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Abstract

Antiferromagnetic (AFM) materials have attracted signi�cant attention in the past years

due to emerging �elds such as antiferromagnetic spintronics, the development of ultra-

fast switching magnetic random access memory devices, spin valves, and new ultrahard

magnetic materials. In order to scale down such new devices for its technological im-

plementation a fundamental understanding of antiferromagnetism at the nanoscale is of

crucial interest. While antiferromagnetic materials have been widely investigated in their

respective bulk and thin �lm forms, only very few attempts were made to understand

nanoscaled antiferromagnets. This is mostly due to the fact that probing magnetism of

thin �lms and at the nanoscale usually utilized magnetic stray �elds which do not appear

in nano-sized antiferromagnetic materials. Although there have been some studies of the

antiferromagnetic properties of nanoparticles by means of magnetometry, Mössbauer spec-

troscopy, neutron scattering etc. Those methods usually integrate over large ensembles of

nanoparticles making it very challenging to disentangle e�ects of sizes and shapes distri-

butions as well as the chemical composition. Further, in typical powder measurements it

is extremely challenging to directly separate the in�uence of intrinsic magnetic properties

and eventual magnetic inter-particle interactions.

In this thesis, this issue is overcome using x-ray photoemission electron microscopy

utilizing the x-ray magnetic linear dichroism e�ect. This e�ect allows one to directly probe

the magnetic ordering parameter of a antiferromagnetic material exploiting the fact that

linearly polarized x-ray within a antiferromagnetic media show an orientation dependent

absorption. Further, scanning electron microscopy is used to investigate the morpho-

logy of individual nanoparticles and small agglomerates. In order to be able to correlate

the morphology and the chemical and magnetic properties of the nanoparticles, samples

with a very low surface concentration on silicon substrates are produced. Since the sil-
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icon substrates contain unique gold marker structures it is possible to identify the very

same nanoparticles and agglomerates in complementary microscopy measurements. This

thesis addresses the magnetic properties of acicular goethite (α− FeOOH) nanoparticles

and CoO/Co3O4 core-shell nanooctahedra. In case of the CoO/Co3O4 nanoparticles the

emergence of possible uncompensated magnetic surface/interface moments are investig-

ated using the x-ray magnetic circular dichroic e�ect which directly probes the direction

of the magnetic moments.

It is found that the antiferromagnetic spin axis of individual goethite nanoparticle

have a tendency to be oriented out of the sample plane. This behavior suggests that an

interface e�ect with the non-magnetic substrate in�uences the magnetic properties of the

goethite nanoparticles.

In case of the Co3O4/CoO core-shell nanooctahedra it is demonstrated that antifer-

romagnetic spin axis can be determined without any prior knowledge about the crystal

directions. The axis are found to align closely to the crystal direction, as it would be

expected for CoO in its bulk form. Additionally, indications for uncompensated magnetic

moments are detected. The magnetic moments are found to behave superparamagnetically

down to 100K. Such superparamagnetic behavior is not found for the antiferromagnetic

CoO core. Although, it is possible that the antiferromagnetic order in the core can switch

its sublattice magnetization by 180 ◦ which can intrisically not be observed by studying

the x-ray magnetic linear dichroism.
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Chapter 1

Introduction

Since its discovery antiferromagnetism was rather perceived as �interesting but useless� as

Louis Néel expressed quite explicitly in his Nobel Lecture [1]. However, this view had to be

changed with magnetic storage based on exchange bias systems where the antiferromag-

netic material acts as a passive layer. Moreover, in the last few years antiferromagnetic

materials attracted signi�cant attention due to their applicability to antiferromagnetic

spintronics [2�8] and the development of spin valves [9, 10], magnetic storage media [11�

13], magnetic random access memory devices [8, 14], and a new generation of ultrahard

magnetic materials. In such applications antiferromagnetic materials are expected to

serve as the main components in devices as opposed to the passive role in exchange bias

systems. Recently it was found that antiferromagnetic thin �lms can be switched by ap-

plying laser pulses [15] and voltage pulses [8]. Further antiferromagnetic materials have

been demonstrated to possess the potential to show very fast switching up to the ter-

rahertz range [12, 15, 16]. Switching characteristics in that frequency range might pave

the way in the future for computing performances not achievable today. While the mag-

netic properties of many antiferromagnetic oxides such as NiO [10, 17�21], Fe3O4 [22�25],

α− Fe2O3 [26, 27], CoO [28�31], LaFeO3 [32�42], BiFeO3 [43�46] in their bulk or thin �lm

form have been well established, the magnetic properties of antiferromagnetic materials at

the nanoscale are still poorly understood. However, the miniaturization of potential anti-

ferromagnetic devices will demand a profound understanding of phenomena arising from

the nanoscale size of the devices. It would be interesting to study the potential arising of

a single domain limit and superparamagnetic relaxation [47] in antiferromagnetic mater-
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CHAPTER 1. INTRODUCTION

ials and the physical mechanism behind. The single domain limit in ferromagnets arises

due to the competition of the minimization of the magnetostatic energy and the energy,

which is needed to break the spin orientation preferred by the exchange coupling. In a

compensated antiferromagnet the magnetostatic energy vanishes and thus the mechanism

of the antiferromagnetic domain formation is still an open question [48, 49]. Usually it is

expected that magnetoelastic contribution play a crucial role. Concerning a single domain

limit one could speculate that an antiferromagnetic nanoparticle has to exhibit a single

domain state if the size of the nanoparticle is smaller than the size of a domain wall. For

example in NiO single crystals the domain wall width has been determined to be around

150 nm [50]. In contrast it has been found that the domain walls of an antiferromagnet-

ically coupled Fe monolayer on W(001) can be as narrow as 6-8 atomic rows [51]. This

suggests that the dimensionality of a system might have an in�uence on the domain wall

size in antiferromagnets. First theoretical steps in order to understand superparamagnet-

ism in antiferromagnets have been taken and it was found that the switching frequency

is enhanced and thus the thermal stability signi�cantly decreased compared to their fer-

romagnetic counterparts [16]. The use of synthetic chemistry allows to control many

nanoparticle parameters, such as chemical composition, shape, monodispersity [52�58].

Moreover, it is now possible to produce hollow or core-shell nanoparticles systems. The

latter might even make nanoscale arti�cial multiferroics systems accessible [52, 53, 59�

62]. Multiferroics are materials, which exhibit coupled magnetic and ferroelectric ordering

parameters. This potentially to manipulate the magnetic properties directly by applying

electric �elds and vice versa. There are intrinsic multiferroic (e.g. BiFeO3) and arti�cial

multiferroic systems (Co/PMNPT). Using nanoparticles with a core-shell morphology

could allow to access arti�cial multiferroics for example by growing a magnetic material

on a ferroelectric core.

Antiferromagnetic nanoparticles were widely investigated. AC and DC magnetometry

[52, 63, 64] yield the dynamic and static susceptibility. Mössbauer spectroscopy [65�69]

reveals the �ne structure splitting. Electron spin resonance spectroscopy [70] can directly

access information about unpaired electrons. Neutron scattering [71, 72] and muon spin

relaxation [73] provide information of the local magnetic �elds in a solid state object at

the atomic scale. However, those methods measure the averaged magnetic properties of
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CHAPTER 1. INTRODUCTION

a large ensemble of nanoparticles which are composed of a certain distribution of prop-

erties like the size, shape, chemical composition, and crystallinity. Thus, the in�uence of

microstructural defects such as antiphase boundaries, stacking faults, and point defects

on the magnetic properties are still widely unexplored. The e�ect of antiphase bound-

aries in magnetite nanoparticles was investigated by correlating DC magnetometry data

of ferrimagnetic magnetite nanoparticles with high resolution transmission electron mi-

crographs [74]. Such studies are helpful but are still not able to directly correlate the

relation between the magnetic properties of individual nanoparticles and their respective

morphology or microstructure.

It is very challenging to disentangle the contribution of inter-particle interactions from

the intrinsic magnetic properties of individual nanoparticles, such as magnetic ordering

temperature, blocking temperature, the orientation of the spin axis, and uncompensated

magnetic moments originating from the small size of the nanoparticles. In order to ac-

cess the intrinsic magnetic properties of antiferromagnetic nanoparticles, those have to be

probed on the level of individual nanoparticles. It would certainly be possible to study

the magnetic properties of individual ferro- and ferrimagnetic nanoparticles by means

of magnetic force microscopy (MFM) or scanning NV-magnetometry. However, those

methods rely on measuring stray �elds and further need extensive modeling to retrieve

the magnetic ordering direction of individual nanoparticles. Further, it is not clear if

the magnetic properties of a 3D object can be properly assessed since those methods are

usually very accurate in order to investigate atomically �at thin �lms but are less reliable

for systems with a strong topography, such as many nanoparticle systems have. How-

ever, the major challenge for investigations of antiferromagnetic nanoparticles by means

of MFM and scanning nitrogen vacancy magnetometry is the absence of a macroscopic

stray �eld. Thus, antiferromagnetic nanoparticles can only be studied by assessing the

antiferromagnetic ordering parameter directly.

In this thesis the magnetic properties of individual and agglomerated antiferromagnetic

nanoparticles are studied using a methodology which was used similarly for ferromagnetic

nanoparticles [75]. Speci�cally x-ray photoemission electron microscopy (XPEEM) is

combined with complementary scanning electron microscopy (SEM) on highly diluted

nanoparticle samples. The combination of highly diluted nanoparticles and the use of
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CHAPTER 1. INTRODUCTION

gold marker structures on the silicon substrates allows us to identify the very same nano-

particles in both microscopes [76�79]. Hereby, the chemical properties of the nanoparticles

are studied using x-ray absorption spectromicroscopy. The antiferromagnetic properties

and eventual uncompensated magnetic moments are observed utilizing the x-ray mag-

netic linear (XMLD) and circular (XMCD) dichroic e�ects using linearly and circularly

polarized x-rays, respectively. Those e�ects arise from polarization dependent x-ray ab-

sorptions at the L2,3 edges of 3d transition metal oxides [18, 19, 31, 80�84]. Whereas

the XMLD is sensitive to the orientation of the spin axis with respect to the polarization

vector of the x-rays, the XMCD e�ect indicates the relation between the propagation

direction of the x-rays and the magnetic moments.

So far antiferromagnetic nanoparticles were typically investigated in form of powder

samples. In order to obtain an acceptable signal to noise ratio for nanoparticles on a

substrate, the nanoparticles have to be stacked in thick multilayer samples. However, for

applications such systems are not well suited since in this case self-assembled monolayers

or individual nanoparticles might be favorable. In those systems the interaction between

the nanoparticles and the substrate might become very important since the substrate-

particle interactions profoundly a�ect the orientation of the antiferromagnetic spin axis

of individual antiferromagnetic nanoparticles. The approach used in this thesis allows in-

vestigating individual nanoparticles and their agglomerates, which form islands of quasi-

monolayers on the substrates. The reason for this is that drop casting antiferromagnetic

nanoparticles from highly diluted solutions always yield individual and agglomerated nan-

oparticles. Thus, it becomes possible to investigate the importance of interface e�ects on

antiferromagnetic nanoparticles.

Firstly, goethite (α− FeOOH) nanoparticles are investigated using scanning electron

microscopy (SEM), transmission electron microscopy (TEM), x-ray di�raction (XRD),

re�ection high energy electron di�raction (RHEED), x-ray absorption (XA) spectroscopy,

and x-ray linear dichroism (XLD). The TEM micrographs reveal that the goethite nan-

oparticles consist of grains and contain numerous holes and voids. However, the indi-

vidual grains are found to be misaligned by low angle boundaries (< 1 ◦). The SEM

images con�rm that the highly diluted samples contain individual nanoparticles as well

as agglomerated nanoparticles, which form quasi-monolayers. The XRD data of goeth-
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CHAPTER 1. INTRODUCTION

ite nanoparticles solved in ethanol suggest phase-pure goethite. In contrast to this the

RHEED measurements and XA spectroscopy under ultra-high vacuum (UHV) condition

suggest that the nanoparticles consist of a goethite and hematite. This indicates that the

nanoparticles are metastable under UHV. This strongly suggests that the experimental

condition under which goethite nanoparticles are investigated are important. The tem-

perature dependent XLD measurements indicate a magnetic phase transition of individual

and agglomerated nanoparticles close to the Néel temperature (400K) of goethite in its

bulk form. Further, it is found that agglomerated display a almost orientation independ-

ent XLD, while the individual nanoparticles reveal an orientation dependent XLD. The

orientation dependent XLD contribution of individual goethite nanoparticles is attributed

to the crystal structure of the individual nanoparticles. The magnetic dichroism in ag-

glomerates and individual nanoparticles suggests that the spin axis of the nanoparticles

preferentially is oriented perpendicular the the sample. The data indicates the occurrence

of a interface e�ect between the SiOx substrates and the nanoparticles, which is able to

reorient the spin axis perpendicular to the substrate.

Secondly, CoO/Co3O4 core-shell nanoparticles are investigated by SEM, XA spec-

troscopy, XMLD/XMCD spectromicroscopy. It is found that the nanoparticles exhibit

a regular octahedral shape using SEM. The core shell morphology is studied using XA

spectroscopy, which reveals no signi�cant amount of Co3O4 in the XA signal indicating

that the shell is likely very thin, completely absent, or consists of highly de�ective Co3O4.

The defective nature of the shell is indicated by the almost no traces of Co3+ found in

the XA spectra. A phase transition from paramagnetic to antiferromagnetic is found very

close to the Néel temperature (290K) of bulk CoO. The azimuthal XMLD spectroscopy

and XMLD contrast images reveal a pronounced orientation dependent XMLD e�ect.

From the orientation dependent XMLD contrast images the antiferromagnetic spin axis

of individual CoO nanoparticles is determined suggesting that at least a part of the nan-

oparticles exhibit a spin axis which is consistent with the direction known in CoO in its

bulk form. Additionally, XMDC contrast images show the existence of uncompensated

magnetic moments in individual CoO nanoparticles. By studying the time dependence of

the XMCD contrast it is revealed that those magnetic moments behave superparamag-

netically at 100K. Such superparamagnetic relaxations cannot be observed by means of
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CHAPTER 1. INTRODUCTION

the XMLD contrast images. However, due to the intrinsic insensitivity of the XMLD to

180 ◦ sublattice inversion it cannot be excluded that such inversion are happening.

