CoOparticlesasafunctionof microwave frequeng for paral-
lel (left) andnormalcon guration (right) at roomtemperaturdupperpanels) For clarity, only the FMR
spectraof threefrequencieareshavn. Thelower panelsshav the microvave frequeny dependencas
afunctionof theresonanceelds for parallel(a) andperpendiculatb) geometry Thelinesin thelower
panelsare ts accordingto equations®2.11and2.12The gure hasbeenadaptedrom [60].

(b) asfunctionsof the resonanceelds B,esj andB,es> , respectrely. The solid lines are ts
accordingthe equation2.11 (a) andequation2.12 (b). In the parallelcon guration a deviation
from linearbehaior is revealedwhich directly proofsthe presencef internalanisotroy elds.
Fromthe quadratict usingequation2.11the g-factorfor the 11 nm Co=CoO particleshas
beendeterminedo be2:13 0:01andaneffective magnetizatiorof f Mg = 55 14 mT was
found.Theeffective magnetizatior M ¢+ is dueto themeasuremenh aapplied eld in FMR.
The particleensemblas superparamagnetat T = 300K. Theanalysisof theresonanceelds
in perpendiculageometryyieldsg = 2:13 0:02, shaving theisotropicbehaior.

Both, the g-factor determinationtwo weeksand ve monthsafter the chemicalsynthesis
coincidewithin the error bar The averagedg-factoris foundto be 2:.14  0:.02 The effective
magnetizatiorf M+ is foundto beremarkablyreducedoy 18%from67 11mTto55 14
mT. Thus,a further oxidation of the particlesin the solutionis evident. It shouldbe pointed
out that the direct ts to equations2.11 and 2.12 demandsaturatedsamples Apart from a
paramagnetislopesaturationof the 11 nm Co=CoO is achieved around0.8 T asmeasured
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by SQUID magnetometrySinceour FMR setupdetectsonly the ferromagnetigart of each
particle(which mightbein uencedby the CoOshell),andCoO cannotbe detectedn termsof
antiferromagneticesonanceéhe mostreliableresultsarefoundat high microwave frequencies
wherethe resonanceelds are large. In this specialcase,FMR experimentsabore 25 GHz
(Bres 0:8T)fulll thedemandf asaturateddampleTheuseof thefrequeng rangeof 25-80
GHz applyingsinglefrequeng analysisof equation®2.11and2.12revealsa g-factorof 2:14
0:01andf Mg¢ = 40 9 mT. As aresult,the error bar of the g-factordeterminatiorreduces
to the uncertaintieof the resonanceeld determination( B=B 10 #) andthe statistical
errorof thefrequeng-dependenmeasurementdecreased.hus,it is obviousthatwhenhighest
accuray is neededthe low-frequeny FMR measurementmust be correctedfor saturation
values.e. g. measuredy SQUID magnetometryAlternatively, only FMR experimentscanbe
employedfor ag-factoranalysiswhich shav resonanceelds largerthanthe saturationeld of
thesample.

Finally, one hasto considerthe possiblein uence of CoO on the FMR experiments As
pointedoutin thedescriptiorof theFMR techniqugsection2.1) thesamplingdepthof anFMR
experimentis much larger than the diameterof the Co=CoO patrticles.Thereforethe whole
particlewill beprobed.Thesignalof the oxidelayeris expectedo be rathersmall,sinceCoO
in thebulk ordersantiferromagneticallyhich—in caseof aperfectantiparallellignmentof the
adjacentmagneticmoments- doesnot producea resonancabsorptionin the usedfrequeng
range.Antiferromagneticresonancas typically obsered at frequencies 100GHz. The
only possiblesignal could arisefrom uncompensatethomentswithin the oxide layer which
occurdueto the sphericalshapeof the particlesandthe multi-grain structurein the shell. As
bulk CoO hasa Néeltemperaturef Ty = 293K, a furtherreductionof the expectedsignal
resultsfrom thefactthattheoxidic layeris paramagnetiatambientemperatureOnly thespins
in contacto themetalliccorecouldpossiblybeorderedThereforethestrongestontrikution of
theoxidelayerto themagnetizatioomay be expectedo arisefrom momentdocateddirectly at
theinterfaceof themetalliccoreto theoxidelayer. Following Hund's rulesfree Co?* -ionshave
a3d’-con gurationandthusaspinquantummumberof S = 3=2 andanorbital quantunmumber
of L = 3 whichyieldsaverylarge = s = 1. In a quasi-cubicenvironment(sectionl.2),
however, the orbital moments partly quenchedExperimentallyalarge = s 0:6 hasbeen
obsened[131]. Thus,if the contrilutionto the FMR signaloriginatingfrom theinterfacespins
would belarge,anenhancearbital momentwould be expected Sincethis enhancemeris not
obsened,we concludethattheresponsevithin FMR mainly resultsfrom the metalliccore.

In summary frequeng-dependenEMR measurementseveal a g-factorof 2.145 0.015
which directly correspondsto a ratio of orbital-to-spin magneticmomentof =g =
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0:07  0:01for the 11 nm Co=CoO particles.Comparingthe measured/alueto the known
valuesfor hcpCobulk of | = s = 0:09o0necomedo theconclusiorthatthe Co particlesmost
likely have anfcc structure(bulk: | = s = 0:08) resultingin areductionof orbital magnetism
dueto thecubicervironment.The effective magnetizatioi Mg+ hasbeenfoundto decrease
by 18% within 5 monthsbetweennanoparticlesynthesisand samplepreparatiorwhich sug-
gestsaslow growth of the CoO shellin the solutionwhile keptin ambientconditions.

Temperature- and Field-dependent XMCD: | = g Determination

To getfurtherinsightinto the orbital magnetismandthe couplingmechanismsat the interface,
the FMR resultsarecomplementedby XMCD investigationsatthe Co L 3., edgesEmploying
the XMCD sumrules,the orbital andthe spinmagneticnomentcanbe extractedseparatelyif
the sampleis saturatechindthe XAS spectracanbe splitinto metallicandoxidic contrikutions.
Whenthe dichroismin XAS is tiny, e. g. in caseof the remanenimagnetizatiorof Co=CoO
particles the datasetslo not allow a reasonabl@nalysisof separateanagneticmomentsThe

reliableoutcomeof suchanexperiments theratio of orbital-to-spinrmagnetianoment | = g”.

Oneshouldnotethat g” = g 7 7 accountdor the possiblecontrikution of the magnetic
dipolemomentdueto theaspherityof theelectroncloudsinvolved.Moreover, XAS in the TEY
detectionmodehasa limited samplingdepthof only a few nanometersiueto the exponential
decayof secondaryelectronsoriginateddeeperin the sample.Thus, the XAS signal of the
overlying CoO is expectedto belarge, while the XAS signalof the metallic coreis small. As
discusseearlier any magneticontrasthatarise§rom CoO canonly bedueto uncompensated
momentsandthe exchangecouplingto the ferromagneticcore. In the following a numberof
experimentsaredescribedvhich give aninsightinto the complex couplingmechanismsit the
Co=CoO interface.Two setsof experimentdhave beenaccomplishedFirstly, thedetermination
of = g” is presentedor 13 nm Co=CoO particlestreatedby Ar * ionsto remove chemical
residue.Theseexperimentsvereperformedn theremanenstateonly. After that,experiments
in external elds upto 2 T arepresentedor 9 nm particleswithout ary furthertreatmentThe
external eld resultsn amuchstrongedichroicsignal,sinceCo=CoO particlesaremagnetized
closeto their saturationmagnetizatiomallowing the examinationof particlesin their natve
state.The external eld allows a more preciseanalysisandthe qualitatve elaborationof the
XMCD signalfrom CoO. Moreover, from experimenton particleshaving differentCoO shell
thicknesse®ne nds quantitatve agreemenbetweenexperimentsanda simple modeltaking

into accountweightedcontritutionsto the measureKMCD signal.
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Experiments in the Remanent State of Magnetization

In the rst setof experimentsthe XMCD differencehasbeenrecordedasa function of angle
with respecto the substrategplaneandtemperaturefter Ar * ion etching.The particleshave
beendepositedby dropletevaporationon a cleanMo foil. In regardto Figure4.9it shouldbe
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Figure 5.5.:Majority (dotted)andminority (solid) XAS spectreof anarrayof 13nm Co=CoO patrticles
onaM o substratafterAr * -ion etching(3kV, 4 A, 135min) at170K andanangleof incidenceof 20
with respecto the substratgplane.For clarity, the XMCD differencespectrums magni ed by afactor
of 5.

pointedout that the non-etchedsamplerevealsthe typical line shapeof CoO. By successie
Ar * ion etchingthewhite line intensityhasbeenfoundcontinuouslydecreasingvhile theedge
jump increasesp to an etchingtime of 135 min afterwhich no furtherchangesn XAS have
beenobsened. The particlesbecomemore metallic indicating a partial removal of oxygen.
Noneof the spectrarevealsa puremetalliccharactealthoughthe branchingatio A ,=(A_, +

A.,) = 0.720f theisotropicspectrummatcheshe reportedvaluefor a bulk-like Co Im [89].
AngulardependenkKMCD differencespectrg20 -90 ) with respecto thesubstratglanewere
recordecton rming thein-planeeasyaxisof magnetizationNo perpendiculacomponentvas
found. The magnetizatiorof the array of particleshasbeenreversedby a 50 mT pulse.For
temperaturebetweenlO0K and200K a well-resolhved XMCD differencespectrumhasbeen
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obsered. Above andbelov thesetemperatureso signalis resolhed sinceeitherthe remanent
magnetizatiorvanisher the coercve eld is largerthanthe availableexternal eld (50 mT)
for magnetizatiorreversal.Figure 5.5 shows the polarizedXAS spectrafor 13 nm Co=CoO
particlestakenat 20 grazingincidenceandT = 170K afterion etching.At this temperature
the largestdichroic signalhasbeenobsened. Theratio of orbital-to-spinmagneticnomentis
foundtobe = &' = 0:24 0:06, thatis a 300% enhancementomparedo fcc bulk Co
(.= g” =0.08).Theratherlargeerrorbaris causedy thelow remanentnagnetizatiorof the
particlesandthe dif culty in averagingthe metallicandoxidic contribtutions.Within the error
barnotemperaturelependencef | = &' isevident.

In a secondseriesof experimentsan ensembleof approximately50 layersof the 13 nm
C0=Co0 particleshasbeendepositedrom toluene-basedolutiononto a cleanM o substrate
abouthalf a yearafter the nanoparticlesynthesisSimilar to the rst experimentsthe sample
hasbeenAr ™ ion etchedatanenegy of 3 kV for 135min. The Ar pressureavithin theion gun
wasadjustedo 0:5 1:0 10 2 Pa.After ion etchingtwo differentreversalmechanisméor the
magnetizatiorwereemployed: (i) Similar to the rst experimentshe samplehasbeencooled
to 135K, 150K, and180K in absenceof a magnetic eld, afterwhich the samplehasbeen
magnetizedy a50mT eld pulsedirectly beforethemajority andminority spectraveretaken.
(i) Thesamplehasbeenthermallydemagnetizetb T = 330K > Tg and eld cooledin 50mT
to 26 K, 135K, 150K, and180K. The eld coolingresultsin alargerremanentnagnetization
of the sampledueto exchangebiasshifting of the hysteresidoop (Figure 1.4). Two examples
will bediscussedn the following which presenthe largestXMCD differencesignals:(i) the
measuremerdat T = 150K for pulsereversaland(ii) the XMCD spectrumfor FC procedures
at 26 K. Figure5.6 shavs the resultingXMCD spectrafor the two methodsof magnetization
reversal. Pulsereversal provokes a dichroismof 15% at the L3 peakposition while the FC
procedurerevealsan enhancedXMCD differenceof 24% with respectto the isotropic XAS
spectrumThedichroic signalshave beencorrectedor the degreeof circular polarizationand
theangleof incidence For comparisorof theorbital contritution to thetotal magnetionoment
theXMCD differencespectraverenormalizedontoeachother Thespectroscopitine shape®f
theisotropicspectranotshavn) areidenticalin thewhole spectrarangefor bothexperiments.
The dichroismat the L; peakpositionis a measureof the magnetizatiorof the sample[112]
andthustheratio of therelative dichroicsignalsM ;em:r c =M em;puise = 1:60 canbe compared
to SQUID magnetometry

Hysteresidoopsof theas-deposite@articlesshav thatmethod(i) reaches remanenmag-
netizationof 32%by a eld pulseof 50 mT comparedo the magnetizatiorvalueat4 T (Fig-
ure 1.4) whichis the normalizationpointin thefollowing. Onemay notethatthe external eld
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Figure5.6.:XMCD differencespectraof Ar * ion etchedl3 nm Co=CoO particles.Two reversalmech-
anismsof the magnetizatiorwereemployed: pulsereversal(50 mT) after ZFC of the sampleto 150K

andFC at 50 mT to 26 K from a thermally demagnetizedtateat an angle of incidenceof 30 with

respecto the substratglane.For comparisorthe XMCD differencespectraverenormalizedontoeach
otherattheL, peakposition.Theratiosof the orbital-to-spinmagnetiaonomentaregivenin the gure.

of 4 T is far above theirreversibility point of the hysteresigut the saturatiormagnetizations
notreachedMethod(ii) shavs aremanentmagnetizatiorof 50%of M(4T). Theratio of rema-
nentmagnetization$/; em:e c=Mrempuise = 1:561s in goodagreemento the ratio determined
by XMCD. Two consequencearisefrom this nding: (i) Ar* ion etchingdoesnot dramat-
ically changethe remanentmagnetizatiorof an array of Co=CoO nanoparticlesand (ii) the
eld cooling procesananifeststself in an 60% enhancedemanenimagnetizatiorcompared
to the pulsereversalthat enhanceshe XMCD differencesignal. Thus,the analysisof the ra-
tio of orbital-to-spinmagnetionomentfrom XMCD differencespectrabecomesnorereliable.
Minor loopingof themagnetizatiorusinga eld lowerthantheirreversibility point(  400mT
at 150K for ZFC) includesthe possibility that the remanenmagnetizatiorafter pulserever-
salandthe at leastthreespectrataken per magnetizatiordirectionare not identical. Although
extremecarehasbeentakenfor identicalconditionsthe statisticalerrorof theratio of orbital-to-
spinmagneticmomentincreasedor the pulsereversalof the magnetizationWhenthe sample
hasbeencooledin ade ned eld of 50 mT from athermallydemagnetizedtatethe nal state
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of remanenmagnetizations morereproducible.