Antiferromagnetism at the nanoscale is a very exciting topic. In order to make the

experimental results understandable the known magnetic properties of goethite, rocksalt

CoO, wurtzite CoO, and Co3O4 will be discussed in Chapter 2. In Chapter 3 an intro-

duction to the generation of polarized synchrotron radiation will be provided. Moreover,

it it will be explained how such radiation is used in order to chemically and magnetically

characterize 3d transition metal oxide nanoparticles. For this the fundamental principle

of XA spectroscopy and the x-ray linear and circular dichroic e�ects at the L2,3 edges are

introduced. Further in Chapter 4 the experimental details are introduced including the

preparation of the sample, analytical techniques (XA/XMLD/XMCD spectromicroscopy,

RHEED, XRD, SEM and TEM), and the applied data analysis. After those fundamental

considerations the experimental results for individual and agglomerated goethite nano-

particles are presented in Chapter 5 and then the results of the CoO/Co3O4 core shell

nanooctahedra will be discussed in Chapter 6. Finally, Chapter 7 and Chapter 8

present an overall conclusion and an outlook, respectively. Chapter 8 provides inform-

ation about di�erent nanoparticle systems which could potentially be explored as well

as a new state of the art microscopy method in order to study antiferromagnetism on

the nanoscale with largely improved spatial resolution potentially allowing to investigate

magnetic substructures of individual nanoparticles.
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Chapter 2

Magnetic properties of goethite and

cobalt oxides

In this chapter, the structural and magnetic properties of goethite (α− FeOOH) and

three cobalt oxides are discussed. In case major discrepancies are known between the

bulk and nanoscale properties, they will be addressed. In the case of cobalt oxide, the

rocksalt CoO and Co3O4 are discussed as they are primarily expected to appear in the

investigated cobalt oxide nanoparticles [52, 85]. Additionally the wurtzite CoO phase is

shortly reviewed, since this is in particular a metastable phase, which is known to be

stabilized at the nanoscale. In the following, if there is no speci�cation made, CoO refers

exclusively to the rocksalt CoO, whereas the wurtzite phase is speci�ed as w − CoO.

2.1 Magnetic properties of goethite

Goethite (α− FeOOH) is a very abundant iron oxide in the earth crust. Among the

many iron oxide which appear naturally, goethite is one of the most stable ones. Goethite

has an orthorhombic (Pnma) unit cell with lattice parameters a=9.956Å, b=3.022Å,

and c=4.608Å [86]. Usually, goethite appears in nature in form of microscale pseudo

single crystals or in a nanogranular phase [87]. Synthetic goethite is most commonly

nanogranular [87, 88]. While nanosized single crystals are often found to be elongated

along their b-axis [68, 73, 89�92] larger polycrystals are elongated along their a-axis [86].

The elongation along the a-axis of polycrystalline goethite is promoted by the tendency

7



CHAPTER 2. MAGNETIC PROPERTIES OF GOETHITE AND COBALT OXIDES

of crystallites to attach to each other at the b− c plane [86]. This attachment favors the

formation of low angle grain boundaries [86, 87]. Additionally, goethite nanoparticles are

often found to exhibit voids and holes [89, 93].

Goethite transforms to hematite (α− Fe2O3) starting at 520K under ambient con-

ditions [94�96]. The onset temperature of the structural phase transformation is known

to be a�ected by the conditions under which the material is heated, for example, in a

vacuum of 6 × 10−5 mbar the structural phase transition from goethite to hematite can

happen as low as 420K [97].

In its bulk form, goethite is well known to be antiferromagnetically ordered below

400K [72, 98]. The magnetic spin axis of goethite is along the crystal b-axis [98]. Thus,

the magnetic spin axis is on the cross section of nanoparticles, which are elongated along

the a-axis. However, there are some indications found by neutron scattering experiments

suggesting that the magnetic spin axis can be reoriented from the b-axis into the c-axis

by 13-52 ◦ [71, 72].

Goethite nanoparticles are often found to exhibit superparamagnetic behavior down

to low temperatures [69, 73, 89, 90]. This is attributed to the small volume found for

grains in goethite nanoparticle. There is still some ambiguity about the origin of the su-

perparamagnetism in goethite nanoparticles since it is not clear if the superparamagnetic

relaxation is driven by the superparamagnetic relaxation of individual grains [90] or by a

collective superparamagnetic relaxation of a nanoparticle as a whole [89].

2.2 Magnetic properties of cobalt oxides

2.2.1 Magnetic properties of rock salt cobalt oxide

TN of bulk CoO is usually around 290K [17]. In the paramagnetic high temperature phase

(T > TN) CoO exhibits a cubic unit cell (Fm3m) with a=4.258Å [17, 99]. Below the TN,

in the antiferromagnetic phase the lattice undergoes a Jahn-Teller like lattice deformation

to a monoclinic unit cell (C2/m) with a=5.180Å, b=3.015Å, and c=3.017Å [100�102].

In both con�gurations the octahedrally coordinated Co2+ ion exhibits a high spin state

with three unpaired 3d-electrons. The monoclinic cell can be projected on a nearly cubic

unit cell with a=b=4.265Å and c=4.217Å and α = β = γ = 89◦58′ [99, 102].
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There is still some debate on the magnetic structure of CoO. However, most likely

CoO exhibits a collinear spin structure along the tetragonal distortion axis within the

nearly cubic unit cell below TN [103]. Thus, the antiferromagnetic spin axis is along

[001]. The spins are generally canted out of the [001] direction by about 11 ◦ since the

spins point actually along [	1	17] [17, 104, 105]. This is a consequence of the competition

between the dipolar interaction favoring the orientation of the spin within a (111) plane

and the exchange interaction, which tries to align parallel to the tetragonal axis [17].

CoO nanoparticles with sizes between 5 - 100 nm are routinely found to exhibit un-

compensated magnetic moments [52, 85, 106�110]. Reports on the in�uence of annealing

in N2 [107] and vacuum [108] suggest that the formation of oxygen vacancies or potentially

metallic vacancies might give rise to e�ective magnetic moments within nominally anti-

ferromagnetic CoO nanoparticles. Additionally, it has been speculated that the lowered

coordination at the particles surfaces might allow the establishment of an uncompensated

multi-sublattice con�guration [109] instead of just two antiferromagnetic sublattices. Fur-

ther, the magnetic moments within CoO nanoparticles have been described to contain a

large orbital contribution at low temperatures [110], which might even allow for a spin

reorientation at low temperatures.

2.2.2 Magnetic properties of wurtzite cobalt oxide

Wurtzite CoO has a hexagonal unit cell (P63mc) with a = b =3.244Å, and c =5.203Å.

The Co2+ ions are tetrahedrally (Td) coordinated. The tetrahedrally coordinated Co2+

ions exhibit a high spin state and couple ferromagnetically within the a− b plane, while

adjacent a − b planes coupled antiferromagnetically along the c-axis. There is still some

ambiguity about the magnetic ground state of wurtzite. It has been show that a collinear

and a spin frustrated trigonal spin orientation within the a − b planes potentially could

form the magnetic ground state [111�113].

w − CoO so far has been observed only in small nanoparticles and ultra-thin �lms [114,

115], since it is found to be unstable and to spontaneously reorganize to rocksalt CoO at

larger volumes. In nanoparticles, w − CoO is often found together with zinc blend CoO

[116] indicating that the two phases exhibit a codependency. In this chapter zinc blend

CoO is not discussed further since it only seems to appear as a parasitic phase within

9
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small nanoparticles of w-CoO [114, 116].

The Néel temperature of w − CoO is usually reported to be between 200 - 250 K [29].

However, there are studies which �nd a ferromagnetic response for w − CoO nanoparticles

even above room temperature [116�119]. At this point it is in fact not clear where the

room temperature magnetic moments originate from. One explanation is that in fact the

formation of vacancies at the surface of w − CoO nanoparticles gives rise to this unusual

parasitic magnetic behavior, which seems not necessarily to depend on the magnetic order

within the nanoparticles.

2.2.3 Magnetic properties of spinel cobalt oxide

Co3O4 crystallizes in a cubic (Fd	3m) unit cell with a=8.082Å. It consist of tetrahedrally

coordinated Co2+ ions and octahedrally coordinated Co3+ sites which are arranged in

a normal spinel structure which is noted as [Co2+]tet[Co3+
2 ]octO−2

4 . It has been reported

that the octahedral Co3+ ions appear in a low spin state which yields S=0, thus the

octahedral sides behave diamagnetic [120]. The tetrahedral Co2+ sides are in a high

spin state and thus carry a spin of S=3/2. Thus, the magnetic order within Co3O4 is

entirely promoted by the exchange interaction between neighboring Co+2 sides. However,

the exchange interaction between those sides is weak which explains that the magnetic

ordering transition for Co3O4 is at TN = 40K [120].

Co3O4 nanoparticles have been synthesized in various sizes and shapes, such as spheres,

wires, �ower-like structures [64, 121, 122]. In a study on spherical nanoparticles in a size

range between 3-30 nm, a signi�cant increase of the magnetic moment as well as the

blocking temperature was found for nanoparticles below 10 nm [123, 124]. The magnetic

moments of nanoparticles with a size of about 3 nm have been found to be 8µB [123], which

is more than double of what is expected by Co3O4 in its bulk form. This observation has

been attributed to Co3+ ions with possible oxygen vacancies as well as symmetry breaking

in crystals of such a small sizes [123]. The same magnetic properties have been con�rmed

for nanoparticles with sizes between 2-3 nm [125] and further no signi�cant decrease of the

Néel temperature of Co3O4 nanoparticles of such small sizes was found. In contrast, Co3O4

nanoparticles with a size of about 30 nm were found to exhibit a signi�cant exchange bias

e�ect [126]. The appearance of the exchange bias has been attributed to the formation of a

10
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spin core-shell structure. Overall, it becomes clear that the magnetic properties of Co3O4

nanoparticles vary signi�cantly depending on the size, shape, and even the synthesis route

chosen to produce the nanoparticles.
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Chapter 3

Probing the chemical and magnetic

properties using synchrotron radiation

X-rays are widely used to study various system in �elds such as condensed matter phys-

ics, chemistry [127], biology [128], archaeology [129], art history [130] etc. In this thesis

the chemical, structural, and magnetic properties of individual 3d transition metal oxide

nanoparticles are investigated. Speci�cally α− FeOOH nanoparticles and CoO/Co3O4

core-shell nanooctahedra are studied using spatially resolved x-ray absorption spectro-

scopy to determine their respective chemical and magnetic properties [131]. In order to

study magnetic properties of those two types of 3d transition metal oxide nanoparticles

the x-ray magnetic linear (XMLD) and circular (XMCD) dichroic e�ects are employed.

Such investigations require highly intense, tunable, and polarized synchrotron radiation

which the Swiss Light Source (SLS) provides. Thus, in this chapter the fundamental

working principles of synchrotron sources are discussed. Further x-ray absorption spec-

troscopy, the x-ray linear dichroism (XLD) e�ect, and the XMCD e�ect at the resonant

L2,3 edges of 3d transition metals are introduced. In case of the XLD the XMLD and the

x-ray natural linear dichroism (XNLD) arising from the crystal structure are discussed

separately.
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FIG. 3.1: (a) Schematics of a synchrotron radiation facility with a linear accelerator
(linac), the booster ring (booster), the storage ring, and the beamlines (bl1 - bl4). (b)
schematics of a linear undulator.

3.1 Synchrotron radiation and polarized X-rays

Synchrotrons are cycloidal particle accelerators, which are used to accelerate electrons very

close to the speed of light c. As seen in Fig. 3.1(a) typical synchrotron facility consists of

an electron source, a linear accelerator, a booster ring, and a storage ring. In the following

the focus is put on the Swiss Light Source [132], since this is the only synchrotron facility

utilized in this thesis. The electrons are generated by an injector consisting of an solid

state target which is excited by a pulsed laser. The extracted electrons enter the linear

accelerator (linac) from which the electrons are kicked to the booster ring at a energy

of 100MeV (0.9974 c). As soon as the electrons reach an energy between 2.4-2.7GeV

(0.99999996 c) the electron bunches are kicked into 'buckets' of the storage ring [132].

X-rays are generated using insertion devices (ID). Three common types of IDs are

bending magnets, wigglers, and undulators [133]. In this chapter only undulators are

discussed since this type of ID is the only one used in this thesis. In Fig. 3.1(b) the

schematics of a linear undulator is shown, which consists of two arrays of permanent

magnets. A linear undulators allows to generate only linearly polarized x-rays. Thus, in

practice elliptical undulators are used allowing to access variable x-ray polarizations. The

polarization of the emitted x-rays is controlled adjusting the shift between the two arrays

of permanent magnets. This allows to choose linear polarization for angles between 0◦and

90◦as well as circular (C+/−) polarizations. The emitted synchrotron radiation is in the

x-ray range due to the relativistic speed of the electrons in the storage ring. The photon
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energy of the synchrotron radiation can be controlled tuning the width of the undulator

gap as shown in Fig. 3.1(b). The emitted x-rays are cast into the beamline passing a

series of optical element which are used to get a well de�ned x-ray ray beam. Since

the radiation emitted from a undulator displays a relatively wide energy distribution

additionally monochromators are used consisting of a dispersive grating and an x-ray

mirror. In the end highly intense, monochromatic, and polarized x-rays are obtained

which is of profound interest for employing XA spectroscopy and consequently utilizing

the XLD and XMCD e�ects in order to study the chemical and magnetic properties of

the goethite (Chap. 5) and CoO (Chap. 6) nanoparticles.