Theratio of orbital-to-spinmagneticmnomentevaluatedfor both approachess discussedn
the following. Figure 5.6 presentghe strongesiXMCD responsédor both, (i) pulsereversalat
150K and(ii) FCreversalatthelowesttemperaturd =26 K thatcouldbereachedMethod(i)
allows the XMCD signaldetectionin thetemperaturénterval 135K - 180K ipping themag-
netizationby a 50 mT pulse.The ratio of orbital-to-spinmagneticmomentis determinedo

L= g” = 0:17 0:.05 No temperaturedependencéasbeenfound. Method (ii) yields a

L= g” = 0:13 0:04in thetemperatureange26 K - 150K. At 180K, however, anincrease
of theratioto | = g” = 0:18 0:05hasbeenobsered. The spectroscopitine shapeof the
FC dichroismshaws a slightly smallerpeakintensityat the L3 resonancé€A_ ,) while theL,
intensitiesare setto coincide.The enegy shift of the L3 peakpositionof 0.2 eV with respect
to the pulsereversalsignalis not fully understoodyet. Beamshifts canbe excludedsincethe
L, edgest ontoeachother The point densityof the XMCD differencespectrashawn in Fig-
ure5.6is 0.15eV. The shift consistbasicallyof only oneexperimentalpoint. Hence,it cannot

bedecidedf theshift hasa physicalorigin or is dueto technicalreasons.

In summarythetwo independengetsof experimentsemploying pulsedmnagnetizatiomever
salshav astronglyenhancedatio of orbital-to-spirmagnetionomentof | = g” = 0:24 0.06
and0:17 0:05comparedo thebulk fcc Co valueof 0.08.Within thelarge errorbarsthetwo
experimentoincide. | = gff is foundtemperature-independentthetemperatureangel00
K - 200K. Thereversalof the magnetizatiorfrom a thermally demagnetizedtateresultsin
anenhancedemanentnagnetizatiordueto the exchangebiasedhysteresisThis phenomenon
directly revealsa strongermagneticdichroismand consequenthya smallerstatisticalerror in
the | = gff evaluation.Moreover, whenthe sampleis cooledfrom a demagnetizedtatein a
de ned magneticeld to low temperatureghe resultingmagnetizatiorstatewill be morere-
produciblethan eld pulsingreversalatsmallexternal elds (B = 50 mT)actingon minorloops
only. TheFC magnetizatiomeversalshavs antemperature-independent = g” = 0:13 004
betweer26 K and150K. Above 150K the exchangebiasvanishegcompareto section5.1.3
and both magnetizatiorreversal proceduresare identical. At 180 K both methodsshav a

o' = 017 0:18 005 It is noticeablethat the FC procedureshaws a decreasef

L= g” for temperaturesvherea loop shift by exchangebiasis presentThe large statistical
errors,however, do not provide an unambiguougproof of the experimental ndings. Fromthe
experimentalresultof a changingratio of orbital-to-spinmagneticmomentat the temperature
whereexchangebiasingof hysteresidoopsvanishesonemay arguethatthe exchangenterac-
tion attheinterfaceCo=CoO produceshis effect.

FCresultsin a partialalignmentof the magneticnomentsalongthe eld directiondepend-

104



5.1. Individual MagneticProperties

ing on the local magnetocrystallin@nisotroly of the single grainsof both, the coreandthe
shellandtheir interactionat the interface.Below 150K the exchangebiasaddsan additional
aligning eld to thespin-andtheorbitalmomentsSincetheanisotroly of theorbitalmoments
coupledto the magnetocrystallinanisotropy it seemsorvincing thatthe spinmomentcanbe
moreeasilyalignedby the FC procedureEnhancedpinmomentsalongthe FC directionwould
directlyrevealareductionof | = ‘;” asobseredin theexperimentsFor FC abore 150K and
ZFCthereis notary additional eld componenpresensinceeithertheantiferromagneticore
grainsaresuperparamagnet{€C) or the exchangenteractionat the interfacefavors isotropi-
cally distributedadditional eld componentsvhich averageoutin the experimentsin this case
the particles nd their magnetic'groundstate”.In a simplepicture,onemay concludethatthe
FC proceduras comparableo the measuremernit alocally applied eld while in ZFC there
is no preferentialdirectionof this eld. It is well known [42,59]from exchangebiasinvestica-
tionsthatbiasedCo=CoO patrticlesrevealalargersquarenesis hysteresidoopsindicatingthe
differenceof FC andZFC measurement@-igure1.4).

Experiments in External Magnetic Fields

In generalabig advantagefor XMCD investigationsis the possibilityto applya magneticeld
duringthe spectraacquisition A low remanenmagnetizatioroftenmakesit dif cult to extract
guantitatve informationfrom XMCD differencespectraExternal elds increasdahe obsered
dichroismresultingin smallerstatisticalerrors.Fromelement-speci chysteresidoopsonecan
adjustthe external elds to excludeminor loop effects. Suchexperimentsarediscussedn the
following. All experimentspresentedvere measuredn a single layer of particlessimilar to
theoneshavn in Figure4.12 The measurementsereperformedoeforeary plasmaexposure.
Only two daysafter the chemicalsynthesisthe 9 nm Co=CoO particleswere depositedon
native Si(001) by dropletevaporation After aboutone hour preparatiortime the samplewas
transferrednto the UHV chambemndexaminedin theas-depositedtate.

Theupperpanelof Figure5.7 shavs thespin-polarizedXAS andtheresultingXMCD spec-
trumtakenatnormalincidencejn external elds of B= 1T, andT = 15K. The XAS spectra
exhibit a mixture of Co and CoO responsesThe multiplet structureof CoO is clearly visi-
ble. The contritutionsfrom Co atomsin metallicandoxidic ervironmentscanbe deducedy
Monte-Carlosimulationg94,124]. Thediscussiorof theresultsof the simulationss presented
belav in moredetail. Here,the descriptionof the experimental ndings is continued The max-
imum dichroicdifferences 22% of theisotropicspectrumandthusabout3.5timeslargerthan
the XMCD differencetaken in remanencgFigure 5.6). The ratio of orbital-to-spinmagnetic

momentis | = g” = 0:14 0:03 supportingthe valueobtainedfor FC remanenceletection.
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Figure 5.7.: Theupperpanelshavs the XAS andXMCD spectraof 9 nm Co=CoO particlesdeposited
asa singlelayeron native Si(001). The spectrawere measuredat normalincidencein external elds
of B = 1T paralleland antiparallelto the x-ray propagtion direction. Multiplet peaksfrom CoO
are clearly visible. A well-resohed XMCD differenceis obsenred. The lower panelshows the eld
dependencef the maximumL 3 dichroismthatis proportionalto the magnetizationTheloop hasbeen
normalizedto M(2T). The element-speci chysteresidoop revealsa coercitve eld of oHc = 0:15T
anda closingof the hysteresisatabout0.7 T. Thehigh eld susceptibilityis discussedh thetext.

From the hysteresidoop in the lower panelof Figure 5.7 it is olbvious thatthe XMCD was
nottakenonaminorloop. Themajorhysteresisoop closesatabout0.7 T. Thecoercve eld is
foundtobe oHc = 0:15T. At high elds alinearslopeof 22%/ T is obseredwhich coincides
within 2%to themoreprecisebut time consumingneasuremerdf the XMCD atexternal elds
of 1 T (Figureb5.7), 1.5T, and2 T (not shavn). Additional experimentsat T = 250K reveal
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B=0T

Figure 5.8.: Schematic®f the magnetiomomentsof the ferromagneticore,theinterface,andthe anti-
ferromagneticshellatB = 0T (a)andB = 2T (b). Thecoreis representethy a single-domaingiant
spin.In (a) thedirectionof the magnetionomentsattheinterfacearedeterminedy localinternal elds
producedby the coreandthe shell. Antiferromagnetiograinsin the shellarerandomlyorienteddueto
the zero- eld cooling (Figure5.7). In anexternal eld (b) theinterfacemomentspartially rotatein the
directionof the external eld.

a superparamagnetiMCD magnetizatioras expectedfrom ZFC/FC measurementa/hich
shaveda blockingtemperaturdz.nean 85K andanirreversibility point of Tj, 150K.
Thenormalizednagnetizatiomsafunctionof theexternal eld (normalizatiorpoint2 T) shaws
a high eld slopeof 15%/ T thatre ects anreductionby 7% / T comparedo the hysteresis
loopatT = 15K. TheXMCD analysisyields (= &' = 0:17 0:03atnormalincidenceusing
areversal eld of B= 1 T. This nding re ects oncemore a possiblechangeof | = g”
above thetemperaturevherethe exchangebiasvanishegcompareo the XMCD investigations
in remanenceletectionmodepresentedbove). Thelinear slopeat large external elds is due
to the eld-dependenpartialalignmentof uncompensate@o?* magnetianomentsFigure5.8
re ectsthesituation.At B = 0 T theuncompensateshomentattheinterfaceorientin directions
givenby theinteractionwith local elds producedy the Co coreandthe CoO shellgrains.At
B =2 T theexternal eld partially rotatesthe uncompensateshterfacemomentsn the direc-
tion of theexternal eld. Thus,the XMCD differencesignalincreasesThe proofthatinterface
momentanainly producethe slopeof the hysteresidoop will begivenbelow. Firstly, thefocus
is setto the spectroscopishapeof the XMCD difference.

The upperpanelof Figure5.9 shavs two XMCD differencespectra.The solid line repre-
sentsthe dichroismof the as-deposite® nm Co=CoO particle from Figure 5.7. The dotted
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Figure5.9.: Theupperpanelshavsthe XMCD differencespectrunof the9 nm Co=CoO particlesfrom
Figure5.7andthe XMCD differencefrom metallicparticlesafterplasma-assiste@moval of theligands
andthe reductionof Co oxides.Thetwo XMCD differencespectrawere scaledonto eachotherby a
singlefactor The insetshavs a magni cation of the L3 dichroic signal. The lower panelpresentghe
differenceof thetwo XMCD spectradrom the upperpanel. A complicatednagneticsignaturds found.
The insetshavs a calculatedXMCD spectrumof magneticallyorderedCo?* ions in an octahedral
potential(10D 4 = 1 eV) usingabinitio methodsThe calculatedspectrumis takenfrom [132] andsign-
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reversedo accountor thedifferentde nition of the XMCD differencen thereference.
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line shavs the XMCD differencespectrumof purely metallic particlesafter plasmatransfor

mation. The XAS spectraweretaken atidenticalgeometryatB = 1.25T. At this eld the
particlesexhibit their saturationrmagnetizationBoth spectrawere scaledby a singlefactorto

t theinterpeakregionsonto eachother This procedureaccountdor the differencein the ab-
solutedichroismsdueto CoO overlayerswhich dampthe XMCD signalfrom the metalliccore
underneathTheinsetpresentsa magni cation of the Lz dichroicsignal. The XMCD signalof
the Co=CoO nanoparticleshavs a shift of the maximumdichroicresponsdy 0.3 eV towards
higherenegies. At the maximumL3; XMCD of the metallic spectrumthe Co=CoO nanopar
ticle spectrumshaws a slight shoulder Fromthis nding andthe factthatthe XMCDs in the
interpeakregion (782 eV -788 eV) areequalto eachother onecanconcludethatthe XMCD

responseof Co=CoO patrticlesis a compositionof both, a pure metallic spectrumand some
additionalcomponenfrom Co in a non-metallicervironment.

To clarify the natureof thisnon-metallicXMCD it is helpfulto extractthisinformationfrom
thetotal XMCD differencespectrumThelower panelof Figure5.9shavsthesimpledifference
of the two spectrain the upperpanel.A complicatedXMCD differenceincluding zerocross-
ingsin theLs andL, edgesbecomewisible. Theinsetpresentsa calculatedXMCD spectrum
for magneticallyorderedCo?* ionsin an octahedralpotentialusing ab initio methods.The
spectrumhasbeenadaptedrom vanderLaanandThole[132] andsign-reversedo accountor
differentde nitions of XMCD. TheextractedexperimentaXMCD differenceresemblancethe
calculatedspectrumAll extremain the experimentalspectrumarealsopredictedfrom theory
for Co?* ionsin anoctahedraknvironment.Calculationsneglectingthe exchangesplitting or
the cross-eer to a sphericalpotentialresultsin completelydifferentXMCD lineshape$132].
Co?* ionsin anoctahedraénvironmentarepresentn theshellof the Co=CoO particles Thus,
thisresultssuggesthattheorigin of the oxidic XMCD is the CoOshell. Moreover, the XMCD
of CoO hasits largestcontrikution to the XMCD parallelto the metallicdichroism.Thus,the
magneticmomentsof the metallic and the uncompensatedxidic interface contritutions are
parallel.

In conclusionjt hasbeenfoundthatthe XMCD spectrumof Co=CoO patrticlesconsistof
bothmetallicandoxidic contritutions.Theenhancemenh theratio of orbital-to-spinmagnetic
momentoriginate from the parallelalignmentof the metallic core magneticmomentsand a
small additional contritution by Co?* ionsin an octahedrakrvironmentfrom CoO aligned
parallelto the coremagnetionoment.Co?* ionscarryalarge magnetionomentof about4 g
andshov alarge (= &' = 0:6 [6,24]. Thus,anenhancedatio = &' is expectedin the

experimentyTablel.5).
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Local Coupling of CoOto Co

The experimental ndings above clearly reveal the existence of a CoO XMCD signal
in Co=Co0O nanopatrticlesGenerally antiferromagneticCoO doesnot shov arny XMCD
diffefencesignal sinceadjacentplanesof Co?* ions cancelout the dichroismof eachsingle
plane.For thin layers(shells)of CoO, however, severalorigins of the existenceof anantiferro-
magneticXMCD responséave to take into account:(i) anodd numberof Co?* planesin the
antiferromagnef(jii) uncompensateghomentsattheferromagnetic/antiferromagneiitterface,
and(iii) non-collineatTmomentsdueto the grainstructureof the CoO shell.

Simulations[124] of the experimentalXAS spectrausingweightedcontributionsfrom Co
and CoO thin Im referencedata[91] taking into accountthe depthinformationpro le de-
scribedin chapter2 shawv thatthe CoO shellthicknesss aboutl.0 0.2nmin the experiments
shawvn in Figure5.7. The shellis found to be thinnerthanthe one obseredin TEM investi-
gations(chapterd), sincethe particleswereexaminedonly two daysafter chemicalsynthesis.
Moreover, only aboutone hour after depositionon Si(001) substrateshe samplehasbeen
transferrednto the UHV chamberin all otherinvestigationsthetime window afterpreparation
anddepositionis usuallylarger allowing a further oxidation.A long terminvestigation of the
developmentbf theCoO with timeis presentedh chapters.1.6 In asecondsetof experiments,
investigationsof the nominally 9 nm particleswere repeatedaboutsix monthafter the parti-
cle synthesisAdditionally, the particleswerekeptfor threedaysin ambientconditions.In this
casethe CoO shellthicknesshasbeenfoundto be2.5 0.4nm.In thefollowing thesetwo sets
of measurementwill be comparedo give aninsightinto the couplingmechanism®f the Co
coreandthe CoO shell.