3.2 Resonant soft x-ray absorption spectroscopy

X-ray absorption spectroscopy is based on exciting electrons from the occupied core levels

into unoccupied states above the Fermi edge. In order to probe the chemical and magnetic

properties of 3d transition metal oxides soft x-rays are used, which have a photon energy

between 700 - 810 eV. Speci�cally, electrons from the occupied 2p bands are excited to

empty states above the Fermi edge of the 3d bands. The electronic transition is described

by Fermis golden rule as Pi→f ∝ |〈f|H′|i〉|2ρf , where f are the �nal states in the partially

�lled 3d bands, i the initial state in the �lled 2p bands, H' the dipole transition operator,

and ρf the density of states of the �nal states. The transitions are governed by optical

selection rules where ∆l = ±1 and ∆s = 0. Due to the strong spin-orbit coupling in the 2p

levels the degeneracy is lifted and the 2p levels split into the 2p1/2 and 2p3/2. The splitting

of the 2p bands gives rise to the appearance of the L3 (2p3/2 → 3d) and L2 (2p1/2 → 3d)

absorption edges. By probing the empty states in the 3d bands of 3d transition metals it

is possible to investigate the magnetic properties since the magnetism in those materials

is contained in the 3d bands. The magnetic contribution to the absorption at the L2,3

edges is discussed further in Chaps. 3.3 (XMCD) and 3.4.2 (XMLD).

The transition energy diagram for an L2,3 absorption is shown in Fig. 3.2(a). The

diagram reveals that the 2p1/2 is lower in energy that the 2p3/2. This yields that the

transition energy at the L2 edge is larger than at the L3 edge. Figure 3.2(b) displays

the XA spectra at the L2,3 edge of iron revealing that the L2 edge appears indeed about
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FIG. 3.2: (a) Schematic of the excitation from the 2p core levels to the 3d levels above
the Fermi energy EF . The schematic is adapted from Stöhr et al [18]. (b) XA spectra of
a metallic iron recorded across the resonant Fe L2,3 absorption edges.

13 eV higher than the L3 edge. At both edges the spectrum shows a single peak which

is typical for metallic compounds. In contrast to this the XA spectra of 3d transition

metal oxides exhibit so called multiplet structure due the the presence of a crystal �eld

splitting. The crystal �eld splitting of XA spectra can be seen in the goethite and CoO

spectra displayed in Chap. 5 and Chap. 6 as well as in the discussion of the XMLD e�ect

on LFO in Chap. 3.4.2.

3.3 X-ray magnetic circular dichroism

In the following, ferromagnetically ordered cobalt is considered with its magnetic moments

oriented parallel to the propagation directions of the x-rays. Figure 3.3(a) displays a

schematics of the transition energy diagram if this sample is illuminated by circularly

polarized x-rays giving rise to the XMCD e�ect.

The 3d bands are split into spin up and spin down states. The imbalance of the

�lling of those states results in di�erent transition probabilities for C+ (black) and C−

(gray) polarized photons. This is the origin of the XMCD e�ect. The spectra displayed in

Fig. 3.3(b) reveal that the XMCD sign is inverted if the L3 and L2 edges are compared. In

another approach it is possible to measure the sample with a single circular polarization

but inverting the directions of the magnetic moments for example by �rst applying a

magnetic �eld parallel and then antiparallel to the propagation direction of the x-rays

[18, 134�136]. Those two approaches are expected to yield the same XMCD spectrum.
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[b]

FIG. 3.3: (a) Circularly polarized x-ray excitation from the 2p core levels to empty states
in the 3d bands of a magnetic media. The C+ and C− polarized x-rays are absorbed
di�erently depending on the magnetization of the material. (b) the XA absorption spec-
tra recorded with C+ (gray) and C− (black) polarized x-rays at the Co L2,3 edges with
magnetic �eld applied parallel to the propagation direction of the x-rays.

Since the magnetic moment has a direction the magnitude of the XMCD e�ect depends

on an angle α between k and the magnetic moment M of the sample as IXMCD ∝k ·M =

M · cos(α). Thus, the XMCD e�ect can be used to determine the direction of magnetic

moments with element speci�city. Probing the XMCD e�ect allows to probe magnetic

moments as small as 0.01µB/atom [137].

3.4 X-ray linear dichroism (XLD)

The absorption of linearly polarized x-rays in a medium depends on various factors. In

the most general case, those factors can give rise to birefringence or dichroic e�ects [138].

The focus here is on the magnetic and structural dichroism. The two dichroic e�ects

are the XMLD and XNLD. Both of them have been extensively studied before on other

systems [19, 31, 32, 80, 81, 139]. It can be challenging to disentangle both contributions to

the total XLD. Generally, it can be noted that the XLD arises from the so-called 'search

light' e�ect, which manifests itself as an increased absorption of the x-ray when E of the

linearly polarized x-rays is parallel to the empty states in the 3d bands.

3.4.1 X-ray natural linear dichroism (XNLD)

In a cubic crystal �eld the XNLD vanishes due to the high crystal symmetry with the

empty states in the 3d bands are distributed within a nearly spherical potential [31].
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FIG. 3.4: (a) Splitting of the 3d shells of Cu2+ ion in a tetragonal crystal �eld. (b) the
XA spectra for E ‖ dx2−y2 (black) and E ‖ d3z2−r2 (gray). The �gure is adapted from
Chen et al. [139]

Here, the polarization dependent x-ray absorption of La1.85Sr0.15CuO4 with a tetragonal

distortion of the crystal �eld [139] is discussed. Figure. 3.4(a) the L2,3 energy level diagram

of the L2,3 edge of Cu2+ is shown visualizing the splitting of the �ve 3d-orbitals.

The electronic con�guration of a Cu2+ ion is [Ar]3d9, consequently there is only one

empty state in the 3d band located in the dx2−y2 orbital. From the schematic repres-

entation of the orbital it can be easily seen that the half �lled dx2−y2 and fully occupied

d3z2−r2 are oriented orthogonally to each other. Thus, the x-ray absorption should be high

if E ‖dx2−y2 and low for E ‖d3z2−r2 . This expected behavior is clearly demonstrated by

the XA spectra displayed in Fig. 3.4(b). This case is the most simple case imaginable,

since there is only one empty state in the 3d bands. In a more general case this usually

is more complex. Especially, the analytical understanding of the behavior of the XNLD

gets increasingly complicated if the symmetry of the crystal �eld is lowered further [82].

Consequently, the orientation dependent behavior of the total XLD in a magnetic system

might also get more complex.

3.4.2 X-ray magnetic linear dichroism (XMLD)

XMLD arises from an non-spherical charge distribution in the d-orbital caused by the

spin orbit coupling when the spins become axially aligned due to the exchange interaction

[138]. The spin and orbital moments couple to the crystal �eld. This leads to a multiplet

splitting of the XA spectrum since degeneracies are lifted. It has been observed that the

XMLD can become relatively large in multiplet split systems compared to simple metallic
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FIG. 3.5: (a) Diagram of the electronic 2p → 3d transitions using E⊥ and E‖ polarized
x-rays. (b) X-ray absorption spectra recorded at the Fe L2,3 edges using E⊥ (gray) and
E‖ (black) polarized x-rays. The di�erence

systems [138]. The XA spectra of 3d transition metal oxides display multiplet split L2,3

edges.

The XMLD probes the orientation of the axis formed by the distorted sub-orbital pop-

ulation with respect to E [18, 80, 138]. Using the XMLD it is only possible to determine

the orientation of the magnetic moments in a ferromagnetic system, since this e�ect is

insensitive to an inversion of the magnetic moments by 180◦. However, the XMLD e�ect

allows to study antiferromagnetic, ferrimagnetic, and ferromagnetic ordered materials.

The origin of this is that on the integration length scale (in x-ray photoemission electron

microscopy usually about 50 nm) antiferromagnetic materials exhibit no spin polarization

in the 3d bands. Thus, no net XMCD e�ect is obtained. However, the sub-orbital popula-

tion of an antiferromagnetic material above and below the magnetic ordering temperature

is di�erent. The XMLD e�ect is suitable to probe the antiferromagnetic spin axis of a

material [36, 38, 140]. The magnitude of the XMLD is proportional absolute projection of

the antiferromagnetic spin axis (M2) onto the linear polarization vector (E) of the x-rays.

In its most general form the x-ray absorption of linearly polarized x-rays can be written

as :

I = I0 + I2cos2(α) (3.1)

Where I0 is the isotropic absorption intensity, I2 the anisotropic absorption intensity,

and α the angle between E and M2.

Figure 3.5 displays an XMLDmeasurement on LaFeO4. Panel (a) shows the schematics
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of the transition energy diagram of the L2,3 edge of iron. Panel (b) displays the orientation

of two antiferromagnetic domains, one where the spin axis (S) is parallel to E‖ (black)

and the second where S ⊥ E‖ (gray). In panel (c) the according XA spectra are shown.

At both absorption edges the x-ray absorption depends clearly on the orientation of S.

In the experiments reported in this thesis the orientation dependent XMLD of individual

nanoparticles will be studied in order to determine the spin axis of the nanoparticles.
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Chapter 4

Experimental details

In this chapter the sample preparation and the XPEEM setup are discussed in depth.

Further, the data analysis steps needed for processing the data are introduced in this

chapter. Further scanning electron microscopy [141] (SEM), transmission electron micro-

scopy [142] (TEM), re�ection high energy electron di�raction [143] (RHEED), and x-ray

di�raction [144] (XRD) are also discussed very brie�y. However, for additional informa-

tion about those methods the mentioned references should be visited.

4.1 Sample preparation

4.1.1 Goethite nanoparticles

Goethite nanoparticles suspended in ethanol with a concentration of 20%wt. (Product

Nr. 720712) were purchased by Sigma-Aldrich (Merck). The nanoparticles are obtained

by ball milling microsized goethite crystals. After ball milling the nanoparticles are partly

covered by 3,6,9-trioxadecanic acid to improve their solubility in ethanol. The goethite

nanoparticles are found to have nominally a mean length of l=110 nm and a mean width

of w=30nm using dynamic light scattering (done by Sigma-Aldrich). The stock solution

is diluted to a concentration of 10−2 %wt. (low density samples) and 1%wt. (high density

samples).
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FIG. 4.1: (a) and (b) the respective elemental contrast image at the Fe L3 edge recorded
by XPEEM and a SEM image of the very same spot on a silicon substrate with gold
marker structures (R25). The three white circles in the micrographs indicate the very
same features

4.1.2 Cobalt oxide core-shell nanoparticles

The CoO/Co3O4 core-shell nanooctahedra were provided by collaborators at the Univer-

sity of Vigo, Spain [52]. The CoO nanooctahedra are synthesized by thermal decomposi-

tion from cobalt(II) acetate. The details of the synthesis are reported elsewhere [52, 145].

After synthesis, the nanoparticles are washed three times by ethanol and dried before be-

ing dissolved in ethanol at a concentration of 1%wt. in order to obtain a stock solution.

Before dispersing the nanoparticles on substrates the stock solution is further diluted to

a concentration of 10−2 %wt.

4.1.3 Nanoparticle deposition

As substrates silicon [001] substrates with a native oxide layer and silicon nitride (SiN)

membranes (SiMPore Inc., Product Nr. SN100-A10Q33) are used. The silicon substrates

have a size of 1× 1 cm2 a contain gold marker structures produced by means of electron

beam lithography, which are shown respective XPEEM and SEM in Figs. 4.1(a) and (b).

(a) is a elemental contrast image at the Fe L3 edge recorded by XPEEM and the respective

SEM micrograph around the marker structure R25. The white circles highlight the very

same nanoparticles in both images. The SiN membrane chips have a size of 3 mm×3 mm.

In the center region are nine windows with each having a size of 100×100µm2. The silicon
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FIG. 4.2: (a) SEM image of a spot on a typical RHEED sample after the particle depos-
ition. The white square highlights the area which is displayed in (b).

substrates are used for the XPEEM, XAS/XMCD, SEM, and RHEED measurements

while the SiN membranes are used for TEM investigations.

Before dispersing the nanoparticles on the substrates the nanoparticle solution is

placed in a ultrasonic bath for at least 30min in order to prevent agglomeration of the

individual nanoparticles, then the nanoparticle solution is drop cast on the substrates,

and spin coated at a moderate speed of 8Hz for about a minute. Finally, the samples are

left to dry for a few minutes under ambient conditions. The �nal samples display some

individual nanoparticles as well as agglomerates.

In case of samples for the RHEED measurements on sample with a high surface cov-

erage are used in order to obtain a suitable signal. In this case the highly concentrates

goethite nanoparticle solution is just drop cast onto silicon substrates. Figure 4.2(a) dis-

plays an overview of a typical RHEED sample and (b) a zoomed in view of the part of

the sample indicated by the white square in (a). Especially from Fig. 4.2(b) becomes

evident that the goethite nanoparticles rather appear in patches rather than as an closed

monolayer.
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4.2 Characterization

4.2.1 X-ray photoemission electron microscopy

The spatially resolved x-ray absorption spectroscopy and magnetic contrast imaging is per-

formed using XPEEM in ultra high vacuum (UHV) at base pressure around p=5× 10−10 mbar.

Figure 4.3 shows a schematic representation of a XPEEM. The x-rays propagate (k) along

the x-direction and impinge at Θk =16 ◦. The coordinate system is given as an orthogonal

system where x and y form the sample plane and z is the surface normal of the sample.

Additionally, the angles Θs and Φs are de�ned according to the spherical coordinates.

The polarization vector E⊥ is tilted from the z direction by Θk into the x-direction, while

the E‖ is parallel to the y direction. The notations E⊥ and E‖ are used for the invest-

igation of the goethite nanoparticles in Chap. 5. In Chap. 6 a di�erent notation is used

in the form of E(Θs,Φs), where E(0,Φs) refers to E⊥ and E(90,Φs) to E‖. The sample can

be rotated around the surface normal by an angle Φs. The polarization angle Θs can be

freely rotated from 0 ◦ to 90 ◦ and azimuthal angle Φs from 0 ◦ to 360 ◦, which allows to

record azimuthal and polarization dependent measurements. In Chap. 5 only azimuthal

dependent experiments are reported while in Chap. 6 azimuthal and polarization depend-

ent measurements. Additionally, the temperature of the microscope can be varied between

100K and 500K allowing temperature dependent measurements. The sample is cooled

using a helium cryostat and the sample can be heated using a �lament located at the

backside of the sample.