Figure5.10(a) and(b) presenthe experimentalXAS white linesandthe XMCD difference
signalof the 9 nm Co=CoO particleswith differentshell thicknessesBoth experimentshave
beenconductedat T = 15K, normalincidenceandof B = 1 T. The XAS of bothexperiments
clearlyrevealsthe CoO multiplet structure The pointsshav thelinearcombinationof Co and
CoO referencespectrg91] with a metallic contrikution of 55% (a) and 10% (b) assuggested
by the simulationsof the core/shelresponsef the particles(Figure 2.5). Thelinearcombina-
tions ngylectthe attenuatiorof the metallic contribution by the oxidic overlayer The electrons
generatedn the core have to passthe CoO shellin which they are partially absorbedThus,
the expectedmetalspectrumis slightly corvolutedby the inverseXAS of CoO. However, this
effect is neglectedin the following. The simplelinear combination ts the interpeakandthe
post-edgeegionsperfectly Moreover, therelatve peakintensitiesof the CoO multiplet peaks
arereproducedTheabsolutepeakheightsdonot t perfectlydueto themodulationof detected
electronsas mentionedabove. Also, the XAS of a nanoparticlds not necessarilydenticalto
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Figure 5.10.: ExperimentalXAS white lines and XMCD differencesignals(solid lines) for the 9 nm
Co0=Co0 particlesfor shellthicknesse®f tcoo = 1.0 0:2 nm (a)andtcoo = 225 0:4 nm(b) at
T =15K and ipping elds of 1T. Thepointsrepresenthelinearcombinationof Co andCoO XAS
thin Ims referencespectrd91] neglectingthevariationof the metallicCo XAS signalby theoverlying
Co0 shell.Bestagreemenis foundfor metalliccontributionsof 55% (a) and10% (b). (c) and(d) shawv
the metallic contributionsin the XAS and XMCD of (a) and (b), respectiely. The XAS and XMCD
spectraof metallic Co particlesafter plasmatreatmentare usedas a metallic referenceThe XAS and
XMCD signalsof theCo?* ionsin theshellareshavn in (e) and(f).
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the superpositiorof referencespectra.The XMCD signal decrease$or a thicker CoO shell
from 20% (tcoo = 1 nm) to about6% for the 2.5 nm CoO shell. This canbe understoodn
termsof dampingof themetallicXAS signalsby thegrowth of the CoO shell. Additionally, the
oxidationstronglyreduceghe numberof metallic Co atomsfrom 15600to 5300for anideal
sphericabparticle.As discusse@bore in moredetail,the XMCD signalof Co=CoO consistof
ametallicXMCD anda smalloxidic XMCD producedoy Co?* ions. The metallicandoxidic
contritutionsto the experimentalXAS andXMCD arealsoshawvn in Figure5.10(c)-(f).

The experimentalXAS and XMCD spectraof the plasmatreatedoxide-freeCo particles
are usedas representantsf the metallic contritution to the experimentalXAS and XMCD
spectra.The oxidic Co spectrashavn in Figure5.10 (e) and(f) for 45% (tcoo = 1 nm) and
90% (tcoo = 2.5nm)relative contrikbutions,respectiely, are calculatedrom the differencesof
experimentalC o=CoO andmetallic spectraAlthough the examinationof particleswith a 2.5
nm CoO shellhastwice asmuchCo?* ionsperparticlecomparedo the particlewith thel nm
CoO shell(seeTable5.1) the XMCD signalshrinksby a factorof two. This resultshawvs that
the Co®* XMCD cannotbe dueto uncompensate@o?* surfacemoments sincethe number
of surfaceionsslightly increasesor growing shellthicknessfrom 4300to 4900Co?* surface
ionsperparticle.Theincreaseof surfaceionsis dueto the growth of the particlesby oxidation.
Moreover, the densityof grainboundariesn the CoO shellshouldnot changeconsiderablyy
further oxidationfrom 1 nm to 2.5 nm shell thickness.Thus, the only possibleorigin of the
Co?* ion XMCD signalis the ferromagnetic/antiferromagnetiore-shelinterface.Dueto the
shrinkingcorediametemwith oxidationthe numberof interfaceCo?* ionsdecreasefor thicker
shellscon rming the experimental ndings.

To quantify the numberof interfacemomentsandthe consequencef®r XAS and XMCD
signalsa simplemodelis emplo/edwhichis describedn thefollowing. Table5.1 summarizes
the resultsof the modelling. TEM investigationsshov 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 experimentshe shellthicknesss only
aboutl nm. Dueto differentdensitiesof Co andCoO the particlediameters smallerthanfor
a 2.5nm shellwhile the numberof Co atomsis constantAccordingly, the particlediameterof
a Co=Co0 particlewith a 1 nm shellis 8.9 nm. The shell consistsof small grainsrandomly
orientedin spaceThus,at both, the interfaceto the core andthe surface,a mixture of Co?*
ionswith bulk-like atomicdistancedetweer0.301nmalong(111)and0.426nm along(001)
is expectedHere theinterfaceandsurfaceis de ned asasinglelayerwith averagedlistance®f
neighboringCo?* of 0.363nm. The numberof surfaceionsis 4300and4900for the particles
with a 1 nm and 2.5 nm shell, respectiely. The numberof Co?* planeswith respectto the
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particle centeris about2-3 layersfor 1 nm CoO and5-8 layersfor 2.5 nm CoO. As a rough
estimateit is assumedn the following that50% of the Co?* ionsareuncompensateeitherat
the surfaceor theinterface.In XAS the samplingdepthhasto be takeninto account.Surface
ionscontributetheirfull informationto theXAS. Thesimulation[124] of thesecondarglectron
escapealepthfor this systemsuggestshatat the interfacethe depthinformationis 85% (65%)
for thel nm (2.5nm) CoO shell. Themeancoreinformationin XAS is reducedo 78% (50%)
for thel nm (2.5nm) shell.Usingthesecorrectionfactorsthe attenuation-freequivalentof Co

atomsatdifferentsitesin thenanoparticleanbecalculatedOnemaynotethatthesecorrections
hold for the TEY modeonly. The equivalentnumberof Co?* ionsat theinterfaceis 2.6times
larger for the 1 nm shell thanfor the thicker shell. It hasalreadybeenproven thatthe signal
originatesat the interface. The Co** XMCD of the 1 nm shell particlesis abouttwo times
largerthanfor the particleswith thethicker shell. The modelquantitatvely predictsa 2.6times
larger Co?* ion XMCD for the particleswith the thinnershellwhich is in goodagreemento

the experimentakesultdespitethe simpli ed modelassumptions.

The correctednumberof atomscontrikuting to XAS and XMCD from CoO and Co can
alsobe usedfor the calculationof the expectedratio of the orbital-to-spinmagneticmoment
L= 27, Theweightedsumis:

?(00:000) - NI;IS\I:SNC §fo (CoO) + N|;st o gfo (Co) (5.2)
Here,N,, Ns, andN¢ arethe attenuation-freenumbersof atomscontritbuting to XMCD at
theinterface,the surface,andthe metallic core. Theratio of orbital-to-spinmagneticmoment
of Co* inCoO =" =0.61[6,24]and = &' = 0.08of bulk fcc Co [3] were taken
from literature.The expectedratio of orbital-to-spinmagneticmomentin the nanopatrticless

calculatedo | = &' =0.16(tcoo=1nm)and | = &' =0.33(tco0= 2.5nm)for surfaceCo?*

ion XMCD. If theCo?* ion XMCD is locatedattheinterfacethemodelpredicts | = &' =0.13
(tcoo=1nm)and = g” = 0.16(tcoo= 2.5nm). All parametersindresultsaresummarized

in Table5.1

Additionally, theresultsadaptedo the 13nm Co=CoO particlesarelistedin Table5.1 Sim-
ilar to the agumentsabove the calculatedratios of orbital-to-spinmagneticmomentdescribe
the experimental ndings bestfor uncompensateshomentdocatedat the core/sheliinterface.
Theratios | = g” for uncompensatesuriacemomentsaregenerallypredictedargerthanfor
uncompensatethterface moments.As a consequencef theseinvestigations,it canbe con-
cludedthatparallel alignmentof uncompensateshomentdn the antiferromagnetvith respect
to the metalcoreresultsin an effectively measure@gnhancedatio of orbital-to-spinmagnetic
moment.Antiparallelalignmentwould yield reducedvaluesof | = g” . Theresultswereob-

tainedusingmagnetidoulk propertieshatmayunderestimatéhe | = g” of themetalliccore,
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Table5.1.:Resultsof themodellingof theexperimentalXAS andXMCD signalsof thenominally9 nm

and13nm Co=CoO particles Basedonthe CoO shellthicknesgshenumberof Co coreandshellatoms
is calculated Additionally, the numbersof surfaceandinterfaceCo?* ionsaregiven. Thesenumbersof

atomscanbe correctedor compensationf Co?* momentsandthe samplingdepthof thetotal electron
yield detectionmode.The correctionsallow to calculatean expectedratio of orbital-to-spinmagnetic
momentby the weightedcontrikutions of Co in metallic and oxidic ervironment. The modelling is

describedn thetext.

Nominalnanoparticlediameter 9nm 9nm 13nm
CoO shellthickness tcoo =1.0nm | tcoo =2.5NM | tcoo =2.5nm
Total no. of atoms 25800 25800 82800
No. of Co coreatoms 15600 5300 34600
No. of Co?* shellions 10200 20500 48200
Particlediameter 8.9nm 9.5nm 13.6nm
No. of Co?* ionsatsurface 4300 4900 10400
No. of Co?* ionsatinterface 3100 1400 5200
Samplingdepthcorrected
No. of Co coreatoms 12200 2650 17300
Compensatioworrected
No. of Co?* ionsatsurface 2150 2550 5200
Samplingdepthandcompensation
correctedNo. of Co?* ionsatinterface 1300 500 1700
L= &7 of Co** XMCD atsurface 0.16 0.33 0.20
.= ¥ of Co?* XMCD atinterface 0.13 0.16 0.13

especiallyfor smallcorediametersLargermetal | = g” woulddirectlyleadto theexpectation

of highervaluesof | = Z” in the Co=CoO core-shellhanoparticle®r a reducedcontrikution

of uncompensate@o?* interfaceions.

XMCD versus FMR

TheXMCD experimentgenerallyrevealanenhancedatio of orbital-to-spinmagnetianoment
for nanoparticlesf differentsizesandshellthicknessedn thetemperatureéangel5K - 250K
the valuesof | = g” slightly vary but always remainenhancedcomparedto fcc bulk Co.
XMCD is very surfacesensitve andmeasuresghe inneratomicexcitationsinto unoccupiedd
statesby spin-polarizednvestigations. Thus, it is not surprisingthatthe small effect of Co?*

ionscouldbe detectedFMR experimentsat roomtemperaturen the otherhandsuggesh fcc
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bulk-like ratio of orbital-to-spinmagneticmoment.FMR hasa samplingdepthof more than
20nmattheresonanceositionin thecaseof ferromagnetienateriald95]. In theparamagnetic
statethe penetrationdepth of the microwvaves increasego several micronsfor metals[67].
Therefore the whole particleis examinedby FMR. The signalof the oxide layeris expected
to berathersmall,sinceCoO in the bulk shavs anantiferromagnetiorderingwhich—in case
of a perfectantiparallelalignmentof the spins— doesnot producea resonantabsorptionas
theresonancérequeng is at muchhigherenegies.The only possiblesignalcould arisefrom
frustratedspinswithin the oxide layer that occur dueto the sphericalshapeof the particles.
As bulk CoO hasa Néeltemperaturef Ty = 293K a further reductionof the FMR signal
resultsfrom the fact that the oxidic layer is in the antiferromagnetic/paramagneti@nsition
region which causesan extremely large linewidth. Only the spinsin contactto the metallic
corepossiblypresensomeordering.Therefore the strongestontribution of the oxide layerto
themagnetizations expectedo arisefrom spinslocateddirectly attheinterfaceof themetallic
coretotheoxidelayer If thecontributionto the FMR signaloriginatingfrom theinterfacespins
wouldbelarge,anenhancedrbitalmomentwould beexpected Sincethisenhancemertasnot
beenobsered,onecanconcludehattheresponsavithin FMR mainly resultsfrom themetallic
core.To theauthors bestknowledgea paramagnetisignalof CoO hasnever beenobsenedin
termsof paramagneticesonanceAntiferromagnetiacesonancat temperaturetower thanthe
Néeltemperatureannotbe detectedvith our experimentalset-up.At low temperaturefuture
frequeng-dependengxperimentamayshav thein uence of theoxide shellto 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 contrikution of the magneticmomenthasbeendiscussedn detail. The results
shav that the CoO shell strongly in uences the blocking temperatureand Co?* uncompen-
satedmomentsexist at the ferromagnet/antiferromagnéiterface. The magneticmomentsat
the interfaceare alignedparallelto the ferromagneticcore. In this sectionthe focusis setto
the exchangecoupling betweenCo coreand CoO shell which governsexchangeanisotrop.
A measureof the exchangeanisotropy is (i) the exchangebias eld and(ii) the differenceof
FC/ZFCcoercve elds.

For exchangebiasmeasurement$0t®* 104 Co=CoO particlesof all threebatcheswere
depositedntoSi(001) substrateby dropletevaporationThe samplesveretransferrednto the
cryostatsystemmmediatelyaftertheparticledepositionFigure1l.4shovs atypical experiment
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for the nominally 13 nm particles.Hysteresidoopsof an array of the Co/CoOpatrticleswere
measuredt 10 K both after ZFC andFC in anapplied eld of 5T from 350K to 10 K. The
magneticeld to measurghe hysteresidoop wasparallelto thatof thecooling eld. TheZFC
loop is symmetricalaboutthe origin while the FC loop is shifted oppositeto the cooling eld

direction. The value of the exchangebias eld oHe, = 0.4T at T = 10K indicatesa strong
unidirectionalexchangeanisotroy (UEA) in the sample.The interfaceexchangeenegy E

per unit area[55] for sphericalnanoparticlexan be calculatedfrom equation1.21 E =

0:68 mJ/n? is found at 10 K thatis smallerthanfor oxidizedCo Ims ( E = 3:5 mJ/n?
at 10 K) [55] in spite of very rough ferromagnetic/antiferromagnetioterfaces.The smaller
exchangeanisotroy for our nanoparticleganbedueto thethin AFM layer. The FC coercvity
is two timesincreased oHEC = oj(HF©  HS©)=2j =0.39T) in comparisorto the ZFC
case( oHEFC = j(HFFC  HZFC)=2j = 0.21T) wherethe UEA is randomlydistributed.H
andH, aremarkedin Figurel.4.