In order to perform XPEEM measurements the sample is illuminated by x-rays. For

the measurements a PEEM setup provided Elmitec GmbH is used. All measurements

are carried out at a base pressure of about 5 × 10−10 mbar. As discussed in Chap. 3.1

the x-rays are produced by undulators which are inserted in the storage ring of the Swiss

Light Source. The x-rays are used to excite electrons in the sample. Here, the secondary

electrons are used to measure the absorption, which are generated by a decay cascade

of the initially excited primary electrons. This mode of detection is commonly referred

to as total electron yield. In order to extract the secondary electrons from the sample a

high-voltage of -10 kV or -15 kV is applied to the sample. The extracted electrons then

pass through the object lens into the electron optics containing a series of electromagnetic
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FIG. 4.3: (a) Schematics of a XPEEM with the propagation direction k , the spin axis s ,
the sample coordinate system, azimuthal rotation angle Φs indicated, the orientation of
E⊥ and E‖ indicated as described in the text.

lenses and an energy analyzer, which is of fundamental importance in order to select

only electrons within a small energy band. The energy range of the electrons is further

narrowed down inserting a energy slit allowing to select electrons with a certain trajectory

in the energy analyzer. This e�ectively reduces chromatic aberrations allowing to image

samples with a spatial resolution as low as 50 nm. After passing the electron column

the signal is ampli�ed by an multi channel plate (MCP). The image is generated on a

�uorescent screen and recorded by a CCD camera.

Utilizing synchrotron radiation with tunable photon energy it is possible to study the

properties of the samples with very high intensities which allows to reduce the integration

time. In this thesis the resonant absorption edges L2,3 edges of Fe and Co are used. In

order to obtain XA spectra the photon energy is tuned in steps of 0.1-0.2 eV across the

absorption edges and at each energy an image is recorded and saved to a stack of raw

images.

It is also possible to record elemental contrast maps. In order to achieve this one re-

cords XPEEM images at the resonant absorption edge and another in the pre-edge region.

Dividing those two images pixel by pixel constructs a map where locations containing the

probed atom type (e.g. Fe or Co) appear bright and the empty parts of the substrate

dark.

In order to study the magnetic properties of nanoparticles one can apply XMLD and
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XMCD contrast imaging. In case of XMLD images two images at two energies with

one linear polarization of the x-rays are recorded. The chosen photon energies refer to

parts on the spectrum where a strong XMLD signal can be observed. Preferentially the

two energies should carry a inverted XMLD signs. The images acquired at one linear

polarization with two photon energies are then divided pixelwise in order to obtain the

XMLD contrast. This method is used in Chap. 6, since in this case only maps where all

nanoparticles appear either with white or black contrast are obtained it is necessary to

extract the XMLD contrast values for a quantitative analysis, which is discussed latter in

this chapter.

In a similar way XMCD contrast maps can be recorded using C+ and C− polarized

x-rays at a single photon energy where the XMCD is large. Those two image are divided

pixel by pixel yielding the XMCD maps where nanoparticles appearing white or black

have their respective magnetic moments oriented parallel or antiparallel to k of the x-ray.

The shades of grays which can also be seen refer to the angle α between the magnetic

moment M of the nanoparticles and k since IXMCD ∝Mcos(α) as it is discussed it detail

in Chap. 3.3.

XPEEM images are recorded in a certain statistics noted as (tacq × N)× R, with tacq

the acquisition time, N the number of averaged images, and R the number of repetitions.

The statistic is of crucial importance since it determines the actual time resolution of

XPEEM images which is of profound interest for XMLD and XMCD contrast images as

it is further discussed in Chap. 6 on the example of the CoO nanooctahedra. Further

it is important to keep the acquisition statistics in mind since each XPEEM image has

to be corrected pixelwise by a so called �at �eld image which has to be recorded in the

very same statistics in order to avoid to pick up arti�cial statistical noise on the data. A

�at �eld image is recorded by means of detuning the objective lens of the microscope by

100mA. This image then contains information about inhomogeneities of the multi channel

plate (MCP). The subtraction of the �at �eld image from acquired XPEEM raw images

should always be performed as the �rst processing step.

After the �at �eld correction of the raw data possible mechanical drifts of the images

during the measurements have to be corrected. This is done by home built macros for

ImageJ. In order to automate this step the, home built macros are used. In case of
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spatially resolved spectroscopy, the spectra are then extracted from the stacks of images

in order for further processing in Matlab. This is done by means of de�ning region of

interests (ROI) around the nanoparticles and a close lying spot on the empty substrate.

After choosing the pairs of ROIs the spectra are extracted.

The XMLD and XMCD contrast images are generated by dividing the drift corrected

stacks of images recorded at two photon energies at one linear polarization respectively

at two circular polarizations at a single photon energy. In case of the XMLD images it

is further necessary to export the XMLD contrast data of the nanoparticles in order to

analyze the data quantitatively and plotting it using Matlab.

After the spectroscopy or contrast data is exported, it is further processed and plotted

in Matlab. First, the data of the particles is normalized by ROI containing the signal of

the empty substrate. In case of the spectroscopy measurements usually 5 spectra at one

polarization are recorded in order to improve the signal to noise ratio. Those 5 spectra

are averaged. After averaging the spectra of one polarization the baselines of the spectra

recorded with E‖ and E⊥ are corrected with respect to each other applying a least square

�t. Finally the normalized dichroic spectra are calculated as (IE‖ − IE⊥)/(IE‖ + IE⊥). The

same procedure can also be done for XMCD spectra with recorded C+ and C− polarized

x-rays. 1

4.2.2 Re�ection high energy electron di�raction

Re�ection high energy electron di�raction (RHEED) is used to investigate the crystal

structure, phase stability, and eventual preferential orientations of the nanoparticles on the

surface within ultra high vacuum conditions. RHEED is performed at a base pressure of

about p=5× 10−8 mbar. The experiments are conducted using electron with a wavelength

λ =0.067Å (corresponding to E=30 kV). The temperature of the sample is controlled in

situ by means of a heating element behind the sample and is read out by a thermocouple.

The di�raction patterns are projected on a �uorescence screen and images using a CCD

camera. Further information on the geometry of the experimental setup as well as the

calculation in order to translate the data into the usually shown q vs. intensity plots are

1All scripts used for the analysis of the XA, XLD, XMLD, and XMCD data can be found at https:
//github.com/bracdav/portfolio/blob/master/xmld_xmcd_scripts.zip.
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found in Appendix A.

4.2.3 X-ray di�raction

X-ray di�raction measurements are carried out with a Mo Kα source (λ =0.709Å) under

ambient conditions. The samples are measured in ethanol solution at a concentration of

c=20%wt.

4.2.4 Scanning electron microscopy and Transmission electron

microscopy

In order to correlate the chemical and magnetic properties of the nanoparticles with their

morphology the very same spots measured by XPEEM are investigated by means of SEM.

A Helios NanoLab 650 SEM is used to record the micrographs. The microscope uses a �eld

emission source and allows to image using a secondary electron detector, a backscattered

electron detector, or an in-lens detector. For high resolution imaging the in-lens detector

is used. Usually a high voltage of 5 kV and a emission current of 25 pA were used to

record images. With this instrument it is possible to reach a resolution of about 1 nm.

TEM images are recorded using a FEI Tencai F30 instrument at the ScopeM facilities

at ETH Zürich. The instrument is run with an acceleration voltage of 200kV in the bright

�eld mode. The spatial resolution is smaller than 1 nm and thus allows to image the

lattice fringes of the nanoparticles. Images are obtained on a �uorescence screen, which

is captured by a CCD camera. The obtained images are shown as raw data.
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Chapter 5

Goethite nanoparticles on silicon

substrates

Goethite (α− FeOOH) is one of the abundant minerals in soils, earth crust, and iron ores

[86, 87, 146]. While many of the iron hydroxy-oxides are thermally unstable, goethite is

thermally stabilized under ambient conditions [87]. It exhibits a close structural relation

with hematite with a one step structural phase transition from goethite to hematite [94].

It is known that hematite is the most stable naturally occurring iron oxide [86, 87, 94].

Due to its structural relation to hematite, goethite is used as a marker in geopalaeon-

tology and palaeoclimatology [147, 148]. The appearance of goethite in sediments can

be directly linked to the humidity of the climate during certain geological periods. In

nature goethite can be found as micrometer sized quasi-single crystals and granular nan-

oparticles [87]. Single crystals usually appear if the goethite has been able to crystallize

within a geological timespan. Regardless of its appearance as bulk-like micro-crystals or

as granular nanoparticles, goethite commonly appears in an acicular shape [87]. In its

bulk phase goethite crystallizes in a orthorhombic unit cell (Pnma) with lattice paramet-

ers a=9.956Å, b=3.022Å, and c=4.602Å [86, 96]. Goethite single crystals can exhibit

a pseudo spherical morphology [69, 71] or are elongated along the b-axis [68, 73, 89�92].

Although, goethite nanoparticle are frequently found containing multiple crystalline do-

mains [87]. Typically the crystalline domains are formed when individual single crystalline

grains attach along the a-axis and form low angle grain boundaries (<1◦) [86, 87, 149].

Hence, crystalline multi domain goethite nanoparticles are found to be elongated along
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their a-axis [87].

In its bulk phase goethite is antiferromagnetically ordered with a Néel temperature

(TN) around 400 K [98]. The antiferromagnetic spin axis is oriented along the crystals

b-axis [98]. However, spin axis of goethite at the nanoscale has been reported to be

rotated relatively freely within the crystals b − c plane [71, 72]. Since goethite has its

Néel temperature (TN) close to room temperature (RT) thermal manipulation of goethite

might be easily accessible. This makes goethite a promising candidate for antiferromag-

netic spintronics at RT. It is known that the purity of goethite can a�ect the magnetic

properties. For instance trace amounts of aluminum and vanadium can lower TN signi-

�cantly [98, 150]. Thus, it is preferable to investigate synthetic goethite nanoparticles

since synthetic chemistry allows to precisely control the chemical properties and purity of

the goethite nanoparticles. Further, such nanoparticles can be expected to exhibit more

uniform structural, chemical, morphological, and thus magnetic properties than naturally

occurring goethite nanoparticles.

The magnetic properties of synthetic nanoparticles have been intensely investigated

over the last 40 years. The nuclear �ne splitting of goethite has been studied by means of

Mössbauer spectroscopy [68, 69, 72, 73, 89�91, 93, 151], the static and dynamical magnetic

properties by DC and AC magnetometry [70, 73], electron spin resonance spectroscopy

[70, 73] , and muon spin relaxation [73] have been used in order to determine TN and

the blocking temperature (TB) of goethite nanoparticles. Neutron scattering has been

utilized to determine the preferred spin axis of goethite nanoparticles [71, 152]. A study

combining all the previously mentioned methods on the very same goethite nanoparticle

sample revealed the dynamic magnetic properties of goethite nanoparticles from the order

of seconds down to nanoseconds [90]. Further the in�uence of the concentration of oxygen

vacancies on the magnetic properties has been studied using positron annihilation lifetime

spectroscopy [92] revealing that TN of goethite nanoparticles is correlated with the con-

centration of Fe3+ vacancies. Mössbauer spectroscopy studies on goethite nanoparticles

with similar volumes sometimes yield inconsistent values for TN and TB indicating that

factors such as the synthesis route, natural origin, purity etc. [98] can play a major role.

Another origin of the large scattering of the magnetic properties is likely that goethite

nanoparticles have usually been probed in form of powder samples. Such measurements
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integrate over a large amount of nanoparticles regardless the morphology and the struc-

ture of the individual goethite nanoparticles. However, in order to employ nanoparticles

for antiferromagnetic spintronics one has to understand the antiferromagnetic properties

of the individual nanoparticles. Although, powder measurements have been successful

on discussing phenomena such as superparamagnetic behavior [69, 90, 92, 98], uncom-

pensated magnetic moments [91], and inter-particle interactions [65, 67, 68] it has not

been possible to determine de�nitely their origin. Further one has to study e�ects of the

interactions between nanoparticles and substrates on the magnetic properties since those

will become very important in device applications. Lastly, to fully understand the mag-

netism of goethite nanoparticles the in�uence of the chemical composition, shape, and

microstructure of individual goethite nanoparticles has also to be considered. This study

addresses the in�uence of the chemical composition and morphology on the magnetic

properties of individual goethite nanoparticles and their agglomerates.

In this chapter individual and agglomerated goethite nanoparticles deposited on SiOx

substrates are investigated by means of x-ray photoemission electron microscopy (XPEEM),

scanning electron microscopy (SEM), transmission electron microscopy (TEM), x-ray dif-

fraction (XRD), and re�ection high energy electron di�raction (RHEED). The structural

and chemical properties are examined by means of XRD, RHEED, and x-ray absorption

(XA) spectroscopy. Additionally, the temperature dependence of the RHEED patterns

is used to investigate the thermal stability of goethite nanoparticles within UHV. The

morphology of individual goethite nanoparticles is studied by means of TEM and SEM.

XPEEM is used in order to record polarization dependent XA spectra of individual goeth-

ite nanoparticles and agglomerates. In order to study the magnetic properties the XMLD

e�ect is utilized.

The XRD measurements on the nanoparticles dispersed in ethanol reveal phase pure

goethite. However, upon dispersion and insertion into UHV for the RHEED measure-

ments and XA spectroscopy may suggest a partial transition from goethite to hematite.

Temperature dependent RHEED patterns indicate the on set of the goethite-hematite

phase transition around 520K as reported previously [94, 95, 97]. When the acicular nan-

oparticles are deposited on the SiOx substrate they orient their long axis parallel to the

sample. This is found for individual and agglomerated nanoparticles. Thus, the a-axis
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of the crystals is parallel to the sample plane. An e�ective XLD e�ect is revealed by

integrating over agglomerates of randomly oriented nanoparticles. This phenomenon is

further investigate by studying the temperature dependence of the XLD spectra which

display a distinct and reversible change close to TN [98]. This behavior is attributed to

a the transition of goethite from its antiferromagnetic to its paramagnetic phase. Ad-

ditionally the azimuthal dependence of the XLD of agglomerated goethite nanoparticles

is investigated. In contrast, the orientation dependent XLD of individual reveal a XLD

anisotropy with respect to the azimuthal orientation, which is likely due to the crystal

structure of the nanoparticles. However, in case of the XMLD contribution to the XLD no

distinct angular dependence can be found for agglomerated and individual goethite nan-

oparticles. This observation is explained by a preferential orientation of the spin axis of

individual goethite nanoparticles perpendicular to the sample plane. This is understood

as a consequence of a relatively freely rotatable spin axis within the b−c plane [71] and an

interface e�ect between the goethite nanoparticles and the non-magnetic SiOx substrate.

Hence, the XLD study yields �rst evidence of an in�uence of nanoparticle-interface in-

teractions on the orientation of the spin axis of antiferromagnetic nanoparticles as it has

been found in ferromagnetic nanoparticles and in ferromagnetic and antiferromagnetic

thin �lms. [153, 154].1

5.1 Morphology, structure, and chemical stability

5.1.1 XRD and RHEED

Figure 5.1(a) shows the micrograph of two attached goethite nanoparticles recorded by

TEM. The length l of the two nanoparticles is about 70-80 nm and the width w is about

12 nm. Those values are slightly below the speci�cation provided by Sigma-Aldrich which

were found using dynamic light scattering (DLS). Note, that DLS measures the hydro-

1Sample preparation and SEM characterization of the samples was performed by me with help of
Dr. M. Wyss and D. Mathys (Nano Imaging Lab, University of Basel). XPEEM characterization was
performed by me, Dr. T. Savchenko, and Dr. A. Kleibert at the Surface/Interface (X11MA) beamline
at the Swiss Light Source (SLS). RHEED measurements were done by me and Dr. C. A. F. Vaz. TEM
measurements are carried out by Mrs. Savchenko and Dr. F. Gramm. The goethite nanoparticles were
provided by Dr. M. A. Brown and the XRD measurements were performed by G. Olivieri and G. Alok.
Code development and data analysis was done by me.
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FIG. 5.1: (a) TEM image of two close-lying goethite nanoparticles. (b) High-resolution
TEM image of a part of a goethite nanoparticle. Panel (c) the part highlighted in the
white square in (b) is magni�ed. The white arrow points to a low angle grain boundary.
(d) Upper part: Experimental x-ray di�raction pattern of the nanoparticles in ethanol
suspension. Lower part: simulated goethite XRD di�raction lines (red lines). The blue
curve is obtained by convoluting the di�raction lines by a Gaussian according to the mean
grain size of 4 nm as calculated using the Scherrer equation with the experimental line
width at the (101) re�ection (black arrow).

dynamic size which often is larger than the actual size of nanoparticles [155]. The TEM

micrograph in Fig. 5.1(a) reveal defects and voids as frequently reported for goethite nan-

oparticles in literature [68, 69, 87, 89, 93]. However, it is possible that the illumination by

the electron beam can as well damage the nanoparticles over time2 and the compromised

areas can appear as void-like defects in the TEM images. Figure 5.1(b) displays a high

resolution TEM image of a goethite nanoparticle and (c) the magni�ed image of the sec-

tion highlighted by the white square in (b). The nanoparticles exhibit a number of grain

boundaries. The almost uninterrupted continuation of the lattice fringes is consistent

with the low angle grain boundaries (<1◦) reported in the literature [87, 149].

The upper panel of Fig. 5.1(d) displays the experimentally obtained XRD data (black

line) for goethite nanoparticles dissolved in ethanol. The lower panel shows the expected

powder di�raction lines (red) as calculated by VESTA 3 [156] using a crystal model for

goethite as listed in the Inorganic Crystal Structure Database (ICSD) [150, 157]. The

x-ray powder di�raction calculation is based on kinematic scattering theory. From the

experimental data the grain size is estimated applying the Scherrer equation [158] as

2Private communication with T. Savchenko, who took the TEM micrographs of the goethite nano-
particles.
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τ = (κλ)/(βcosΘ), with κ being the dimensionless shape factor (0.9), λ the wavelength of

the used x-rays (MoKα = 0.709 Å), β the full width at half maximum (FWHM) in radians

of a di�raction peak, and Θ half the angle at which the di�raction peak appears in the

Θ− 2Θ scan. First, a Gaussian pro�le is �tted to the isolated (101) peak. The �t yields

β = (1.57± 0.07)× 10−2 rad. The position of the (101) peak taken from the calculated

XRD lines reads Θ =4.87 ◦. The Scherrer formula gives then a grain size τ = 4.1± 0.2 nm.

For comparison with the experimental data the calculated di�raction lines are broadened

using τ . The resulting curve is shown in the lower panel in Fig. 5.1(d) and matches well

with the experimental data in the upper panel. Note, that the instrumental broadening

has not been subtracted from the data which means that the grain size might be slightly

underestimated. Additionally it is likely that a part of the broadening is caused by strain

within the nanoparticles.

The stability of the goethite nanoparticles under UHV conditions as well as with re-

spect to the sample temperature is studied using RHEED, which is suitable to probe

the structural properties of a submonolayer of goethite nanoparticles. The sample pre-

paration for those experiments is discussed in Chap. 4.1.3. The RHEED pattern give

insight in weather the nanoparticles display a preferential orientation on the SiOx sub-

strates [78, 159]. The RHEED setup has a base pressure of 1.5× 10−8 mbar and provides

the possibility to heat the sample. The investigated temperatures ranges from 300K to

520K. In Fig. 5.2(a) the RHEED pattern from the �uorescence screen as recorded by the

CCD camera is shown. The raw RHEED image reveals Laue rings without any texture

indicating a random distribution of the nanoparticles on the SiOx substrate.

The white circle in Fig. 5.2(a) shows the position of the direct beam, which de�ned

q=0Å−1. The full line pro�le across the white dashed line is shown as the inset in

Fig. 5.2(a) and the white rectangle highlights the part on the line pro�le between 2.7Å−1

and 5.5Å−1 where detailed analysis of the data is performed. This interval is chosen to

avoid the beam imprint present around 2.5Å−1. For higher q-values than 5.5Å−1 the

signal decreases bellow the noise level. The extracted line pro�les for 300K is shown in

Fig. 5.2(e). For comparison the calculated di�raction lines (red) for goethite [150, 157],

hematite [160, 161], and maghemite [162, 163] are displayed in Figs. 5.2(b)-(d). In or-

der to simulate the actual RHEED curves the di�raction curves are convoluted with
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FIG. 5.2: (a) RHEED pattern as of goethite nanoparticles on SiOx. The white circle
indicates the direct beam, the dashed white line the full line pro�le corresponding to the
inset, and the white rectangle the part where the RHEED curves are extracted. (b)-(d)
Calculated powder di�raction patterns for goethite, hematite, and maghemite obtained
from kinematic di�raction theory. (e) - (h) The line pro�les as extracted from the RHEED
data recorded at 300 K, 380 K, 410 K, and 520 K, respectively. The dashed gray line in
(e) displays a �t t the data, where the simulated RHEED curves of goethite, hematite,
and maghemite are superimposed as discussed in the text.

βtot =
√
β2

inst + β2
grain = (2.7± 0.2)× 10−3 rad, with an instrumental broadening calcu-

lated from the lateral broadening of the direct beam βinst = (2.2± 0.12)× 10−3 rad and

the broadening due to the grain size βgrain = (1.5± 0.07)× 10−3 rad as calculated from the

XRD data applying the Scherrer equation. The errors result from the Gaussian �t of the

width of the (101) peak of the experimentally obtained XRD curve in Fig. 5.1(d). The sim-

ulated powder di�raction curves are displayed as the black lines in Figs. 5.2(b)-(d). When

comparing the experimental curves to the simulated curve a only a relatively weak match

is found. If a mixture of goethite, hematite, and maghemite is taken into account a better

agreement is found. A function Ifit(q) = a ·Igoe(q)+b ·Ihem(q)+c ·Imagh(q)+d ·q2 +e ·q+f

is �tted to the experimental data with a, b, and c the amplitude parameters and d, e, and

f the parameters of a polynomial background. A similar polynomial �t has been applied

by Bartling et al. [164] in previous RHEED study on CoO nanoparticles. The �t yields

the gray dashed line in Fig. 5.2(e).

From the �tted amplitudes relative weights for goethite, hematite, and maghemite are

obtained as wgoe = 0.43± 0.04, whem = 0.29± 0.03, and wmagh = 0.28± 0.02. However,

as discussed later a maghemite contribution is unlikely since no trace of maghemite is

detected in the XA spectra. Yet, a mixed goethite-hematite phase is compatible with

the XA spectra but still contrasts the XRD measurements in Fig. 5.1(d) where the nan-
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oparticles are found to consist of pure goethite. A possible explanation could be that the

RHEED measurements are done in UHV. Goethite is likely to loose excess surface water,

oxygen, and hydroxyl groups in UHV which might cause a restructuring in the surface

near region of the nanoparticles.

Another possible reason for the discrepancies between the simulated and experimental

RHEED curves might be that the simulation assumes a fully randomized sample. How-

ever, as shown later by means of the SEM micrographs the a-axis of the nanoparticles

are oriented parallel to the surface of the substrate and thus do not present a randomized

sample. It is well known that preferred orientations have impact on the intensity and

texture of electron di�raction patterns [165]. Hence, it is expected that the preferred

orientation of the goethite nanoparticles with their long axis parallel to the surface lead

to signi�cant deviations from the calculated powder di�raction curves. However, the

high background and the broadening (βinst and βgrain) prevent to resolve the individual

di�raction rings. This also limits the possibility to apply Rietveld re�nement tools. At-

temps to perform synchrotron and laboratory x-ray di�raction on similar samples were

not successful due to the low signal.3

Yet, RHEED is used to detect relative changes of the curves when increasing the

temperature in order to follow possible structural phase transitions of the nanoparticles.

In Figs. 5.2(e)-(g) the RHEED curves while increasing the temperature stepwise from

300K to 410K are shown. No signi�cant change of the RHEED curves is observed in

this temperature range besides a slight shift to higher q-values. The shift likely arises due

improper readjustment of the di�ractometer during the thermal expansion of the sample.

This suggests that no structural phase transition happens between 300 K and the Néel

temperature (400K) of goethite in its bulk form. The experimental RHEED curves start

to change signi�cantly as the sample is heated to 520 K. The change of the di�raction

curve persists when the sample is cooled down to 300K. This data shows that the goethite

nanoparticles undergo a irreversible change starting at 520K. This observation can be

compared to previous literature, where the beginning of a structural phase transition

3Similar samples as in the RHEED experiments have been investigated by means of lab and synchro-
tron based x-ray di�raction. However, the signal has not been large enough in order to conclude anything.
I kindly acknowledge Dr. N. Casati (PSI), P. Pzepka (ETHZ), A. Beck (PSI), and Zimmermann (PSI)
for their help with the XRD measurements and helpful discussions.
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FIG. 5.3: (a) SEM image and (c) XPEEM image of the very same spot on a silicon
substrate with gold markers. The white/black squares display the areas which are
shown in (b) and (d), respectively. (e) XA spectrum of agglomerated goethite nano-
particles. The spectrum is averaged over 10 agglomerates and the two linear polarizations.
R = I(EL3,A

)/I(EL3,B
) and ∆E = EL3,B

− EL3,A
are indicated in (e) as they are de�ned in

the text.

from goethite to hematite was found to be set on around the same temperature by means

of in-situ synchrotron XRD measurements at ambient conditions [96]. The same transition

temperature has been further found using thermogravimetry [95, 152].

5.1.2 XPEEM and SEM

Further the chemical properties and morphologies of goethite nanoparticles are studied by

means of XPEEM and SEM, respectively. Figs. 5.3(a) and (c) display a SEM micrograph

and a XPEEM elemental contrast image recorded at the Fe L3 edge of the very same

spot. The white/black squares highlight the area on the sample which is enlarged in

Figs. 5.3(b) and (d). Those micrographs demonstrate the capability to identify the very

same features in consecutive microscopy measurements. The SEM images show that the

goethite nanoparticles orient their long axis parallel the substrate. According to previous

reports the long axis of goethite nanoparticles in this size range usually corresponds to

the crystals a-axis [86, 87]. In order to characterize the chemical state of the goethite

nanoparticles under UHV conditions XA spectra are recorded. Figure 5.3(e) shows the

XA spectrum averaged over 10 agglomerates. The XA spectra recorded with E‖ and

E⊥ polarized x-rays are also averaged. In order to obtain an isotropic XA spectrum

which contains predominantly chemical information. The two main features at the Fe L3

edge are indicated as L3,A and L3,B (vertical dashed lines). The two features at photon
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R ∆E(eV)

Goethite (α− FeOOH) 0.52± 0.04 1.54± 0.02

Hematite (α− Fe2O3) 0.66± 0.06 1.52± 0.06

Maghemite (γ − Fe2O3) 0.55± 0.07 1.43± 0.06

Magnetite (Fe3O4) 0.72± 0.04 1.14± 0.04

as prepared sample 0.58± 0.021 1.52± 0.01

thermally treated sample 0.65± 0.021 1.52± 0.01

Table 5.1: Typical R and ∆E values reported by van der Heyden et al. [166] 1 Marked
values refer actually to R∗-values as discussed in the text.

energies EL3,A
=709 eV and EL3,B

=710.5 eV are used to de�ne R = I(EL3,A
)/I(EL3,B

) and

∆E = EL3,B
− EL3,A

, which are often used to assess the chemical state of iron oxides [166�

170]. According to literature R is very sensitive to the crystal �eld and ∆E to the oxidation

state of the material.

In Tab. 5.1 values for R and ∆E as reported by von der Heyden et al. [166] are

shown. The as prepared sample4 has a R=0.58 and a ∆E = 1.52eV suggesting a mixed

phase of goethite and hematite according to Tab. 5.1. However, it is important to note

that the measurements by von der Heyden et al. [166] are carried out by means of

STXM measuring directly the photon absorption in transmission. In contrast XPEEM

measurements detect the secondary electrons, which are released upon x-ray excitation,

which have a �nite electron escape depth λe. In case of hematite the escape depth is

λe=35Å [171, 172]. As shown in Ref. [172] the detection of secondary electrons su�er

from saturation e�ects, which result in a deviation of the detected electron intensity from

the expected photoabsorption cross section. In general, the e�ect leads to an attenuation

4XA and XLD measurements are performed on an as prepared sample, which is used for the temper-
ature dependent measurements and on a sample which has been thermally treated up to 460K in UHV
prior to the measurements was used for the orientation dependent measurements. The thermal treated
was done to get rid of potential residues of the solvent. The impact of the thermal cycling is discussed
later in this thesis. Both samples are prepared according to the procedure described in Chap. 4.1.3.
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of features with higher intensity, such as absorption peaks.While saturation e�ects can be

easily corrected in thin �lms or bulk data with the help of analytic expressions [173], the

correction of nanoparticle data requires numerical simulations as discussed in Refs. [174,

175]. The STXM data by von der Heyden et al. [166] are not a�ected by saturation e�ects.