The exchangebias eld measuredas a function of temperatureduring heatingof the FC
sampleis shavn in Figure 5.11 for all three batchesof particles. (Hgg decreasewvery
stronglywith increasingtemperatureand completelyvanishesat 150K in the caseof 13 nm
particles.For 9 nm particlesthe exchangebias vanishesalreadyat T 100 K which in-
dicatesthat a smallerferromagneticcore (or smallerinterface area)at constantshell thick-
nessproducesa smallerexchangebias eld. Moreover, equationl1.21 predictsa decreasing
exchangeinteractionwith decreasingcore diameter Similar resultshave beenobsenred for
gas-phasereparedxidized Co nanoparticle$58,59,133].Fitting the experimentalresultsto
Heg = Heg(0K) 1 T=TAFM " of the 13 nm particlesin a temperatureangefrom 10 K
to 100K resultsin  gHgg(0OK) = 0.49T, Tg = 150K andn  3.2. A linear decreasef
the exchangebias eld hasbeenpredictedin the framavork of the random- eld model of
anisotroy [62] for cubic AFM crystals.The linear behaior (n = 1) of Hgg (T) hasbeen
obsered experimentallyin mary thin- Im systemg54,55]. In the caseof nanoparticlesor
polycrystallineantiferromagnetsvith a small grain size, the temperaturedegradationof the
exchangeenegy canbedescribedetterby themodelof thermalinstabilitiesof superparamag-
netismof small antiferromagnetigrains[63]. The strengthof the exchangebiasis therefore
determinedby the magneticblocking. This model explainsa decreasedemperatureat which
the exchangebiasvanisheqT4FM = 100-150K) for our systemsn comparisorwith a Néel
temperatureof bulk CoO (Ty = 293K). Futureinvestigationsof the exchangebias eld as
functionsof temperature@ndcooling eld arenecessaryo correlatethe power law coefcient
with theinterfaceareathesuperparamagnetisai antiferromagnetigrainsin theshell,andthe
volumeof theferromagneticore.
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Figure5.11.:Temperaturelependencef theexchangebias eld ogHgpg for thenominally9 nm,11nm,
and13 nm Co=CoO particlesdepositecn native Si(001)substratesAll samplesverecooledin anin-

planeapplied eld of B=5T from atemperatur@bove Ty = 293K of theantiferromagneti€ o0 shell
to 10 K. FC hysteresidoopsweretaken with increasingtemperatureThe solid line is a t according
Heg(T) = Heg(OK) 1 T=TAFM " with n=3.2andHgg (OK) = 0:49T.

More detailedinvestigationsfor the 13 nm particleshave beenpublishedelsevhere[42,60,
134]. For example,the ratio of remanent-to-saturatiomagnetizatiorM ;=M s is in uenced
by theexchangeanisotropy. At low temperaturegZFC hysteresidoopsshav smallvaluesof the
remanenmmagnetizationTheratioM,e=Ms at4 T is 0.17at5 K; it increasesvith increasing
temperaturereacheshe maximumvalueof 0.45at80 K anddecreasewith furtherincreasing
temperatureA similar behaiour of the ZFC magnetizatiorwas recentlyobsered in an as-
semblyof gas-phas@reparedxidizedCo particles[133]. For anassemblyof non-interacting
randomlyorientedparticlesM,e=Ms  0:5 is expectedfor uniaxial anisotroy and0.7 for
cubic four-fold anisotropy of the individual particle. For an array of interactingparticlesone
canexpectanincreaseM ., in comparisono the caseof non-interactingparticles.The 13
nm Co=CoO0 particleshave an approximatelyd nm ferromagnetidCo core.The particlesare
surroundedy a 2 nmthick organicmoleculegsurfactant)shell. Thus,the particlecoresare
separatettya 10nmthicklayerof non-ferromagnetimaterialsDipolarinteractionplaysno
signi cant role whenthe samples cooledin zero eld. The8 nm Co coreis ferromagnetiand
providesa local magneticeld to its CoO shellduring ZFC processlUnidirectionalexchange
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anisotropy is inducedin every particle.Due to the randomorientationof the easyaxesof the
particlemagnetizationgheexchangebiasaverage®out. No hysteresisoop shiftis obsered,but
the effective remanencef the nanoparticleassemblyesultingfrom a summationover shifted
hysteresidoopsof individual particlesis expectedo besmallerthanhalf of thesaturatiormag-
netization.In otherwords,in a ZFC sampleunidirectionalanisotroy is induceddueto local
magneticelds producedyy ferromagneticCo cores A decreasef thesymmetryof theparticle
anisotropy resultsin a decreas®f the ratio of the remanento the saturatiormagnetizationn
an assemblyof particles.With increasingtemperaturdghe unidirectionalanisotroy decreases
andtheremanenceapproachehkalf of thesaturatiormagnetizatiovaluetypical of anassembly
of nanopatrticlesvith uniaxialmagneticanisotrop.

5.1.4. Magnetic Anisotr opy

The magneticanisotroy of the individual particlesis the key parameterto understandhe
phenomenorof superparamagnetisof magneticnanoparticlesFrom FMR information on
the magneticanisotroy enepgy density can be achieved with eV resolution.However, the
extraction of the enegy barrierE, which preventsthe ipping of the magnetizatioris very
complicatedor interactingparticleswith randomlydistributedanisotroy axes.Especiallyfor
core-shellparticleslike Co=CoO shaving ferromagneticorderin the core and antiferromag-
neticorderin theshellbelow their orderingtemperaturethe determinatiorof thetemperature-
dependenanisotroy enegy densityis not directly possible On the otherhandin certaintem-
peraturentervals someconclusionanbedravn assumingavery simpli ed picture.

In orderto quantifytheanisotropy of 9 nm Co=CoO particlestemperature-dependefR
at 9.24 GHz wasmeasuredIn the upperpanelof Figure 5.12the temperaturelependencef
the resonanceelds B,es in parallelcon guration is shavn. A monotonousncreaseof B es
from about50 mT to 270mT is obsered. At T = 120K B,¢s(T) shawvs a kink above which
theresonanceeld increasestrongerwith temperatureAt around300K the resonanceeld
saturatesround270mT. Thecorrespondernneasuremenis normalcon guration(notshavn
here) exhibit a similar temperaturedependenceTlhe resonanceelds at temperaturedelov
150K coincidewithin theerrorbarof 10mT. At highertemperatureaslightdifferencebetween
parallel and normal con gurations hasbeenobsered on the order of 70 mT which can be
understoodn termsof aneffective magnetizatiorM ¢ of quasi2D superparamagnetparticle
ensemblegsection5.1.9.

To determinethe averageanisotroy eld B, of singlenanoparticleshe FMR relationfor
arbitraryanglesof the external eld with respecto the anisotroy axes(equation2.9) mustbe
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Figure 5.12.: Temperaturealependencef the resonanceelds B¢ for the 9 nm Co=CoO particlesin
parallelgeometrymeasuredt a microwave frequeng of 9.24GHz (upperpanel).In thelower panelthe
anisotroy enegy densityon a peratombasisis givenasdeducedrom themodeldescribedn chapter2.
The gure hasbeenadaptedrom [60].

used.In equation2.10the experimentalB,.s andthe gyromagnetiaatio! = (section5.1.2
enterthe resonanceondition. The anisotroy enegy E of a nanoparticlds givenby B, =

2 oEa= p with p beingthetotal particlemagnetianoment.Theresultof thisscalingis given
in thelower panelof Figure5.12normalizedo thenumberof atomsperparticlecontritbuting to
theFMR signal.StartingfromE, = 9 eV/atomatT = 40 K amonotonicdecreasés revealed
towardshighertemperaturesAt T = 300K E hasreachedavalueof 2 eV/atom.
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Strictly speakingthis evaluationis only valid aslong as (i) interactionsbetweenparticles
aresmall, (i) theCoO shelldoesnot changats magnetigpropertiesvith temperatureand(iii)
Tc Tg. The rst pointis nearlyful lled sincethe particle's dipolar interactionshasbeen
estimatedoeingon the orderof Egp=ks 23 K [135]. To accountfor the CoO shellthe rst
layerof CoO surroundinghe metallic Co corehasbeenincludedin the calculation.However,
ZFC/FChysteresidoopshave shavn thatbelon a eld coolingtemperaturef Tec =120- 150
K exchangebiasappearsde nitely changingthe magneticresponsef the metallic core(sec-
tion 5.1.3. This effect is not taken into accounthere.The magneticanisotropy of ligand-free
CoparticleswithoutaCoOshellisEx = 1.5 eV/atomat15K foundby micromagneticimu-
lations(chapter6.2). The6 timeslargeranisotroy of Co=CoO core-shelparticlesis attributed
to theexchangecouplingbetweerferromagneticC o coreandthe antiferromagneti€ o0 shell.

Furthermore,the comparisonto the anisotroy enepgy density of hcp Co which is
65 eV/atomin thebulk at T = 0 K shavs oncemorethatthe inner part of the particlesex-
hibits anfcc-like orderingof the Co atomsleadingto amuchsmallervalueof E 4.

5.1.5. Magnetization Dynamics

Magneticrelaxationandthe magnetizatiordynamicshave becomeanintensvely studiedsub-
jectin the last years.Both, the developmentof ultrafast (fs-ps) probing techniquesand the
demandof thedetailedunderstandin@f reversalmechanismsf the magnetizatiorior design-
ing fast-switchingdevices drives the ongoingresearchAs describedn chapter2 FMR is a
techniquethat probesthe precessiorof the magnetizatioraroundthe effective eld axisin a
time window of nanosecond@GHz frequeng). The relaxationof the samplemagnetizations
describedby the relaxationterm in the Landau-Lifshitz-Gilbertequation(eq. 2.3). From the
frequeny dependencef the peak-to-peakinewidth B, onecandistinguishbetweerdiffer-
entrelaxationmechanism$28,79]: (i) intrinsic relaxationdueto magnon-magnonr magnon-
phononinteractionand (ii) relaxationdue to magneticinhomogeneitiesn the nanomagnet.
Accordingly, the FMR linewidth By, canbe split up in a frequeng-dependentontritution
Bhom Whichis describedy equation2.3andaninhomogeneoubroadening Binnom

2
Bpp = Bhomt+ Binhom = p_é_! +  Binhom (5.3)

The rst term on the right handside is linear in frequeng while the secondis frequeng-
independentThus,bothcontribtutionscanbeextractedfrom amultifrequengy FMR experiment.

Figure5.13shavs thefrequeny dependencef thelinewidth B, of thenominallyllnm
Co0=Co0 particlesdepositedn mangninsubstrateThe FMR absorptiorspectravere tted by
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Figure 5.13.:Frequenyg dependencef the FMR linewidth of the 11 nm Co=CoO particlesin parallel
andnormalcon guration at 300 K. The particleensemblds superparamagnetimt magnetostatically
coupled.The solid line is alinear t to all datapoints. The inhomogeneousinewidth is Binhom =
242mT. Fromtheslopeof the t one nds theGilbertdampingparameteG = 1:6 GHz.

alLorentzianine shapevhichdoesnotperfectly t theexperimentalata. A Gaussiatine shape
tting, however, produceanuchlarger deviationsto the experiments Experimentsn parallel
andnormalcon gurationat T = 300K (superparamagnetishow clearlyalineardependence.
Within the errorbarthe evolution with frequeng doesnot dependon the measuringgeometry
This nding predictsanisotropicg-factor[28] of the array of particlessupportingthe results
discussedh section5.1.2 A singlelinear t of thelinewidth B, asafunctionof frequeng of
both,parallelandnormalcon guration,yield aninhomogeneoupartof thelinewidth 242 10
mT andaslopeof 2.36  0:11 mT/GHz.Fromthe slopethe dampingparameter = 0:063
0:003canbe calculatedUsingtherelationG = M one nds a Gilbert dampingparameter
of G = 1.6 GHz.Here,M is setto thebulk magnetizatiorof Co of 1.75T.

The inhomogeneougart of the linewidth  Bj,nom IS found strongly enhancecompared
to bulk fcc Co  Biphom = 7:2 mT [136] and Bjnom = 0:5 mT for a 10 monolayerfcc
Co Im sandwichedn Cu (20Au=10Cu=10C0=Cu(001)) [137]. Moreover, recentresultson
non-interactingd nm CoPt3; nanoparticle$138] examinedin theisotropicsuperparamagnetic
regimehave shavnthat Bjnhom  15MT. Thus,it seemaunlikely thatthe enormousncrease
of Bimom 1IN C0o=Co0 particlesis dueto the nite size of the particles.The experiments
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5. MagneticPropertieof Co/CoOCore-ShellNanoparticleSystems

were carriedout at room temperaturepnly a few Kelvin above the irreversibility point of the
ZFC/FCmagnetizatiorof the particleensembldTg  290K). The FMR linewidth ata phase
transitionfrom an orderedto disorderedstate(e. g. ferromagnetic/paramagnetic ferromag-
netic/superparamagnetishov an maximumaroundthe temperatureof the phasetransition.
Moreover, thesuperparamagnetismightbeanisotropicandthe particlesaremagnetostatically
coupled.Variationsof the easyaxesof magnetizationncrease Binnom atthistemperatureAt
highertemperaturetheisotropicsuperparamagnetiegimeis reachedndparticleinteractions
play aminorrole.In summaryfrom theinhomogeneoupartof the FMR linewidth onecannot
concludethat the particlesare magneticallyinhomogeneoud-requeng-dependenmeasure-
mentsat higherandlower temperatureandlargerinterparticledistanceareneededo exclude
theeffect of ananisotropicsuperparamagnetisaf magnetostatiiteractions.