In order to compare the XA spectra obtained by XPEEM it is necessary to simulate the

impact of saturation e�ects. Figure 5.4(a) shows the XA spectra as reported by von der

Heyden et al., which are �tted by scaling and subtraction a linear background to the

data of agglomerated goethite nanoparticles. Without considering saturation e�ects the

measured spectrum of the goethite nanoparticles match quite well with the reported XA

spectrum of hematite. In order to estimate the impact of saturation e�ects the correction

factors reported in Ref. [175] for the escape depth λe =22Å and spherical nanoparticles

with a diameter of 30 nm is assumed and applied them to the the XA spectra of hematite

and goethite as reported by von der Heyden et al.. The results reveal that the goethite

XA spectrum matches better when compared to the hematite spectrum with the data

obtained by XPEEM.

FIG. 5.4: (a) XA spectra obtained from XPEEM (black), XA spectrum of goethite (solid
gray), and hematite (dashed gray) as obtained from the STXM measurements reported
by von der Heyden et al. [166]. In (b) the saturation e�ects on the XA spectra of goethite
(solid gray) and hematite (dashed gray) are simulated assuming a electron escape depth
λe= 22Å and a diameter of the nanoparticles of 30 nm

.

Here, it is noted that λe for goethite is not known, but might be close to that of

hematite. The saturation e�ects decrease the relative intensities of the A and B feature

and thus increase R. Hence, the goethite nanoparticles would exhibit a lower R-value in

the absence of saturation e�ects. As seen in Tab. 5.1 the R-value found by von der Heyden
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et al. for goethite is about 0.52 while in our experiments a R of 0.58 for an as prepared

sample is found. Thus, it is likely that the nanoparticles contain a dominant of goethite.

Although, the presence of hematite in the surface near region as indicated by the RHEED

measurements can not be excluded. Although, the saturation e�ects make it di�cult to

compare our data directly to the reference data reported by von der Heyden et al. the

R-values are later used to monitor the chemical stability of the nanoparticles over time.

To indicate that those values su�er from saturation e�ects the ratio IL3,A
/IL3,B

is denoted

as R∗.

5.2 XLD of agglomerated nanoparticles at room tem-

perature

Figure 5.5(a) displays XA spectra recorded using E⊥ (black) and E‖ (red) averaged over

the 10 agglomerates. The spectra reveal di�erences in the absorption at the L2,3 indicating

the presence of a resulting XLD. Figure 5.5(b) displays the normalized XLD of the then

agglomerates obtained as IXLD = (IE‖ − IE⊥)/(IE‖ + IE⊥). The shape of the spectrum is is

consistent with other reported XLD spectra of Fe3+ containing materials such as hematite

and LaFeO3 [176�178]. The maximal amplitude of the XLD for the goethite nanoparticles

is about 3.1% at the L3 and 1.9% at the L2 edge. This corresponds to a reduction by

about a factor of two when compared to results obtained for hematite [177] and LaFeO3

[32, 176] where the amplitudes have been reported to be around 7% and 4% at the L3 and

FIG. 5.5: (a) XA spectra recorded at E⊥ (black) and E‖ at the Fe L2,3 edges of the same
agglomerates as shown in Fig. 5.3(e). (b) The corresponding XLD spectrum.

40



CHAPTER 5. GOETHITE NANOPARTICLES ON SILICON SUBSTRATES

L2 edges, respectively. As discussed in Chap. 3.4 the XLD contains a structural (XNLD)

and a magnetic contribution (XMLD). The reduction of the XLD signal of goethite could

be linked magnetic moments at the surface of the nanoparticles, which display a di�erent

orientation as the spin axis of the nanoparticles as previously reported [179].

The discussion is begun with the structural contribution (XNLD). Considering the

orthorhombic cell of goethite the occurrence of an XNLD is expected to arise for individual

nanoparticles. The SEM images in Fig. 5.3 (b) show that the goethite nanoparticles

orient their elongated axis parallel to the surface of the sample, which is the a-axis of

the nanoparticles [87]. As a result the electron density along the a-axis is predominantly

probed by E‖ while being very weakly probed by E⊥ due to the gracing incidence of the x-

rays. Thus, the appearance of the XLD only based on the XNLD can be explained. At this

point it is not yet obvious if the XLD contains additionally a magnetic contribution. This

issue will be discussed in the following chapter �rst regarding temperature and orientation

dependent XLD spectromicroscopy on agglomerated nanoparticles. Later the orientation

dependent XLD of individual goethite nanoparticles will be discussed and compared to

the �ndings of the agglomerated nanoparticles. The comparison of the two cases �nally

will aim to understand the magnetic structure of agglomerated and individual goethite

nanoparticles.

5.3 Temperature and orientation dependent XLD of

agglomerated goethite nanoparticles

Next the magnetic contribution to the XLD of agglomerated goethite nanoparticles is ad-

dressed by means of temperature dependent XLD spectroscopy. The XMLD is expected

to be signi�cantly reduced when approaching and vanishes above TN of a antiferromag-

netic material [18, 32, 37, 177, 178]. TN of goethite in its bulk form is usually around

400K [98]. Thus, goethite nanoparticle sample is thermally cycled from 300K to 410K

and back in order to investigate the magnetic contribution to the XLD. Figure 5.6(a)

shows the XA spectra of the sample recorded with E‖ (red) and E⊥ (black) polarized

x-rays. The resulting XLD spectra are shown in Fig. 5.6(b)-(d). The black dots refer to

the experimental data while the red lines are a phenomenological �t to guide to the eye.
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The error bars correspond to the statistical error of the XA measurements and are fully

propagated.

The spectrum signi�cantly changes as the sample is heated from 300K to 410K. The

largest change occurs at the second peak located at 709 eV which is indicated with a red

arrow. The amplitude of the peak collapses upon heating from initially 3.2% to 1.7%.

As soon as the sample is brought back to 300K the magnitude of the peak returns to

about 3.2%. Additionally, the amplitude of the peak centered around 710 eV changes

its amplitude. While the peak at 709 eV decreases the one at 710 eV increases indicating

an opposite XMLD sign. As discussed above the RHEED data indicates no structural

phase transition between 300K and 410K in agreement with the literature [96]. Thus

the change of the XLD spectra is attributed to the magnetic phase transition from the

antiferromagnetically ordered to the paramagnetic phase in the goethite nanoparticles

[32, 80, 177, 178] and thus the peak at 709 eV is referred to as the magnetic peak in

the following. Moreover the presence of a �nite XMLD contribution in the agglomerates

shows that the spin axes are not be fully randomly oriented in the agglomerates, since

the signal would vanish for randomly oriented spin axis [131].

In order to determine the preferred spin axis of the agglomerates the orientation de-

pendence of the XLD is investigated. The orientation dependence of the XLD is studied

rotating the sample around the surface normal by an angle Φs as indicated in Fig. 4.3(a).

The sample is rotated from Φs=0 ◦ to 90 ◦ in steps of 30 ◦. The results are shown in

Fig. 5.6(e)-(h). In particular the behavior of the magnetic peak is studied upon the rota-

tion. The magnetic peak is almost unchanged at all measured angles. This indicates that

the spin axis cannot be oriented fully random. However, at this point it is not yet clear if

the preferential orientation is perpendicular or parallel to the sample plane. This issue will

be further addressed later on by studying the orientation dependent XLD of individual

goethite nanoparticles (c.f. Chap. 5.4). Further, small �uctuations at the other feature

of the XLD spectra can be observed (black arrows). Those variation might arise from a

not fully randomized orientation in plane, which could be a consequence of the deposition

process of the nanoparticles by spin coating. In �rst approximation the nanoparticles are

spread on the substrate radially. However, it can be imagined that the drop placed on the

substrate has not been placed fully in the center of rotation or that the substrate has not
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FIG. 5.6: (a) XA spectra recorded with E‖ (red) and E⊥ (black) polarized x-rays. (b) -
(d) XLD spectra of an as prepared sample, at 410 K, and again at 300 K after cycling
the temperature. (e) - (h) Results of the measurements at various azimuthal angles from
Φs =0-90 ◦. Experimental XLD data in (b)-(h) are represented by the black dots while
the solid colored line acting as a guide to the eye. The insets in (a) and (e) display the
change of R∗ during the respective experiments. The two experiments are performed on
two separate samples with di�erent thermal histories. The dashed gray lines in the insets
refer to the lower value of goethite and the upper value of hematite as found by von der
Heyden et al. [166]. All spectra shown here are averages of ten agglomerates.

been placed perfectly in the center of rotation. Thus, the deposition of the nanoparticles

is not radially anymore but would become dependent of the position of the substrate,

which could give rise to a local preferential orientation of the nanoparticles. This would

probably give rise to a weak orientation dependence of the XLD.

The results of the temperature and orientation dependent measurements indicate a

magnetic phase transition from the antiferromagnetic to the paramagnetic phase in the

nanoparticles close to TN of goethite in its bulk phase. Further, evidence is found that the

goethite nanoparticles preferentially display a preferential orientation either perpendicular

or parallel to the SiOx substrate.

Lastly the chemical stability of the nanoparticles during the measurements is assessed

monitoring the R∗-values. First, it is noted that the ∆E-value constant for both samples.

Thus, a transformation of Fe3+ ions Fe2+ ions in the goethite nanoparticles is not expected
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to happen. The insets in Fig.5.6(a) and (e) illustrate the changes of the R∗-values. The

agglomerates used for the temperature dependent measurements display a change of R∗ at

410K which might be connected to the magnetic phase transition. But the measurements

before and after heating the goethite nanoparticles clearly indicate that no signi�cant

chemical change happen over the 30 hours the experiment took. In contrast the R∗-value

in the orientation dependent measurements steadily increases. This is understood as the

loss of water, oxygen, or hydroxyl groups of the goethite nanoparticles in their surface

near region due to the UHV. According to the XLD measurements the changes are small

enough in order not to change the magnetic properties of the nanoparticles signi�cantly,

since the XLD signal is not signi�cantly decreased over time.

5.4 Orientation dependent XLD of individual goethite

nanoparticles

The XLD in Chap. 5.3 is found to exhibit a magnetic (XMLD) and a structural contri-

bution (XNLD). Speci�cally the nanoparticles on the SiOx substrate have a preferential

crystallographic orientation parallel to the substrate and a signi�cant component per-

pendicular to the substrate of the spin axis. The properties of individual goethite nan-

oparticles are discussed in the following by means of XLD spectromicroscopy. XPEEM

and SEM are combined in order to compare the azimuthal dependence of the XLD with

the morphology of the individual goethite nanoparticles. This part of the study aims to

understand the XNLD and XMLD contribution in more depth and tries to determine the

orientation of the spin axis of isolated nanoparticles and compare then to the orientation

of the spin axis of the agglomerated goethite nanoparticles. Here it shall be noted that the

azimuthal dependence of the agglomerated and individual goethite nanoparticles are re-

corded during the very same experiment. Thus, the experimental conditions are identical

and the results directly comparable.

Figures 5.7(a) and (f) display the XA spectra recorded using E‖ (red) and E⊥ (black)

polarized x-rays at Φs =0 ◦ and the insets show the SEM micrograph of the respective in-

dividual goethite nanoparticles with the propagation direction of the x-rays (white arrow)

and the direction of E‖ indicated. While the nanoparticle in (a) has its a-axis oriented
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FIG. 5.7: (a) and (f) XA spectra of the individual goethite nanoparticles shown in the
inset recorded at E‖ (red) and E⊥ (black) polarization. The individual nanoparticles in
(a) is elongated along k while the nanoparticle in (f) is elongated along E‖ at Φs =0 ◦.
(b) - (e) and (g) - (j) XLD spectra for four azimuthal rotation angles for the respective
nanoparticles. The black dots correspond to the experimental data and the red line is a
guide to the eye indicating the spectral shape.

perpendicular to E‖ the nanoparticle in (f) has its a-axis parallel to E‖ at Φs =0 ◦. The

two nanoparticles are referred as NP A and NP B as indicated in Figs. 5.7(a) and (f),

respectively. Comparing the XA spectra reveals that the di�erence at L3,A feature is

signi�cantly lower for NP A than NP B. At this point it could be speculated that this

di�erence might arise since the a-axis is not e�ectively screened for the NP A, while the

screening is close to being maximized for NP B at Φs =0 ◦.

Further evidence for this is found comparing pairwise the XLD spectra in displayed in

(b) and (j) as well as in (e) and (g). The XLD spectra in (b) and (j) results if the a-axis

of NP A and NP B are perpendicular to E‖. In this situation the a-axis is almost not

screened by the x-rays. In both cases the magnetic peak has a relatively low intensity. In

contrast, the structurally dominated features are quite di�erent. The very same trend is

found when comparing the XLD spectra in (e) and (g) when the a-axis is parallel to E‖
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and thus is strongly screened. The height of the magnetic peaks for both nanoparticles

is more or less the same, while there are also some di�erences in the structural peaks. It

is likely that the di�erences of the structurally dominated features arise from the relative

orientation of the b− c-plane within the cross section of the nanoparticles.

In principle it should be possible to form similar pairs for the measurements at

Φs =30 ◦,60 ◦. Due to the symmetry it would expected that the XLD spectrum on NP

A at 30 ◦ is very similar to the XLD spectrum of NP B a 60 ◦ and vice versa. However,

besides the generally similar amplitudes of the magnetic peaks no similarities are found.

Actually, it seems like the two XLD spectra at 30◦[(c) and (h)] and 60◦[(d) and (i)] ex-

hibit more similarities. This behavior can be attributed to the relative orientation of the

b− c-planes of the two nanoparticles, which are not precisely known.

As a last note it is found that the XLD spectra of both individual goethite nano-

particles indicate a 60 ◦ symmetry since the (b) and (d) as well as (c) and (e) for NP

A and consequently (g) and (i) look very similar considering the structurally dominated

features. In contrast, the XLD spectra for particle B at 30 ◦ and 90 ◦ do not share much

similarities. Although, it is observed that R∗ of NP A is over the whole experiment around

0.67, while R∗ of continuously increases from initially 0.66 to 0.76 in the end of the meas-

urements. This observation suggests that NP B su�ers of a chemical degeneration during

the experiment. However, the decrease of the XLD signal between Figs. 5.7(g) and (j)

cannot be fully attributed to the chemical change, since in this case the increase in R∗

would be re�ected in a continuous decrease of the XLD signal, which is not indicated

since the amplitudes of Figs. 5.7(g)-(i) appear to be relatively consistent.

The observations suggest that the azimuthal changes in the XLD spectra of indi-

vidual goethite nanoparticles are dominated by the structural contribution, which in fact

is present on all the XLD features while the magnetic contribution seems to be strongly

linked to the feature centered at 709 eV and 710.5 eV. Thus, it is concluded that the

magnetic contribution in individual goethite nanoparticles is almost uniform with respect

to the azimuthal orientation of the nanoparticles. It is observed additionally that the

maximal amplitude of the magnetic peak are almost the same for individual and agglom-

erated goethite nanoparticles. Since the azimuthal dependence of the XLD of goethite

nanoparticles has been more closely studied in this chapter, the next chapter will focus
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on discussing the spin axes of the individual nanoparticles.

5.5 Spin axes of individual goethite nanoparticles on a

silicon support

The experimental data for the agglomerated nanoparticles (c.f. Fig. 5.6) and the indi-

vidual goethite nanoparticles (c.f. Fig. 5.7) suggest that the magnetic contribution to

the XLD is largely invariant, if the sample is rotated around the surface normal. Such

a rotation can only leave S una�ected, if S nearly perpendicular to the sample. This is

unexpected, since one would not expect that nanoparticles distributed from a solution

by means of spin coating would exhibit a strong preferential orientation of the spin axis.

Further, the XLD spectra of individual goethite nanoparticles suggest a non-uniform ori-

entation of the b- and c-axes on the sample. Figure 5.8(a) - (c) display three scenarios in

order to explain the �ndings. Figure 5.8(a) shows the case, where the nanoparticles pref-

erentially adhere with one of their (101) facets to the substrate such that the b-direction

is oriented perpendicular to the sample plane. Since the spin axis if found parallel to the

b-axis [89, 93, 98] this could explain an spin axis orientation perpendicular to the sample.

However, considering that the nanoparticles are covered with a organic surfactant (c.f.

Chap. 4.1.1) a strict orientation with the (101) or (001) facets seems unlikely. Further

the random distribution of the nanoparticles on the substrates makes such an attachment

rather unlikely. Finally, the data for the individual goethite nanoparticles also do not

suggest a strong preferential orientation of the nanoparticles along their (101) facets on

FIG. 5.8: (a) Model where the b-axis and the spin axis are perpendicular to the substrate.
(b) and (c) the b axis of the nanoparticle is not perpendicular to the substrate. Thus in (b)
the spin axis is contains an in-plane component where in (c) the spin axis is perpendicular
to the substrate due to a changed magnetic anisotropy arising from an interface e�ect at
the interface between the goethite nanoparticles and the SiOx substrate.
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the substrate.

Figure 5.8(b) illustrates a situation where the b-axis and thus S can be tilted to a

certain extend from the surface normal. In this scenario one would expect depending on

the projection of S along the sample plane, that the at least the individual nanoparticles

would exhibit an orientation dependent XMLD contribution. Considering that the spin

axis contain a signi�cant contribution parallel to the sample plane, one would expect that

the XMLD amplitude of the agglomerates would be signi�cantly reduced compared to the

maximal amplitude of the individual goethite nanoparticles. However, such a signi�cant

decrease of the XLD amplitudes can not be observed in the data. Thus, it seems very

likely that if the spin axis can only be tilted by small angles from the surface normal.

Thus, the data suggests that the spin axis are almost perpendicular to the sample. It

is not intrinsically clear why randomly distributed goethite nanoparticles should display

this behavior. Figure 5.8(c) shows a model, where the nanoparticles do not exhibit a

preferential orientation of the b- and c-axis with respect to the substrate. However, the

red arrows shall indicate the presence of van der Waals force or interfacial strain at the

interface between the nanoparticles and the substrate. Such forces could reorient the spin

axis perpendicular to the sample as it was demonstrated for LaFeO3 thin �lms [37] as well

as for ferromagnetic clusters on substrates [180, 181]. This model is further supported

by the observation, that the spin axis of goethite nanoparticles can relatively easily be

rotated from the b-axis into the c-axis [71, 72]. Thus, the results presented here could

for the �rst time indicate the crucial impact of nanoparticle-interface interactions on the

antiferromagnetic properties of nanoparticles deposited on substrates.

5.6 Conclusion

The structural, morphological, chemical, and magnetic properties of goethite nanoparticles

on SiOx substrate are studied by means of XRD, RHEED, SEM, TEM, spatially resolved

XA spectroscopy, and temperature and orientation dependent XLD spectromicroscopy.

The XRD measurements reveal that the nanoparticles in solution consist of pure goethite

without indication of any other phases such as hematite. In contrast to this the RHEED

measurements suggest that the goethite nanoparticles might change their chemical state
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upon insertion into UHV conditions and develop a certain hematite character due to the

loss of hydroxyl groups and water at the surface of the nanoparticles. Similar indications

are found using XA spectroscopy. Further, thermal cycling goethite nanoparticles up to

about 460K can decrease the chemical stability signi�cantly. Thus, it is of crucial import-

ance to know the thermal history of goethite nanoparticle samples in order to properly

interpret experimental data.

The nanoparticles exhibit a acicular morphology similar to other reports in the liter-

ature [67, 72, 86, 87, 89]. Further, high resolution TEM data reveal a signi�cant amount

of defects and voids in the nanoparticles such as for example low angle grain boundaries.

However, it can not be excluded that some of the found voids might arise due to damages

during the TEM measurements.

The XLD investigations of the nanoparticles indicate that agglomerated goethite nan-

oparticles display a certain preferential orientation. This is in contrast to the RHEED

measurements where textureless Laue rings are found indicating no preferential orientation

of the nanoparticles. However, this instance is mostly attributed to the limited resolution

of the RHEED instrument in combination with the relatively complex di�raction pattern

goethite exhibits. Further the presence of a preferential orientation is found using SEM,

where the nanoparticles predominantly orient their long axis parallel to the sample plane.

Commonly, goethite nanoparticles are found to be elongated along the crystalline a-axis

[86, 98]. Thus, it is reasonable to assume that the a-axis displays a preferential orienta-

tion parallel to the sample plane which alone already explains the emergence of an XNLD

contribution since only E‖ is able to e�ectively probe the a-axis of the nanoparticles.

The temperature dependence of the XLD is studied by cycling a goethite nanoparticle

sample from 300K to 410K back to 300K. It is observed that the XLD spectra of ag-

glomerated nanoparticles reversibly change dominantly at features centered at 709 eV and

710.5 eV. The reversibility of the change in the XLD spectra of the agglomerated nan-

oparticles is attributed to magnetic phase transition from the antiferromagnetic to the

paramagnetic phase as expected to happen around 400K for goethite in its bulk. Thus,

it is indicated that the TN of the here investigated goethite nanoparticles is close to the

Néel temperature of bulk goethite.

The orientation dependent XLD measurements on the agglomerated goethite nan-
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oparticles reveals a small anisotropy, which is not yet fully understood. However, as

expected the azimuthal dependence of individual goethite nanoparticles is found to be

much more pronounced. It is found that the magnetic features centered at 709 eV and

710 eV only show a minor angular dependence while the other features which dominantly

arise from the XNLD display a much more pronounce angular dependence. Some evidence

is found that the XNLD exhibits a 60 ◦ symmetry. However, in order to determine the azi-

muthal dependence of the XNLD one should aim to determine the azimuthal dependence

of the XNLD of individual goethite nanoparticles above TN. Since the XNLD of goethite

might display a 60 ◦ symmetry one would have to measure the XNLD probably in steps

of 10-15 ◦. Finally, combining the observations for individual and agglomerated goethite

nanoparticles allows to conclude that the spin axis of the nanoparticles have a tendency

to be oriented perpendicular to the substrate. Since no strong preferential orientation of

the b − c plane is indicated, it is concluded that the preferential orientation of the spin

axis arises from an interface e�ect which reorients the spin axis of individual goethite

nanoparticles.
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Chapter 6

Cobalt oxide core shell nanooctahedra

on silicon substrates

In the following chapter the results of the investigation of individual CoO/Co3O4 core-shell

nanooctahedra are discussed. When compared to goethite the Co/Co3O4 core-shell nan-

oparticles have a well de�ned shape and are terminated by (111) facets. Three particular

orientations of the nanoparticles on a TEM substrate were observed [52]. Figure 6.1(a)-(c)

show the resulting projections found by TEM. Figure 6.1(a) shows a rhombic, Fig. 6.1(b)

a rectangular, and Fig. 6.1(c) a hexagonal shape arising from nanoparticles being oriented

with the respective [011], [112], and [111] directions perpendicular to the surface of the

substrate [85]. The shapes of the projections are consistent with the nearly ideal octahedra

in the same orientations as shown by the yellow schematics in the insets of the �gure.

FIG. 6.1: Fontaíña-Troitiño et al. reported three possible projections, shown in (a)-(c),
which appear for CoO/Co3O4 core-shell nanooctahedra on �at TEM membranes. [52].
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FIG. 6.2: (a) Atomically resolved TEM image of a part of a CoO/Co3O4 core-shell nanooc-
tahedra with the phase boundary indicated (white arrow). (b) and (c) show the same
image but are Fourier �ltered by the lattice constant of Co3O4 and once with CoO and
Co3O4, respectively. Adapted from Fontaíña-Troitiño et al. [52]

Figure 6.2(a)-(c) display the core-shell structure of the CoO/Co3O4 nanooctahedra [52].

Figure 6.2(a) shows an atomically resolved TEM image with the phase boundary between

CoO and Co3O4 indicated by the white arrow. Additionally the image has been Fourier

�ltered by the lattice parameters of Co3O4 in Fig. 6.2(b) and by the parameters of CoO

and Co3O4 in Fig. 6.2(c). These data suggest a clean phase separation of CoO in the core

and Co3O4 in the shell. While the XRD patterns and electron energy loss spectroscopy

(EELS) at the Co L2,3 edges display now clear presence of a well crystallized Co3O4 shell,

some evidence was found by means of EELS at the O K edge.

The magnetic properties of the CoO/Co3O4 core-shell nanoparticles were studied us-

ing a superconducting quantum interference device (SQUID) and high �eld DC magneto-

metry. The Néel temperature of the core of nanoparticles was found regardless the particle

size to be around 285 K which is in good agreement with TN of CoO in its bulk form

[17]. But no indications for a magnetic phase transition associated with Co3O4 was found

down to 5K. However, the SQUID measurements revealed the presence of magnetically

ordered moments which persist up to 400K well above the Néel temperature of the CoO

core. Density functional theory (DFT) calculations suggested that the magnetic moments

arise from strain at the Co3O4/CoO core-shell interface [85]. However, a number of ques-

tions remain unanswered yet. For instance the orientation of the antiferromagnetic spin

axis with respect to the crystal lattice was not addressed in Ref. [52]. Further, the role

of possible inter-particle interactions in the investigated samples as well as the distribu-
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tion of sizes, defects, and their role for the magnetic properties remain unclear. Also

whether the observed ferromagnetic moments can be assigned to Co ions and whether

the nanoparticles are in a magnetic single domain state. Finally, it is also unclear if the

antiferromagnetically ordered spin system of the nanoparticles is magnetically blocked or

in a superparamagnetic state at certain temperatures needs to be investigated. Address-

ing these questions will help to better understand the observed properties of cobalt oxide

nanoparticles and will shed further shed light in antiferromagnetism at the nanoscale in

general.

The aim of this work is to correlate the chemical, magnetic and morphological prop-

erties of individual non-interacting Co3O4/CoO core-shell nanooctahedra combining of

temperature, orientation, and polarization dependent XA spectromicroscopy by means of

XPEEM with SEM. In particular this study aims to determine the spin structure of indi-

vidual antiferromagnetic CoO nanoparticles. Further, the spin structure (magnetic single-

or multi-domain states) of the nanoparticles is addressed. The orientation of the spin axes

will be correlated with the crystal axes. These investigations are performed utilizing the

XMLD e�ect which is sensitive to the orientation of the spin axis. In order to investigate

the presence of uncompensated magnetic moments in individual nanoparticles the XMCD

e�ect is employed. In this case the element speci�city of the XMCD e�ect will allow to

detect if magnetic moments are located at the cobalt ions in the crystal lattice. Addition-

ally, spatially and temporally resolved XMCD contrast imaging in remanence allows to

determine if the uncompensated magnetic moments are in a superparamagnetic state or

magnetically blocked state. Finally, by combining XMLD and XMCD spectromicroscopy

might allow to investigate the relation between the antiferromagnetic spin lattice in the

CoO core and the uncompensated magnetic moments. 1

1The CoO/Co3O4 core-shell nanooctahedra were provided by M. Testa Anta and Prof. Dr. V.
Salgueiriño. Sample were prepared by me. SEM characterization was performed by me, Dr. M. Wyss,
and D. Mathys (Nano Imaging Lab, University of Basel). XPEEM characterization was done by me, Dr.
T. Savchenko, M. Testa Anta, and Dr. A. Kleibert at the Surface/Interface (SIM) beamline at the Swiss
Light Source (SLS). Dr. A. Kleibert contributed the code to �t the XA spectra. Code development and
data analysis was done by me.
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FIG. 6.3: (a) and (b) show the SEM images of two individual CoO nanoparticles, while
(c) shows two attached nanoparticles and (d) a agglomerate of CoO nanoparticles. (e) -
(h) display the isotropic XA spectra (dashed black line) of the particles in (a) - (d), where
the spectrum at the top denotes the state of the as prepared sample, while the bottom
spectrum refers to the state of the spots after 72 h of continuous x-ray exposure within
UHV conditions. Additionally a �ts for all spectra (red solid line) are shown in (e) - (h)
which are obtained by superimposing a CoO, Co3O4, and w − CoO.