The homogeneoupartof By, follows the linear law describedoy the Landau-Lifshitz-
Gilbertequation.The obsened dampingparametec = 1:6 GHz is muchlargerthanfor bulk
fcc Co (G = 0:1 GHz) [136] or a 10 monolayersandwichedCo Im (G = 0:3 GHz) [137].
Moreover, detailedinvestigationsof the switchingbehaior of single20 nm hcp Co patrticles
shav dampingparameter®f up to 1.3 GHz [139]. Besidesthe possibleincreaseof the FMR
linewidth by the inspectioncloseto the irreversibility point of ZFC/FC magnetizatiorof the
particleensemblepnemay concludefrom the experimentghatthe magnitudeof dampingde-
pendson the dimensionalityof the studiedsystem.Nanoparticleshav the largestrelaxation
ratewhile in ultrathin Ims agradualdecreasef G towardsthebulk is obsered. Thevariation
of Bnom by morethanoneorderof magnitudeis probablycausedy the differencesn the
spin structure.In ultrathin Ims surfacemomentsplay an importantrole while in nanoparti-
clesadditionallytheshapean uencesthespinorientationsNanoparticlesnayeasilyrelaxtheir
motion of magnetizatiorat imperfectly alignedmomentsat the surfaceor interfacewith re-
spectto thenanoparticleeore.Onemaynotethatfor Co=CoO particlesthe magnetizationmost
probablyrelaxes at the interface superparamagnetimore/paramagnetishell. However, a de-
tailedunderstandingf relaxationmechanismsanonly be achieved by temperature-dependent
measuremenitleasttwo microwave frequenciesn theferromagneti@andisotropicsuperpara-
magnetiaegimewhich hasnotbeenconductedyet.

5.1.6. Nanoparticle Aging
Most structuralandmagneticcharacterizatiotechniquesuchasTEM, SEM, FMR, or XMCD

demandhedepositionof thenanoparticle®n at substrated-or this purposeheparticlesolu-
tion wasputontheappropriatesubstrat@andthe organicsolventwaslet to evaporate After the
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evaporationthe samplesvere exposed(at leastfor a shorttime) to air. Thus,someadditional
oxidationmighttook placewith time whichis called"aging"in thefollowing.

The nanoparticleaginghasbeeninvestigatedby FMR over a periodof 18 months.Two in-
dependensamplesave beenexaminedby FMR at threedifferentmicrowvave frequenciesThe
samplesverekeptin air betweerthemeasurementgigure5.14shavstheeffective magnetiza

tionf M ¢ determinedrom FMR spectran parallelandperpendiculageometryasafunction
of time afterthe samplepreparatiorfrom concentratedpluene-based1 nm Co=CoO particle
solution. The spectrataken within 1-3 h after the samplepreparatiorreveal an effective mag-
netizationf Mg ¢+ of about110 mT found by measurementat threedifferentfrequenciesThe
errorbarof f M lies around20% indicatedby the barsin Figure5.14 Within the rst three
weeksaftersamplepreparatiora strongdecreasef f Mg+ t0 60-70mT is obsered. Thus,the
oxidationinitially proceedgjuite fast,and slows down at longertimes of air exposure(Fig-
ure5.14). Theg-factordeterminatiorpresentedh section5.1.2hasbeenconductedn this later
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Figure 5.14.; Effective Magnetizationf Mgs of the 11 nm Co=CoO particlesas a function of time

after the preparationof the samplesThe sampleswere keptin ambientconditions.f M ¢ hasbeen
determinedrom FMR spectraat parallelandperpendiculacon gurationsatthreedifferentfrequencies.
Theline is aguideto theeye. The gure hasbeenadaptedrom [60].
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5. MagneticPropertieof Co/CoOCore-ShellNanoparticleSystems

periodof time to excludein uencesof f M¢s ontheg-factoranalysis.Theline in Figure5.14
isaguideto theeye.

Theexperimentallydeterminedeffective magnetizatiorf M ¢ canbetranslatedo a metal-
lic Co corediameterusing several assumptionslt shouldbe emphasizedhatin principle an
FMR setupcandetecta resonancasignalof CoO which is paramagnetiat roomtemperature,
but, however, the signalis expectedmuchsmallerthanthe resonanceignal of ferromagneti-
cally coupledCo momentsn the coreof eachsuperparamagnetarticleasdiscussedn sec-
tion 5.1.2 Here,however, no hintsof aparamagneti€ 0O signalwerefound.Thus,f M ¢ can
be attributedto the metallic Co corealone.Usingthe crudeassumptiorof a bulk-like Co mag-
netizatiod M¢; = 1:75T of theCo coreasimplescalingof f Mg to thebulk valuesbecomes
possibleThevolumetric lling factorf canbecalculatedrom TEM imagesDirectly afterthe
samplepreparatiorthe lling factorof metallic Co wasfoundto decreaséromf = 6:4%to
f = 2.3%afterl8 months.Therelative scalingfactorf cannow betransformednto anequva-
lent Co corediameterof Co=CoO particlesby scalingto the standard/olumeof a nanoparticle
includingthe organicligands.

Assuminga densely-paadid (fcc) 3D superlatticeof particleswith the superlatticelling
factorFs, = 0:74 andthe averagecentefto-centerdistanced.. of 15.9 nm determinedoy
TEM of thenominally11 nm Co=CoO particlesonecalculateghe standardsolumeof asingle
particleto

Vs = ——d3. = 2844 nm*: (5.4)
6Fs.

Oneshouldnotethatthis calculationre ects the minimum standardsolumeof a singlepar
ticle. The superlatticelling factorFs. might be reducedby imperfectorderingor an excess
of ligandsin the sampleandthusthe standardvolume of a single particleincreasesBy sim-
ple multiplicationVs f oneobtainsthe volumefrom whichthe FMR signalis generatedThe
resultof this calculationis shavn in Figure5.15 Sphericalparticlesof identicaldiameterare
assumedhere.Directly afterthe samplepreparatiora Co corediameterof 7 nmis foundwhich
decreasegpidly to 6 nm afterthreeweeks.Afterwards,the Co corediameterdecreasesery
slowly with time. The formationof a well-passvating CoO shellis evident. One shouldnote
thatthe slow decreasafterthe fastcreationof a passvating CoO shellwithin the rst weeks
canbeexplainedby assuminga furtheroxidationof only a few atoms/dayasonehasto recall
thatthe whole numberof atomswithin a5 nm Co particlecoreis only on the orderof 6000.
18 monthsafter samplepreparatiorthe modelsuggests remainingCo corediameterof 5 nm
thatcorrespondso a CoO layerthicknessof 3.2 nm. Besideshe possiblesystematicerror of

Mt = 1:75T is equivalentto the bulk magnetizatiorof 1400kA/m. The corversionis dueto the crosseer
from oneSl systemB = o(H + M) toanotheB = oH + M [140].

124



5.1. Individual MagneticProperties

9.5 GHz

7F a 357 GHz A
= 69.8 GHz

»

Co core diameter (nm)
(6}

0 100 200 _ 300 _ 400 500
Days after preparation

Figure 5.15.: Effective Co core diameterof the 11 nm Co=CoO particlesasa function of time after
preparatiorof the samplefrom concentratedolution. The diameteris scaledfrom the effective magne-
tizationf M s usingthefcc bulk magnetizatiorof 1.75T. Theline is aguideto theeye. The gure has
beenadaptedrom [60].

thesuperlatticelling factorFs, theerrorbaris ontheorderof 0.5nmindicatedby thebarsin
Figure5.15 Theerroris mainly dueto thef Mg+ determinatiorby FMR experiments.

The HR-TEM EELS measurements Figure4.4 shav a CoO layerthicknessof 2-2.5nm
anda corediameterof 6.5-7.5nm. Theseparticleshave beeninvesticatedtwo weeksafterthe
depositionon the TEM grid. The further oxidationafterthe depositionon a substratas found
lessdramaticthanthef Mg ¢ scalingsuggestsProbablythe disagreemenis due an overesti-
mationof the superlatticelling factorFs, . Experimentadataof Fg, is not availablefor 3D
self-assembledtructuresnvestigatedby FMR. Neverthelesghe scalingof the effective mag-
netizationprovides the possibility of an indirect measuremendf the FMR "active" Co core
diameterby simpleFMR experimentsThe reliability of the methodusedhereis supportedy
thefactthatthemodel ts to the dataobtainedat differentmicrowave frequencies.
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5.2. Collective Phenomena

The magneticresponseof regular array of stripesconsistingof 11 nm Co=CoO particlesis
discussedn this section.As shavn in section4.2 the magnetophoreticepositiontechnique
canbe employed to form a regular array of stripeson a carbon-coateu grid (Figure 4.8).
Thisarrayof stripeshasbeeninvesticgatedby FMR at9.51GHzandT = 300K directly afterthe
particle deposition.Full azimuthaland polar angulardependencieweretaken. The resultsof
theseexperimentsareshavnin Figure5.16 For in-planemeasurementheazimuthalangle g
is measuredrom thedirectionparallelto the stripes.The polarangle g is measuredrom the
normalto the sampleplane.Thelowestresonanceeld foundatB,es = 0:233T is obseredin
the Im planeparallelto the stripes.It is smallerthanthe paramagneticesonanceeld ! = =
0:3085T, which shavs thatanintrinsic magneticeld dueto aneffective magnetizatiorM
is presentn thesample Theeasyaxisof magnetizations foundin the Im planeparallelto the
stripes.In the analysisof the obtainedangulardependenciesne hasto considerthreeorigins
of theanisotroy eld: (i) the shapeanisotroy dueto the stripestructure (i) con gurational
magneticanisotroy originatingfrom magnetostatiinteractionsbetweenparticleswithin the
fcc superlatticansidethe stripes,and (iii) the effective magneticanisotroy of the individual
particles.The latterincludesshapeyolume,andsurfacecontritutionsasdiscussedn the last
section.

In a rst step,it is assumedhatall anisotropiegproduceddy spin-orbitcouplingvanishdue
to the randomorientationof individual anisotroy axes.Consequentlyonly shapeanisotroy
is present.Moreover, the shapeof an individual particle is assumedo be spherical.In this
caseequation2.9readsfor = = 0 (normalcon guration andsufciently strongexternal
magneticeld to rotatethe magnetizationnto the directionof the external eld):

2
!_ = [Bres f (Nz Nx)Meff (Bres)] [Bres f (Nz Ny)Meff (Bres)] : (5-5)

Theanisotroy eld B, fromequatior2.9is herereplacedy theeffective magnetizatioM ¢+ ,

the volumetric lling factorf andthe demagnetizatiofiactorsN,; Ny; andN, alongthe axes

of an ellipsoid. The lling factorwithin the stripesis f = 0:31[127]. The demagnetization
factors(N, = 0:005 Ny = 0:095 andN, = 0:9) arecalculatecassumingan ellipsoidalshape
of the stripesin a rst approximation34]. The semiaxesof the ellipsoidarel, = 1000nm,

ly = 125nm,andl, = 20nm. Thesedimensiongorrespondo theaverageonesof thestripesas

determinedby TEM. It turnsout thatthe obsernedangulardependencef B,s( g; g) cannot
be describedy the shapeanisotroly of the stripesalone[127]. Othercontritutionsto thetotal

magneticanisotroy mustexist in theinvestigatedsample.
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Consequentlyan alternatve approachs usedto t the angulardependenciesf the FMR
resonanceeld which includesspin-orbit driven anisotropiesThe resonancecondition of a
homogeneouthin Im with cubicsymmetryandanadditionalin-planeuniaxialanisotropy that
includesthe smallin-planeshapeanisotroy (Ny; Ny << N, 1) is employedin the caseof
theazimuthalangulardependencef the FMR resonanceeld [141]:

I 2
= = Biest 2BXcosa B2 cos(2( w))

n

Bres+ Berf + BaX(2 si®(2 ) BZXcog( W) (5.6)

Resonancés obsened at the magnetic eld B,es which dependsn the equilibrium angleof
the magnetizatiorM (B) andthe angleof the external magnetic eld B with respectto the
axis of uniaxialin-planeanisotroy. B35 is an effective in-planeuniaxial anisotroy eld and
Bax is afourfold in-planeanisotroy eld. Theeffective anisotroy eld is de ned asBess =
( 2K,»=Mgs) + f Mg with the perpendiculaanisotroy enepgy K », , the volumetric lling
factorf of the stripesandthe bulk-like saturationmagnetizatiorM s of individual Co=CoO
nanoparticlesln Figure5.16(a) thebest t (solid line) to the experimentaldatais shavn. The
t accordingto equation5.6 yields B;‘r'ﬁ = 0T, Bgs = 0:127T, and B§r'§ = 0:037T. These
resultsyield thatarny cubic contritution is absentand only anin-planeuniaxial anisotroy is
present.

Figure5.16 (b) shavs the polar angulardependencef B,s whenthe externaldc eld is
rotatedin a planenormalto the Im planestartingparallelto thein-planeeasyaxis( g = 0).
NotethatB,es( g = 0) of Figure5.16(a)is identicalto B;es( g = 90) in Figure5.16 (b).
Theresonanceondition

|2
~ = [BresCO{ ) BerrCo42 )] BresCos( ) Bescod + B (5.7)

yields Bes = 0:13 T and B2 = (0:037T. Oncemore,an excellent t is obtainedwith the
identicalB 2% withoutthe needto includefourth-ordercontritutions. This uniaxialanisotroy is
theresultof shapeanisotropy of the stripesanda possiblealignmentof crystallineanisotroy
axesof theindividualcrystals B¢+ cannotbeexplainedby assuminga bulk-like magnetization
per particle(Ms = 1400kA/m = 1.75T) alone.The Co volumefractionf insidethe stripes
is about0.31 (12 nm diameterCo particlesorderedin fcc structurewith the nearest-neighbor
distanceof about16 nm) and the stripescover about40% of the substrateThis yields the
smallestpossibleaveragemagnetizatiof Mg = 0:222 T which is still larger than B+
obtainedfrom the FMR analysis.To explain the differenceonehasto includea perpendicular
anisotroy eld 2K ,, =M g and/orthe existenceof antiferromagneti€ o0 layersat the particle
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Figure 5.16.:Dependencef theresonanceeld B;es onthedirectionof the externalmagneticeld: (a)
in-planeangulardependenceg (measuredrom the stripe's longestaxis) and(b) out-of-planeangular
dependenceg (measuredrom the normalto the sample).The errorbaris on the orderof the symbol
size.Thefull linesare ts asdescribedn thetext. The gure hasbeenadaptedrom [127].

surfacewhich reducedM s. As discussedhroughouthis thesisthe CoO shellis presenin all
particles.

To gain furtherinsightsinto the origin of B¢+ remanentmagnetizatiormeasurementsave
beenperformedusing a home-hiilt HTS-SQJID magnetometem ambientconditions(not
shawvn). The detailsof the apparatushave beenpresentedn [142]. Before the SQUID mea-
surementhe samplewasmagnetizedat 1.3 T parallelto the stripes.The magneticstray eld

128



5.2. Collectve Phenomena

of the stripescanbe preciselysimulatedby emplgying the modelof an homogeneouslynag-
netized Im usingthe parametersampleareaandthicknessl, andthe unknavn magnetization
M parallelto thestripes[127]. Fromthe experimentonecanconcludethat rstly , anexcellent
agreemenbetweenexperimentaldataand theoreticalmodelis obsered. This nding shavs
thattheapproximatiorof a quasi-continuoukayerwith anaveragemagnetizations avery rea-
sonableassumptionin the FMR analysis.Secondlythe t yieldsthe remanenmagnetization
Mem = 0:059T. Thisis only 25%of thevalueonewould expectfor f = 0:124whenthenom-
inally 11 nm diameterparticlecarriesa bulk magnetionoment.f oneassumeshata spherical
outershell of 2 nm thicknesscarriesno net magneticmomentdueto CoO formation,there-
ducedmagnetizationis quantitatvely explained,sincethe volume of the inner metallic core
(7 nm diameter)is 29% of the volume of the shell. This estimateis obviously very crude,
sinceit doesnot take temperature-dependemagneticexcitationsand domainformationinto
account.Moreover, it is assumedhat remanentnd saturationmagnetizatiorare equal.With
the experimentalSQUID valueM andBgs = 0:13 T onecancalculateMs = 0.038T and
K2, 1 eV/atom.Thisvalueis very smallcomparedo bulk hcpCo, which canbeexplained
by the cubic structureof the particlesandthe thermalexcitationsinherentto the dipolar cou-
pledsystentloseto its blockingtemperatureComparedo thetotal magnetianisotroy enegy
density( 2 eV/atom)of 9 nm particlesarrangedy dropletevaporation(section5.1.4 both
approachegield reasonablagreementakinginto accounthe crudeassumptions.

In summarythe angulardependenEMR analysisof an 2D self-assembledrrayof stripes
consistingof 11 nm Co=CoO particleshasbeenpresentedibove. The magneticresponseof
the orderedstripescanbe well approximatedy assuminga homogeneouslin-planemagne-
tized Im with avolumetric lling factorf obtainedby TEM analysis.Evidencefor the loss
of magnetizatiordueto the about2 nm thick shell aroundeachparticleis found by SQUID
measurementd.he magneticanisotroy enegy densityhasbeenfound on the sameorder of
magnitudeasrandomlyoriented9 nm particlearrayemploying a differentanalysisapproach.
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6. Metallic Co Nanopar ticles:
Magnetic Dichroism and
Micromagnetic Simulations

This chaptempresentshe resultsof the magneticcharacterizatiof metallic Co particlesafter
H and O plasmaexposure.In section4.3 the ef ciency of the plasmatreatmentfor particle
reductionand removal of ligandshasbeendescribedn detail. Here, the focusis setto the
magneticpropertiesof the metallic particles.In section6.1 the magneticnomentper atomof

metallic particlessurroundedy ligandsandnaked particleson native Si(001) is conductedy

meansof magneto-opticasum-rules.The effective exchangeinteractionin a doublelayer of

metallic Co particlesis studiedin section6.2 Element-speci chysteresidoopsanddetailed
structuralandmorphologicalinvestigations(section4.3) areusedasinput parameterfor quan-
titative simulationsusinga Landau-Lifshitz-GilberequationbasedapproachThe simulations
allow to determine(i) the effective magneticanisotroy enegy densityand (ii) the effective

exchangeanteractionbetweerbottomandtop layer particlestouchingeachothetr

6.1. Magnetic Moment of Metallic Co Particles

In this sectionthe magneticmagneticmomentof metallic Co nanoparticless evaluatedfrom
XMCD investigations.TheCo particleswereexamined(i) afterthehydrogenreductionprocess
andthefull H=0O=H plasmacycle, and(ii) the effect of annealingon free metallic particlesis
presented.

The upperpanelof Figure 6.1 presentghe XAS white lines andthe XMCD responseof
both,8 nm metallicCo particlessurroundedby modi ed ligands(H plasmaexposurelandfree
metallic particlesafterthe H=0=H plasmacycle of the identicalsample.The morphologyof
the samplehasbeendiscussedn section4.3. The spectraweretaken at normalincidence,in
external elds of 1.5and1.25T, respectrely, and T = 15 K. XAS in the H plasmatreated
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staterevealsa puremetalliccharacterA multiplet ne structureof CoO hasnotbeendetected.
After furtherstepwiseO andH plasmaexposurethe XAS responsés foundvery similarto the
H plasmatreatedstate.However, small differencesn the L; peakintensityarevisible anda
shoulderat the onsetof the L3 edgeis evident (arrow in Figure6.1). Fromthese ndings it is
obviousthata smallamountof Co in anoxidic ervironmentremainsin the particlesafterthe
H=0=H plasmacycle. Simulationsby XAS referencespectrgnot shavn) suggesa maximum
amountof oxidic Co of 5%. The origin of CoO after the H=0O=H plasmacycle cannotbe
explicitly assignedo a distinct locationin the particles.Since particleswere arrangedon a
at surface and the isotropic plasmaactsin a top-bottomand outside-insidemannerto the
particlesmostprobablythesmalloxidic contritution originatesatthelower sideof theparticles
in contacto thesubstrateAt thispositiontheH plasmacannoteduceheparticlesasef ciently
ason the upperside.Moreover, the SEM imaginghasshawvn thatthe particlesare x edto the
substrateafter ligandremoval. The natureof this bondis unknavn andcannotbe detectedby
XAS in the TEY detectiormodesince(i) the numberof bondsperparticleis smalland(ii) the
contributionto themeasuredpectras tiny dueto thesurfacesensitvity of TEY detectiormode.
Theseconsiderationsresupportedy the XMCD signalsasdiscussedbelon. The comparison
of the measureXAS spectrao the oneof abulk-like Co Im [91] shavs anadditionalsmall
shoulderabout0.6 eV afterthe L; peakposition. This small featureis assignedo hydrogen
loadingof the particlesduringthe plasmareduction.

The XMCD signalsof metallic Co particleswith andwithout ligandscoincidewithin the
experimentalerrorbarin thewhole spectrarange(Figure6.1). In bothcaseghe external eld
is sufcient to fully saturatethe sampleasshowvn by the hysteresidoopsin the lower panel
of Figure6.1 Thewhite line intensityafter stepfunction substractiorentersthe determination
of the orbital andspin momentsasa measuref unoccupiedstatesabove the Fermilevel (sec-
tion 2.2). However, thedifferenceof theL 3 peakintensitiesonly leadsto atiny differenceof the
magneticonomentsasshovn in Table6.1 The orbital momentper3d holeny, is determinedo

L=n, = 0:05(0:06) g for theligandsurroundedfree)Co particles.Thespinmomentshavs
amagnitudeof s=n, = 0:58 059 . Thetotal magneticmomentis x=n, = 0:64 g
for both statesof particle manipulation.The experimentalerror bar is estimatedo be about
0.03 . The magneticdipole momentis setto zeroassuggestedor cubic symmetried89].
Usingthe reportednumberof d-holesof bulk Co n, = 2:49[104] one nds a total magnetic
moment .« = | + s = 1.:56 g peratomthatis remarkablyreducedcomparedo thefcc
bulk Co magneticmomentof 1.72 g peratom. Self-absorptioreffects have not beentaken
into accountso far. To explain the low total magneticmomentfound in the experimentsone
hasto considertwo possibleorigins: (i) change®f the bandstructureby the plasmaexposure
which cannotbedueto oxygen,sincepuremetallicspectrehave beenobsened. Theonly pos-
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Figure 6.1.: The upperpanelshavs the XAS white lines and XMCD spectraof the initially 9.5 nm

particlesafter46 min H plasmareductionandafterthe completeH/O/H plasmacycle. Thespectravere
taken at normalincidenceand T = 15 K. External elds of 1.5 T and1.25T were used,respecitiely.

After the reductionprocesghe particlediametershrinksto about8 nm (section4.3). Detailsaregiven
in thetext. Thelower panelshavs the hysteresidoopsof theparticlesin bothstatesat normalincidence
andT = 15K. Saturatioris reachecataboutl T.
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sible origin is the depositionof hydrogeninside the particlesas discussedelow in termsof
annealingexperiments(ii) the self-absorptionn the nanoparticlegsection2.2). The latteris
discussedrst.

Model calculationdor 10 nm metallic particlesemploying enhancedurfacemomentshave
shavn that self-absorptiorreduceghe apparenorbital | andspin s magneticnomentshy
14%( () and4%/( s), respectiely [94,143].Thecalculationsarebasedn a bulk-like volume
magneticmomentanda one monolayerthick surfacelayer exhibiting an 10% increaseof the
spinmomentanda 100%increaseof the orbitalmomentasfoundby theoryandexperimentfor
ultrathin Ims [93,144]. The apparentotal magneticnomentdetectecoy XMCD in the TEY
modeis expectedo be ; =1.68 . Theresultsarealsolistedin Table6.1 For smallerparti-
clesthesimulationsreveala decreasingn uence of self-absorptionTheapparenteductionby
self-absorptiomf thetotal magnetianomentfor 8 nm particlesis expectedo be0.03 0.01 3.
Thus,the experimentalkresultof a lower magneticnomentthanbulk fcc Co of plasmatreated
particlescanpartially be explainedby the self-absorptionn the specialgeometryof spherical
particles.Thelarge discrepang of experimentalandthe expectedbulk-lik e total magneticno-
mentof morethan0.1 g, however, mustbe provoked by changeof the Co bandstructure.

In orderto clarify the origin of the low magneticmomentan annealingexperimenthas

Table 6.1.: Magneticmomentf ligandstabilizedandfree metallic Co particleson Si(001). The sepa-
ratedmagnetianomentgerd-holeny, aregiven.Usingny, = 2:49[91] leadsto atotal magnetianoment

tot = 1:56 g. Theratiosof orbital-to-spinmagnetionomentarebulk-like. Here,no saturatioreffects
aretaken into account. Additionally, the resultsof model calculationsincluding the self-absorptiorof
10 nm particlesaregivenfor directcomparisor{143]. Thedetailsarediscussedn thetext. Thecoercive

eld andtheremanentnagnetizatiorarealsolisted.

Quantity | 8 nmligand-stabilized | 8 nmligand-freeCo | 10 nmsupported
Coparticleson Si(001) | particleson Si(001) || Co particles[143]
L=h 0.04 g 0.05 0.05 g
s=hh 0.59 g 0.58 0.62 g
L 0.10 g 0.11 0.13
s 1.46 g 145 ¢ 155 ¢
tot 1.56 1.56 1.68 g
L= s 0.07 0.08 0.08
oHc 49mT 58mT -
Miem=Ms 18% 23% -
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6.1. MagneticMomentof Metallic Co Particles

beenperformedto a spin-coatechanoparticlearray Nominally 9 nm Co=CoO particleswere
depositecat 4500rotationsper minuteon native Si(001). The samplewasdirectly 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 specimerhasbeenannealed
(i) atT = 700K for 8 min and(ii) thetemperaturevasrampedto T = 950K in 5 min andkept

atconstantemperaturdor anothers min.

The XAS white lines of both statesof samplemanipulationafter O=H plasmatransfor
mation and further annealingare shavn in Figure 6.3. After O=H plasmaexposurethe L 3.,
peakamplitudesarefoundslightly reduceccomparedo theannealedtatewhile theedggump
remainsnearly constantAt both resonancesf the non-annealedampleone nds shoulders
at enegiesslightly higherthanthe peakposition. Theseshoulderdirectly reveal a smearout
in the bandstructureof unoccupieddd/4sstatesor their hybridizationsabove the Fermilevel
to higherenegiescomparedo a purebulk-like Co spectrum89,91,145].After annealingat
T = 950 K theseshouldersvanishand the shapeof the spectrumreveals strongsimilarities
comparedo thin Im referencedata[91]. Althoughthespectrashapeof O=H plasmaexposed
andtheadditionallyannealegpecimens different,theintegralsafterremoval of thecontinuum
statesonly shav anincreasef thewhite line intensityof 2% whichlieswithin theexperimental
errorbar Hence thetotal numberof holesabove the Fermilevel is nearlyconstantFigure6.3
alsopresentshe XMCD differencespectrunof theannealedCo particlearraytakenatanangle
of incidenceof 30 with respecto the substratelane,T = 15K andB = 1 T. Thelatteris
sufcient for reachingthe saturatiormagnetizationThe total magnetiomomentandits orbital
andspinpartareindependenbf the incidentangleof x-rays(normaland60 off-normal)and
temperatur€15 K, 100K). A total magneticmomentof ; = 1:.83 0:02 g is foundcon-
sistingof anorbitalmoment | = 0:15 0:01 g andaspinmoment s = 1:68 0:04 g and

L= s = 0:09. Thenumberof d-holesis setto n, = 2:49. Notethatsofarthe nonlinearTEY
responsdasnotbeentakeninto accountFor 13nm particleswith awide sizedistribution TEY
simulationsarenot available.However, interpolationof thereportedresults[143] of 10nmand
30 nm particlessuggesta total magnetionomentof about1:95 0:05 g. Thesecalculations
seemto overestimateahein uence of thenonlinearTEY response&lueto self-absorptioror the
contriktution of the surfacelayercarryinganenhancednagnetiaonomentsince2.0 nm particles
shav only atotal magneticnomentof 1.9 g [19]. A 13 nmferromagneticsphereconsistsof
morethan100000atomsandtheratio of surface-to-totahumberof atomsperparticledecreases
from 70% (2 nm)to about10% (13 nm). Thus,a bulk-like magnetianoments expectedthatis
possiblyslightly enhancedy the surfacemagnetismMeasurementsf self-absorptionn dif-
ferentsystemsareneededo verify thevalidity of theassumptionsf the simulationsdescribed
in section2.2 Ontheotherhand,it hasbeenshavn thatthe samplingdepthin particlesis lim-
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Figure 6.2.: XAS spectraof 8 nm Co particlesafter O=H plasmaexposure(dots)andafterannealing
atT = 950K for 5 min (line) of a similarly preparedsample.The spectrawere taken at an angle of
incidenceof x-raysof 30 with respecto the sampleplane.At the L3., edgesof the plasmaexposed
particlesone nds shouldersat enegiesslightly higherthanthe resonanceositions.The shoulderis
assignedo hydrogenloadingof the particlesduringthe plasmaexposure After annealinghe shoulders
vanish.Additionally the XMCD spectrumafterannealings plotted.

ited to about3-5 nm dependingon the absorptioncoefcient. As aresult,10 nm and13 nm
particlesshouldproducenearlyidenticalpartially-saturatedEY signals.

After XAS/XMCD characterizatiothesamplevasexaminedoy SEMimagingwhichis dis-
cussedn thefollowing. Figure6.3 shavs a large scaleSEM imageof the sampleafter plasma
exposureandannealing A homogeneousoverageis obsered. The sampleareathat was ex-
aminedby XAS with a spotsizeof aboutl mn¥ is asuniformly coveredasshavn in the SEM
micrograph Detailedinvesticationsof the sizedistribution usinghigh-resolutionSEM images
shav a most probablediameterof 14.6 nm anda FWHM of 10.7 nm. The size distribution
is bestdescribedby a Gaussiant function. Obviously the particlesgren during the plasma
exposureand/orthe annealingat T = 950 K. Moreover, the mediumdistanceof particlesis
foundirregularly enhancedomparedo the H=0=H plasmaexposedsample Sincehereonly
O=H plasmaswvereusedto preparefree metallic particlesit cannotby directly concludedhat
the annealinget the particlessinter However, annealingat T = 950K might admit sufcient
thermalenegy to activateaslight particlemovement.Oncethey overcomethetypical distance
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6.1. MagneticMomentof Metallic Co Particles
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Figure 6.3.: The SEMimageon the left shovs a large areaof C o particlesafterO=H plasmatreatment
andannealingat T = 950 K. Eachlight spotrepresents singleor a groupof particles.For detailssee
text. Theright panelshavs the correspondingizedistribution. For sufcient statisticsthe diametersof
288 particlesweremeasuredT he particlesshav a mostprobablediameterof 14.6nm anda broadsize
distribution (FWHM = 10.7nm). High-resolutionSEM imageswereemployedfor the sizeevaluation.

of about3-4 nm the particlesarefree to sinter Onemay notethatthe particlediameterin the
metallicstateis smallerthanSEM suggestsAssumingtheformationof a3 nm CoO layerafter
storagefor oneweekin ambientconditionsone nds a mediumdiameterof about13 nm pure
Co particleson Si(001) afterO=H plasmatreatmentandannealing.

Element-speci dhysteresidoopsof theannealegharticlearrayis presentedh Figure6.4for
normaland60 off-normalanglesof incidenceof x-raysanddirectionsof the external eld at
T = 15K and100K. All hysteresidoopsreachedheir saturatiorvaluesbelov B = 1 T where
the XMCD spectrahave beentaken. As expected,the easydirectionof magnetizatiories in
the Im plane.The experimentalresultsfor the coercve eld andthe remanenmagnetization
arelistedin Table6.2 From 15K to 100K the coercvity decreaseffom 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 coercve elds and
remanenmmagnetizationarefoundfor the 13 nm O=H plasmaexposedandannealegarticles
andthe 8 nm H=0O=H plasmatreatedparticles.The estimateof the anisotroy enegy from
the blocking temperatureor the temperaturelependencef the coercie elds is not possible
sincethetemperaturevariationis restrictedby the useof differentcoolingmedia(lHe or IN ).
Futuremicromagneticsimulationstakinginto accounthe samplemorphologywill extractthe
anisotroy enegy of individual particles.This type of simulationis usedin the next section
for interpretingthe hysteresidoopsof a metallic particlearrayconsistingof a doublelayer of
particles.
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Figure 6.4.: Element-speci chysteresidoopstakenatthe Co L3 enegy positionof maximumdichroic
responsef freemetallicparticlesafterannealingat T = 950K for 5 min. Theanglesof incidenceare0
and60 with respecto the samplenormal. The obsered coercive elds andremanentnagnetizations

arelistedin Table6.2

Table 6.2.: Resultsof theelement-speci chysteresidoopsof 13nm Co particlesafterO=H plasmaex-
posureandannealingat T = 950K. Coercive elds andtheratio of remanent-to-saturatianagnetization
aregivenfor external elds appliednormal(0 ) and60 off-normalwith respecto the sampleplaneat

0.5 1.0

T =15K and100K. For comparisontheresultsof the 8 nm particlesarealsolisted.

Quantity 13 nm particles 8 nmparticles
O=H plasmaexposedandannealed| H=0=H plasmaexposed
Temperature T =15K T =100K T=15K
Angle 0 60 0 60 0
oHc 53mT | 63mT | 30mT | 35mT 58mT
Miem=Ms 22% | 51% | 16% 41% 23%
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6.1. MagneticMomentof Metallic Co Particles

In summary the element-speci cexaminationof metallic particlesrevealsa slightly de-
creasednagneticnomentwhile annealingexperimentsshav an enhancedotal magneticmo-
mentcomparedo bulk fcc Co. Thisincreaseanbeexplainedqualitatively by anenhancedotal
magneticnomentat the surfaceof the particlesandthe self-absorptiorin the TEY detection
modemodifying the measuredignal. The low magneticmomentof H=0=H plasmaexposed
particlescanonly be assignedo hydrogeninclusioninsidethe particles.This phenomenoiis
discussedn thefollowing.

Hydrogensolubility in bulk Co crystalsataambientpressuras very low [146]. Underhigh
H, gaspressureof upto 9 GPa a hcp Co crystalcanbe loadedwith hydrogenforming CoHy
with0 x  1[147].It hasbeenreportedthathydrogenoccupiednterstitial sitesandthe hcp
Colatticeremainsearlyunafectedin therangeD x  0:65. For higherhydrogencontenthe
fcc latticesstructuras favored.In ambientconditionsCoH is metastableThehydrogencontent
reduceswith time. Theactivationenegy of H migrationhasbeenestimatedo 200-250K [147,
148].In thisthesisthe presente@xperimentsuggestheloadof Co nanoparticle®y hydrogen
during the H plasmaexposure.The sampleis positionedfar awvay from the intenseplasma
cloud.Only freeradicalsarelet to reachthe samplewith maximumenegiesof 100-150eV. The
loadingprocesshasnot beeninvesticatedin detail, yet. However, whenall Cos0, is reduced
the excesssupplyof H radicalsmay form CoH, with H contentsdependenbn the plasma
conditionsandexposurdime. SincefreeradicalswereusedtheH loadingprocesss expectedo
bemoreef cient thanexperimentsinderhighH , pressuresAddictedto thesampleemperature
andtime periodbetweerplasma-assisteld loadandthe XAS experimentoneexpectsCoHy
with differentH contents.This canbe seenat the XAS spectraof the two samplegpresented
in Figure 6.1 and Figure 6.3. The high-enegy shouldersof the L3., resonancesppearwith
differentintensity Here,a quantitatve relationcannot be dravn sincethe sampletemperature
during the transferandthe exact period of time beforethe sampleis cooledto T = 15K are
unknavn.

Thein uence of hydrogenon the magnetisnof transitionmetalsandalloys hasbeeninves-
tigatedwith differentelaboratenes. g. in caseof F e andits alloys mary experimentshave
beenperformed149]. Generallyit is acceptedhatH transfersts electron- atleastpartly - to
thehostcrystal. This chagetransfemrmodi es thebandstructureby hybridizationandincreases
thenumberof electrondgn the 3d band.As aresult,the Fermi-level is raisedandthe numberof
3d holesdecreasegConsequentlythe total magneticmnomentof hydridesaresmallerthanthe
oneof the pureferromagnetianaterial.For cobalthydrides,however, only a few resultshave
beenpublishedBelashet al: [147] reportedor singleandpolycrystallineCo areductionof the
atomicmagneticmomentof -0.36 g perhydrogenatom.The reductionof the magneticmo-
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6. MagneticPropertieof Metallic Co Nanopatrticles

menthasbeenfoundto belinearwith increasingH contentin therange0 x  0:9. Adapting
this resultto the obseredreductionof thetotal magneticnomentof 0.12 g (Table6.1) com-
paredto the modelcalculationghesestudiessuggesthat CoH.33 hasbeeninvestigatedin the
experimentgpresentedn Figure6.1

In principle,the chagetransferfrom H to Co canbedetectedy change®f thewhite line
intensitythatmeasurethenumberof holesabove the Fermilevel. Additional 0.18electrongper
Coatomwouldcauseadecreasef about7% of the XAS whiteline intensity Thecomparisorof
thewhitelinesof O=H plasmaexposedandannealegarticlesyieldsareductionof only 2%for
theCoH, samplebeforeannealingNotethattheparticlediametethadchangedy annealingin
caseof H=0=H plasmaexposedparticlesannealingexperimentdhave notbeenperformedThe
fully quantitatve understandingf hydrogenloadin Co nanoparticlesvould needa complete
setof investigationsasfunctionsof time of the plasmaexposure annealingime, andannealing
temperatureBandstructurecalculationgmayansweithe question®f chagetransferandslight
modi cationsof thebandstructureasprovenby XAS experimentsThesedataarenotavailable,
yet. Qualitatvely, similar behaior hasbeenobseredin H plasmatreatedmicellarCo[20] and
F ePt nanoparticleg150]. The detailedinvestigation of a decreasingnagneticmomentasa
function of hydrogenload in magneticnanoparticleandthin Ims canbe performedin our
homelaboratory soon.SQUID magnetometryn UHV conditionsis an adequatemethodto
answelthe openquestions.

6.2. Effective Exchang e Interaction

Magneticinteractiondbetweerparticlesin aligand-stabilizedarrayof nanoparticlearedueto
dipolarcouplingonly, sincedistancebetweemanoparticle$> 2 nm) arelargerthantherange
of exchangeinteraction.Whenmore than one monolayerof Co=CoO particleshasbeende-
positedon a substrateindtheligandshellis removed,e. g. by reactve plasmaetching laterally
separateédndnormally touchingparticlearraysare preparedThus,an exchangecouplingbe-
tweenthe particlesexists in a preferentialorientationbeing directednormalto the substrate.
The magneticresponsee. g. the hysteresidoops, shoulddiffer from oneto the other A two-
dimensionapatrticlearraywhich only interactsvia dipolarinteractionhasits easyaxis of mag-
netizationin the Im plane.Whenan exchangenteractionexists normalto the sampleplane,
one expectsdependingon the strengthof exchangej. e. the numberof touchingatoms,that
(i) the effective magneticanisotroy betweerparallelandnormalorientationdecreaseand(ii)
theeasyaxisof magnetizationips out-of-planef theexchangeanisotroyy is strongeithanthe
shapeanisotropy favoring ain-planealignmentof magnetizatiorof thearrayof nanopatrticles.
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6.2. Effective Exchangdnteraction

In orderto studythis effect a Co particlearraywith 1.7 particlelayershasbeenprepared
(Figure 4.13 and successiely exposedto a reactve plasmaas discussedn section4.3.2
Element-speci chysteresidoopsusingthe XMCD signalweretaken at anglesof 0 and60
with respecto the samplenormal.In Figure 6.5 the experimentalhysteresidoopsare shavn.
Theloopshavebeemmeasuredipto 1.5T ( 1200kA/m). Theremaneniagnetizatiomt60 is
47%andat0 5% of thesaturatiormagnetizationvhichisreachedtabout0.6 T ( 480kA/m).
Thecoercitve elds Hc areHc.go = 14mT( 11kA/m)andHco = 20mT ( 16 kA/m),
respectiely. Theseelds aremorethanoneorderof magnitudesmallerthanthe coercve eld
measuredbeforethe plasmatreatmentor Co/CoOcore-shellnanoparticleswhich re ects the
strongin uence of exchangeanisotropy atthe CoO/Cointerfacethatmagneticallyhardenghe
particles.

Theinvestigatedquasitwo-dimensionahrrayof 1.7 layersof particlesafterthe plasmaex-
posures shavn in Figure4.13 The magnetichysteresigoop of a quasitwo-dimensionabrray
of interactingmetallic particlescannotbe describedvithin easymodels.Thus,micromagnetic

M/ M, (1)

T=15K 4
-1.0 -0.5 0.0 0.5 1.0

Figure 6.5.: Experimentahysteresidoopsof the metallicCo particlearraywith a coverageof 1.7 layers
of particles A SEMimageof the particlearrayis shovn in Figure4.13 The hysteresidoopsweretaken

atexternal elds appliedatanglesof 0 (normal)and60 with respecto thesamplenormal.Theincident
x-raysbeamwasparallel/antiparalleto the external eld. Theloopsweretakenatthe maximumof the

L 3 dichroicsignalat 778eV. It is obviousthatanin-planemagnetizatiors favoredby the nanoparticle
array
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6. MagneticPropertieof Metallic Co Nanopatrticles

simulationshave beenperformedakinginto accountheexactsize,sizedistribution, separation,
andmorphologyof theparticlesasdeterminedrom SEM (Figure4.13 andAFM (Figure4.14).

The systemusedin the simulationsis shavn in Figure 6.6. It consistsof an arrayof 1600
particlespositionedon a rectangularsubstrateplane. 1200 particleslog-normally distributed
in sizewith a meandiameterof 8 nm were randomlydroppedon the substratgorming the
bottom layer The position of the particleswas generatedo simulatethe packingdensity of
the experimentallydepositedarray of the nominally 9 nm particles,followed by the reduction
of the meanparticle diameterto 8 nm correspondindo the plasmaexposureexperimentsin
the secondayer 400 particleswith a coverageof just 70% were droppedone by oneandleft
to fall until they getinto contactwith the particlesin the bottomlayer, nally reachingthe1.7
monolayemarray(Figure6.6) assuggesteffom themorphologyof theexperimentallyexamined
sampleHardspheresvereassumeduringthepositioning Particlesin thetop layerexhibit also
alognormalsizedistribution but, however, the meanvolumeis ve timeslargerthanthemean
volumein thebottomlayer, asobsened experimentally

For the micromagneticsimulationseachparticle hasbeenattributedby its volume magne-
tizationusingthe bulk value of the magneticnomentof 1.72 g andthe numberof Co atoms

Figure 6.6.: Arrangemenbf particlesusedin thesimulations Thearrayhasbeenconstructecccording
to the experimentabbsenationsby TEM, SEM, andAFM. Thebottomlayerhasa lling factorof 41%
and a meandiameterof 8 nm. The top layer hasbeenbuilt on 70% of the bottom layer by dropping
particleshaving on averagea ve timeslarger volumethanthe onesof the bottomlayer The level of
shadingis proportionalto the projectionof the magneticnomentof eachof the particleson the applied
eld direction.The gure hasbeenadaptedrom [151].
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perindividual particle.The Landau-Lifshitz-Gilberequationwhich describeghe dynamicsof

the magnetizatiorof a single entity whena magnetic eld is appliedhasalreadybeenintro-

ducedin equation2.3. Theeffective eld B isthesumof external,anisotroy andinteraction
elds [152]. To reducethecomputatiortime to areasonablealuetherealisticassumptionsre
madethatcoherentotationis themechanisnof reversalin eachmagnetigarticlewhichis also
consideredo exhibit an uniaxial effective magneticanisotropy. The equationhasbeensolved
for equilibrium consideringthatthe eld Bess effectively appliedto eachparticleis given by

theinteraction eld andtheexternalapplied eld H ey
X
Beff = Bext + 0 Hi (6.1)
j=1 N
j>i

with N thetotal numberof particlesin the simulatedcell and

R DL R BT (6.2)

4 r; 5 =i

Hij =

the magnetic eld in units of (A/m) producedby the particlej on the site of particlei [153],
~; is the vectormagnetizatiorof the particlein units of (Am?). The positionof the particlei
with respecto particlej is givenby the vectorty; . The seconderm on the right handsidein
equation6.2is the so calledexchangeeld whereC is aphenomenologicgharametervhich
canbeinterpretedasbeingthe resultof the averageinterparticleexchangecouplingdueto the
momentsat the surfaceof the particlesin contactwith eachother Hx denoteghe anisotroy
eld from which the uniaxial anisotropy constantk , canbe calculatedby the relationHy =

2K ,= oM s with thesaturatiommagnetizatioM s. Eachparticleinteractswith its neighborsvia
magnetostaticelds thataresituatedwithin a rangeof four timesthe diameterof the particle.
Exchangeinteractionis taken into accountfor particlesin very closedistancewhich canbe
consideredastouchingparticles.Boundaryfree conditionshave beenusedin the planeof the
samplebut notin the direction perpendiculato the sampleplane,so thatthe geometryeffect
playsanimportantrole in the simulationsaswell asin experiments.

In orderto obtaininformationaboutthetypeof interactionin thissystemseveralsimulations
have beenperformedconsideringalargerangeof magnetianisotropiegndonly magnetostatic
(dipole)interactiondetweerthe particleswhichis thecasefor well-separategarticles.In Fig-
ure 6.7 simulationsfor the hysteresidoopsat polarangles =0 and60 with respecto the
samplenormalarecomparedvith the experimentalonesfor secondrderanisotroy constants
of K, = 20 10° J/ m® andK, = 0:2 10° J/ mi. Thesimulationsarealwaysperformedfor
the two directionsof the experimentalhysteresidoopssuchthat onesetof parametersvould
haveto t bothhysteresidoopsmeasured@t0 and60 . Consideringonly magnetostatinter-
actions(C = 0) the bestpossiblets werefoundfor K, = 0:2 10° J/ m®. However, it is
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Figure 6.7.:Resultf thesimulationsof the metallicCo particlesarraywith acoverageof 1.7 monolay-
erstakinginto accountdipolarcouplingonly (C = 0). Thesimulationswereperformedat polarangles
of 0 (normal)and60 accordingo theexperimentsshovn assolidline (60 ) anddottedline (0 ) of the
applied eld with respecto the samplenormal.For clarity, only theleft partof the hysteresidgs shaovn.
Theanisotroy constantareK, = 0:2 10° J/n? ( at60 and atO )andK, = 2:0 10° J/nP ( at
60 and at0 ). The gure hasbeenadaptedrom [151].

obvious from Figure 6.7 that magnetostatiinteractionsalonecannotdescribethe experiment
satishctory The large discrepang betweenexperimentandsimulationsespeciallyat an angle
of 60 (opencirclesin Figure 6.7) shavs that the consideratiorof dipolar interactionalone
which enegeticallyfavorsthein-planedirectionoverestimateshe effective anisotroy present
in thesample.

Consequentlyoneinteractionsis missingso far in the simulations,which is given by the
exchangeinteractionbetweerparticlesof the top andbottomlayerin metallic contactto each
other The inclusionof this inter-particle exchangeis well justi ed, sincethe organic ligands
have beenremoved andthe oxide shell hasbeenreducedo metallic Co. Thus,the biggertop
particlestouch the smallerbottom ones.The averagedinter-particle exchangeinteractionis
phenomenologicallyncludedin equation6.2 by consideringa non-vanishingexchangeterm
(C 6 0). Theresultis anincreaseof theremanenc@andan apparenenhancemertf the out-
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Figure 6.8.: Simulationsof the Co hanoparticlearraytaking into accountexchangenteractionperpen-
dicularto thesurface(C 6 0). The experimentalhysteresidoopsareshavn asa solid line (60 ) and
adottedline (0 ). For clarity, only the left partof the symmetrichysteresids shavn. The secondorder
anisotroy constantsregivenin the gure legend.Thebestresultis obtainedfor K » = 0:15 10° J/n?.

For detailsseetext. The gure hasbeenadaptedrom [151].

of-planeanisotroy which becomesinderstandabla termsof anadditionalshapeanisotropy
of the particles.Theexchangenteractionactspredominantlyin averticaldirectionbetweerthe
particlesin thetop andbottomlayer The exchangeinteractionties particlestogetherfrom the
bottomandthetop layerforminga"new" particlewith anelongatedshapeandshapeanisotroy
favoring a verticalmagnetizatiordirection.

The systematiozariationof completesetsof simulationswereperformedfor variousvalues
of 0< C 1 Thebestresulthasbeenobtainedior C = 0:8. Thevariationof theanisotroy
constanK , yieldsthebestagreemenwith K, = 0:15 10° J/n? for bothexperimentahystere-
sisloops.Theaccuray of theeffective anisotroy constants visiblein Figure6.8for largerand
smallervaluesof K ,. Theanisotroy constanK , is about25%of thebulk fcc Covalue[2]. This
low valuecanbe explainedby the polycrystallinefcc structureof the particles Eachnanoparti-
cle consistsf severaltensto onehundredindividual grainsseparatedby twinning boundaries
andimperfectionsof thecrystallinity (seesection4 for details).Theresultof sucha polycrystal
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6. MagneticPropertieof Metallic Co Nanopatrticles

is aremarkablyreducednagnetocrystallinanisotroly forming aneffective uniaxialanisotropy
asasumof all grains.

To obtainaphysicalunderstandingf theparamete€ , onemayconsideitwo ferromagnetic
Co particleswith parallel magnetizatiorand diametersof 8 nm and 14 nm (bottomandtop
layer)which arein metalliccontactto eachother Usingthe uniaxialanisotroy of K, = 0:15
10° J/?, the bulk Co saturationmagnetizatiorMs = 1:4 1 A/m one can calculatethat
C = 0:8isequvalentto anaverageexchangesnegy betweerthe particlesof aboutl70meV.
Assuminga bulk-like exchangeenegy (20 meV per bond)onemay concludethateightto
nine atomsof the top andbottomparticlearein metallic contactto eachother which appears
reasonabldasedon our SEM andAFM obsenations.
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A. Self-assemb ly: Growth of
Nanopar ticle Dendritic Structures

The self-assemblyf colloidal Co=CoO nanoparticlehasbeendescribedn section4.2 An-
otherself-assemblynechanism the orderingof hydrocarbons is brie y discussedhn this ap-
pendix.Wet-chemicapreparedanoparticlesreusuallycoatedoy hydrocarbonicshellsto pre-
ventagglomeratiorof nanoparticleandmake themsolublein organicsolvents[115,119,154].
The bond of the polar headof the hydrocarbonstabilizerto the nanoparticlesurfaceis not
strongenoughto form a x ednanoparticle-fidrocarborcomplex atambientconditions Hence,
an excesssupply of hydrocarbonicligands(hereoleic acid and oleyl amine)is usedin the
solutionto substitutedissociatedydrocarbongrom the nanoparticlesurface.A dynamicequi-
librium is adjustedo consereisolatednanoparticlesvhichresultsn alongtermstability of the
nanoparticlesolution.If theexcesssurfactantss extremelyincreasedheself-assemblprocess
on at substratess notlongerdeterminedy the self-assemblyropertiesof the nanoparticles
but by the organizationof free hydrocarbons.

In the experimentsdescribedn section6.2 the solventtoluenehasbeenexchangedy hex-
aneto achiere enhancedvetting propertieson naturally oxidized Si substratesDuring this
process80% to 90% of the nanoparticledost partsof their protectve shell and agglomera-
tion took place.By centrifugation of the nanoparticlesolutionat 14000roundsper minutefor
30 min the agglomerateahanoparticlesedimentedo the bottomof the spinningvesselwhile
thehydrocarbonsemainedn the solutionenhancinghe excesssupplyof ligandsextremely A
5 | dropof a hexane-base®@o/CoOnanoparticlesolutionwas spin coatedat 4000rotations
perminuteon a natve Si(001) substrateat roomtemperatureAn arrayof Co particleswith a
coverageof 1.7 particlelayerswasformedover macroscopiareasmm?). After transferinto
anultrahighvacuumchambetheligandshellwasremosedandthe CoO shellwastransformed
to metallic Co by a oxygen/lydrogenplasmatreatmentyielding an array of metallic particles
partially in contactto eachother After the XAS/XMCD examination(section6.2) the particle
arrayhasbeenexaminedby meansof SEM andAFM.
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1pum 200 nm

Figure A.1.: SEM imagesof Co particleson a Si(001) substrateThe left imageshowvs alow magni -
cation.An dendriticstructures visible. The darker areaconsistf a singlelayerof nanoparticlesvhile
in the brighterareaa doublelayer of particleshasbeenformed.Single particlesbecomevisible on the
high magni cation imageon the right handside. The particlesin the single layer region have a diam-
eterof 8 nm while the top layer particlesin the doublelayer region showv a larger diameterof 14 nm
(section6.2).

FigureA.1 shavs SEMimagesof thesamplewith differentmagni cations.Ontheleftimage
areaf differentbrightnessarevisible. Therightimagewith a highermagni cationshavsthat
the darker region consistsof a single layer of 8 nm Co particlesafter the plasmaexposure
(compareto Figure4.13. In the brighterregion a doublelayer of particleshasbeenformed.
The bottomlayer particleshave a meandiameterof 8 nm while thetop layer particlesshov a
largermeandiameterof 14 nm afterthe plasmatreatment.

The AFM imaging con rms the SEM results.Figure A.2 shavs on the left a large scale
AFM image.Obviously, a dentritic structurehasbeenformed.The singleleaveshave a length
of about20 m. Thebrighterregion (doublelayer of particles)coversaround70% of thetotal
samplearea(8 4 mnv¥) andsurroundghe dendritesThe right imagein Figure A.2 presents
ahighermagni cation of the singlelayerregion. The AFM detectghe dendritesasnearly at.
A maximumroughnessaboutl nm hasbeenobsened. Onemay notethatthe standardSi tip
usedin the experimentswith atip radiusof 30 nm cannotproperlydetectthe heightvariation
betweerthe particles.

Dip-coatingexperimentsof FePt nanoparticlestabilizedby oleic acid and oleyl amine
anddispersedn hexanehave shavn that the excesssurfactantsdramaticallychangethe self-
assemblypropertiesof particleson Si(001) substrate$125]. Experimentdy dropletevapora-
tion of F ePt particleson natve Si(001) substratesanleadto theformationof self-oiganized
dentriticstructureg155]. An large-scalearrangementmm?), however, hasnot beenobsered.
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) substrateThe left imageshaws a large sample
area.The darker region consistsof a single layer of nanoparticlesvhile in the brighterareaa double
layer of particleshasbeenformed. The dendritesconsistsof leaveswith alengthof about20 m. The
rightimageshaws a highermagni cation of the singlelayerregion. For the AFM tip with aradiusof 30
nmthesinglelayerregion appearsiearly at.

derstoodin termsof self-assemblyf alkaneson SiO/air interfaces.Triacontane[156], for
example,forms similar dendritic structuresas the onesobsered in Figure A.2. The role of
theremoval of hydrocarbondy the plasmatreatmentemainsuncleay sofar. Interestingly the
inverseorderingof nanoparticlehhasbeenobsered comparedo the structureof alkanes.In
sampleregions, wherethe hydrocarbonshave ordered,the nanoparticlehave beenfound as
singlelayers.In theregion, whichis not coveredby thefree hydrocarbonsioreparticleswere
depositedDuring the plasma-assistegmoval of the hydrocarbonghe particlesarefreeto sin-
ter. To clarify the mechanismef the dendriticgrownth of nanoparticledoth, the self-assembly
processand the morphologicalchangeshy the plasmatreatmenthave to be studiedin more
detail.
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B. Selected Area Electr on Diffraction

BesideHR-TEM on singleparticlesselectedareaelectrondiffraction(SAED) re ects another
TEM-basedmethodto determinethe lattice structureof the nanoparticlesThe SAED results
of 11 nm Co=CoO particlesare presentedn this appendix.The diffraction patternshavn in
Figure B.1 hasbeentaken from about100 particlesdepositedon a carbon-coatedCu grid.
Several diffraction rings are visible. Most of the rings appeardiffuse which is dueto (i) the
overlappingof fcc Co andfcc CoO rings and (ii) the poor crystallinity of the particles.The
imagehasbeencalibratedby a Au specimendiffraction patternby Rdn, = L with R the
radiusof the diffraction ring, dn; the interplanespacing,and L the cameraconstant.The
diffractionrings could be ascribedo the fcc Co andfcc CoO asindicatedin FigureB.1. The
interplanespacingsd,k, andtheir relative intensitiesare listed in Table B.1 for fcc Co, fcc
CoO, andthe -Co lattices.The recentlydiscorered -Co phase[157] hasnot beenfoundin
thesenanopatrticlesThe diffractionrings of CoO appear(i) morepronouncedand(ii) sharper
in the diffraction pattern,since(i) thetotal CoO volumeper particleis morethanthreetimes
largerthanthe volumeof metallicCo and(ii) Co shawvs a poor crystallinity within in the core
asprovenby HR-TEM imageg(Figure4.2).

Table B.1.: Interplanespacingsdyy for fcc Co (a= 0.3544nm), fcc CoO (a= 0.4261nm), and -Co
(a=0.6097nm)latticestructuregndtheirrelative intensitiesThedatahasbeentakenfrom [24,157,158].

fcc Co(a=0.3544nm) fcc CoO (a=0.4261nm) -Co(a=0.6097nm)
hkl dhki rel. Intensity | hkl ik rel. Intensity | hkl dhki 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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Co (311)
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CoO (200)
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Figure B.1.: SAED patternof 11 nm Co=CoO particlesdepositedon a carbon-coatecCu grid. The
diffraction patternhasbeencalibratedby a Au referenceThediffractionrings could be ascribedo the
fcc Co andfcc CoO lattice structuresasindicatedin theimage.
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