6.1 Morphology, chemical properties, and stability of

CoO nanooctahedra

Figures. 6.3(a) and (b) show SEM images of two individual nanoparticles. Figure 6.3(c)

displays two particles attached to each other, and Fig. 6.3(d) a larger agglomerate of CoO

nanoparticles as obtained in SEM. Individual CoO nanoparticles are frequently found with

a hexagonal shape. Thus, the energetically favored orientation is achieved if a (111) facet

lays �at on the silicon substrate. The orange lines indicate the facets and edges of the

nanoparticles. In Fig. 6.3(c) two attached nanoparticles are found. One of them shows

a hexagonal shape (lower) and the other a square-like shape. The inset schematically

depicts how the two nanoparticles could be attached to each other with their (111) facets.

Figure 6.3(d) displays an agglomerate in which essentially all typical projections can be

identi�ed (see orange dashed lines). The reason for this is that the nanoparticles in an

agglomerate have a large amount of possibilities to attach their respective (111) facets.

In order to assess the chemical composition and stability of the nanoparticles the re-

spective XA spectra (black dashed line) of the four features in Figs. 6.3(a)-(d) are shown

in Figs. 6.3(e)-(h). The upper panels show the XA spectra of the �rst measurements of
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FIG. 6.4: (a)-(c) Reference XA spectra for CoO [172], Co3O4 [183], and w − CoO [182].
The dashed line in all three panels indicates the energy where the low energy satellite of
the CoO spectrum in panel (a) is located.

an as prepared sample and the lower panels show the XA spectra after 72 h of continuous

measurements. On �rst glimpse, there are no obvious di�erences between the individual

features nor between the initial and �nal chemical states. In order to study this more de-

tail the following model Ifit(E ) = a · XAS (E )CoO + d · E + e is �tted to the experimental

data, where a, d , and e the free �t parameters and XAS (E )CoO the reference spectrum

as displayed in Fig. 6.4(a), and E the photon energy. The model �ts the experimental

data very well. Since the nanoparticles are expected to contain a shell of Co3O4 and

could potentially also contain a w − CoO phase those compounds are also added to the

model in a re�nement step. w − CoO is also integrated into the �t model since it is

known that this phase can be stabilized at the nanoscale. The re�ned �t model is given

as Ifit(E ) = a · XAS (E )CoO + b · XAS (E )w−CoO + c · XAS (E )Co3O4 + d · E + e, with a,

b, and c being the amplitude parameters of the CoO, w − CoO, and Co3O4, respectively.

The parameters d and e correspond to the linear background. The reference spectra for

Co3O4 and w − CoO are displayed in Fig. 6.4(b) and (c) and the �tted amplitudes for

the three compounds are listed in Tab. 6.1. The �ts reveal that w − CoO always yields a

amplitude of 0 and thus is likely not present in the nanoparticles. Further, in all the initial

states the �tted amplitudes of Co3O4 is are almost neglectable compared to CoO. After

the measurements the �tted amplitudes of Co3O4 are generally increased with respect

to the CoO amplitudes. Although, this trend seems to reduces for single nanoparticles.

Considering, that the Co3O4 shell is reported to be 2-4 nm combined with the surface

sensitivity of XPEEM with a probing depth of 5-10 nm the contribution of the shell seems
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Particle State aCoO aCo3O4 aw−CoO

Fig. 6.3 (a) initial 1± 0.02 0.05± 0.02 0

end 1.02± 0.04 0.08± 0.02 0

Fig. 6.3 (b) initial 1.05± 0.01 0.01± 0.01 0

end 1.04± 0.04 0.06± 0.02 0

Fig. 6.3 (c) initial 1.03± 0.02 0.04± 0.02 0

end 0.97± 0.05 0.15± 0.03 0

Fig. 6.3 (d) initial 1.02± 0.02 0.04± 0.02 0

end 0.9± 0.04 0.17± 0.03 0

Table 6.1: The amplitude for CoO (aCoO), Co3O4 (aCo3O4), and w − CoO (aw−CoO) for the
four nanoparticles in Figs. 6.3(a)-(d) are shown here in the initial state and after 72 hours
of measurements. The �ts are performed using reference spectra of CoO [172], Co3O4

[183], and w − CoO [182].

to be to small for the initial as well as the �nal states. However, this �nding is well

in line with the reported EELS results at the Co L2,3 edges, where also no di�erences

between core and shell regions could be found [52]. This was explained by the presence

of a non-stoichiometric and defective shell. The XA data suggests no signi�cant presence

of Co species other than octahedrally coordinated Co2+ specially in the initial states.

6.2 XMLD of individual CoO nanoparticles

6.2.1 Temperature dependent XMLD spectromicroscopy

Figure 6.5(a) shows the SEM micrograph of an individual CoO nanoparticle referred to

as NP A in what follows and (b) the XA spectra recorded at 300K with E(90,45) (red) and
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FIG. 6.5: (a) and (g) SEM images two individual nanoparticles, referred to as NP A and
NP B in the text, with k (white arrow) and E(90,45) (red arrow) indicated. Further the
shape of the nanoparticles and their top facets are highlighted by the orange lines. (b)
and (h) XA spectra recorded with E(90,45) (red) and E(0,45) (black) at 300 K of NP A and
NP B. Further (c)-(f) and (i)-(l) the XMLD spectra at 300 K, 250 K, 200 K, and 150 K
for NP A and NP B, respectively.

E(0,45) (black). The edge length e=190 nm of the octahedron is indicated. In the following

the experimental geometry is always according to the scheme discussed in Chap. 4.2.1.

Figures 6.5(c)-(f) show the temperature dependent XMLD of NP A. At 300K no XMLD is

found, which is expected since the sample temperature is still above the Néel temperature

of CoO in its bulk form. The XMLD spectrum displayed in Fig 6.5(i) of the second

individual CoO nanoparticle shown in Fig. 6.5(g) (NP B) is also consistent with this

observation. As the temperature is lowered to 250K a small XMLD e�ect is observed for

NP A while NP B still exhibits no XMLD. In case of NP B the XMLD signal starts arising

around 200K. However, below 250K and 200K the magnitude of the XMLD increases

for both nanoparticles with decreasing temperature. This is the expected behavior for

antiferromagnetic materials below TN. Thus, it can be concluded that both nanoparticles

show a magnetic phase transition from the paramagnetic to the antiferromagnetic state.

At this point it seems that the two nanoparticles might exhibit two di�erent magnetic

ordering temperatures. However, the observation of di�erent Néel temperatures for the

two nanoparticles would be rather unexpected since the two particles have more or less
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the same size. Moreover, the data would suggest that the slightly larger NP B exhibits a

lower TN. The amplitude of the XMLD e�ect for NP A appears to be systematically larger

than for NP B. Thus, it seems reasonable to assume that the di�erence in the temperature

dependent behavior arises from the fact that the spin axes of the two nanoparticles are

oriented di�erently with respect to the E-�eld vectors of the incident x-rays. In order to

shed light on this the azimuthal dependence of the XMLD e�ect on the very same CoO

nanoparticles is investigated.

6.2.2 Azimuthal dependent XMLD spectromicroscopy at 100 K

In order to study the orientation of the antiferromagnetic spin axis of individual CoO

nanoparticles, the orientation dependence of the XMLD of NP A and NP B is investigated.

In Figs. 6.6(a) and (g) the SEM micrographs of NP A and NP B are shown with k (white

arrow) and E(90,45) (red arrow) at Φs=0 ◦. When compared to Figs. 6.5(a) and (g) the

orientation of the propagation direction and the horizontal polarization vector are now

rotated by Φs=45 ◦. The XA absorption spectra of the two CoO nanoparticles recorded

with E(90,45) and E(0,45) polarized x-rays at 100K and at a azimuthal angle of Φs =45 ◦ are

shown in Figs. 6.6(b) and (h). The orientation dependence of the two CoO nanoparticles

is studied rotating the sample stepwise from Φs=0 ◦ to Φs =90 ◦. The XMLD spectra

of NP A are displayed in Fig. 6.6(c)-(e). NP A decreases its XMLD signal continuously

under a rotation from Φs=0 ◦ to 90 ◦ and vanishes almost completely at 90 ◦. The XMLD

signal of NP B is large, especially around 777 eV at Φs=0 ◦, vanishes at Φs=45 ◦, and

inverts its sign upon a rotation to Φs=90 ◦. This azimuthal dependence suggests that

the spin axis of this nanoparticle has a relatively large component in the sample plane.

For both nanoparticles a clear XMLD anisotropy with respect to the azimuthal angle is

obtained as it has been shown for CoO in its thin �lm form [30, 31].

The presence of a relatively pronounced orientation dependent XMLD e�ect for NP A

and NP B suggest that the nanoparticles are in a antiferromagnetic single domain state.

This is concluded since the largest XMLD amplitudes of both nanoparticles are around 8%,

which is in good agreement with XMLD amplitudes of single domain thin �lms previously

measured [184]. If the nanoparticles would exhibit a antiferromagnetic multi domain

state it would be expected that the maximum of the experimentally measured XMLD
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FIG. 6.6: (a) and (g) SEM images of NP A and NP B, respectively. The propagation
direction of the x-rays (white arrow) the E(90,45) (red arrow), the octahedral shape of the
nanoparticles (orange lines) are highlighted. (b) and (h) the respective XA spectra at
recorded at 100 K with E(0,45) (black) and E(90,45) (red) polarized light. (c)-(f) and (i)-(l)
show the azimuthal dependent XMLD of NP A and NP B.

amplitudes would be signi�cantly reduced. Additionally, it is observed that the measured

XMLD anisotropy with respect to the azimuthal orientation behaves in a seemingly non-

continuous way. This behavior is consistent with a single domain state but not necessarily

with a multi domain state since in case of a multi domain state one would expect to

measure non-continuous changes depending on the orientation the facets, which could

exhibit a di�erent orientation of the magnetic moments.

A �rst assessment of the spin axes is possible by considering the angles at which the

XMLD is almost zero. For symmetry reasons the XMLD vanishes if S ‖ k or S ·E(0,Φs) =

S·E(90,Φs). The second criteria is ful�lled if S is perpendicular to k and being titled by 45 ◦

out of the sample plane. In this case two non-equivalent spin axis are possible where one

is tilted out of the sample plane by +45◦and the other by -45◦. The symmetry properties

of the XMLD are discussed in detail in Ref. [138]. Hence, it is possible to identify three

possible spin axis S1−3 which are orthogonal to each other. The in-plane components of

the three spin axis for NP A and NP B are shown by the blue dashed arrows. For S1

is the spin axis is parallel to k and S2,3 refer to the spin axis perpendicular to k. It is

known that the spin axis CoO in its bulk form are along the [	1	17] directions, which are

59



CHAPTER 6. COBALT OXIDE CORE SHELL NANOOCTAHEDRA ON SILICON
SUBSTRATES

FIG. 6.7: (a) an image of a individual CoO nanoparticle (NP C). (b) displays the XA
spectrum of the nanoparticle with the locations of the four multiplet peaks indicated as
A, B, C, and D. The plots in (c) - (h) present the azimuthal dependence of the peak ratios
A/B, A/C, A/D, B/C, B/D, and C/D recorded with E90,Φs (red) and E0,Φs (black). The
dots represent the experimental data and the solid lines a phenomenological �t.

tilted out of the [001] direction by 11 ◦ [17, 104, 104]. In the CoO nanooctahedra the

[001] direction is connecting opposing corners [85]. In case of NP A none of the possible

spin axes seem to match the [001] directions particularly well. In contrast to this the spin

axis S2,3 of NP B seem to match fairly well. In order to determine the spin axis more

precisely one would have to measure in smaller angular steps, since steps of 45 ◦ does not

allow to identify the angle where the XMLD is exactly zero. However, performing XA

spectroscopy at enough azimuthal angles in order to de�nitely determine the spin axis

would be very time consuming. Thus, XMLD contrast imaging is applied, which allows

one to study the azimuthal and polarization dependence of the XMLD e�ect much more

e�ciently [32, 80, 81, 178].

6.2.3 Azimuthal dependent XMLD contrast at 100 K

In the following the XMLD contrast for individual nanoparticles is quantitatively assessed.

Figure 6.7(a) displays the SEM image of a CoO (NP C) nanoparticle and (b) the corres-

ponding XA spectrum. The four main features of the XA spectra exhibit dichroic signals

and thus are used used to acquire XMLD contrast data. The four peaks are indicated
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in Fig. 6.7(b) as A at 776.6 eV, B at 777.8 eV, C at 778.4 eV, and D at 779.1 eV. The

ratios A/B, A/C, A/D, B/C, B/D, and C/D are considered as XMLD contrast. Fig-

ures 6.7(c)-(h) show the azimuthal dependence of the six peak ratios for the NP C. The

experimental data are shown as the dots for the polarization vector parallel to the sample

plane (E(90,Φs)) in red and for the polarization vector pointing out of the sample plane

(E(0,Φs)) in black. The solid lines are �ts to the data obtained using the following equation

as used in Ref. [32]:

Rfit(α) = I0 + I2 · cos2(α + ψ) (6.1)

With I0 being an o�set, I2 the amplitude factor, ψ a phase factor, α the angle between

the antiferromagnetic spin axis and the polarization vector of the x-rays. The �ts obtained

from this qualitative model are only used as a guide to the eye and to determine the

variation of XMLD amplitudes with respect to the used peak ratios. The results in

Figs. 6.7(c)-(h) are found by independently �tting Eq. 6.1 to the data sets for E(90,Φs)

and E(0,Φs). All peak ratios containing B or C display a distinct azimuthal dependence

[Figs. 6.7(c),(d),(f)-(h)]. The only ratio not showing any azimuthal dependence is A/D

indicating that A and D individually do not contain a signi�cant orientation dependent

dichroic contribution. The ratio B/C in Fig. 6.7(f) clearly shows the strongest modulation.

This is in good agreement with literature where the ratio B/C has been reported to be

most sensitive to the antiferromagnetic order within CoO [28]. Thus, in the following R

always refers to the ratio B/C.

The peak ratio B/C is used in order to determine the spin axis of individual CoO

nanoparticles according to the approach reported by Czekaj et al. [32, 178], where α is

the angle between the polarization vector of the x-rays and the spin axis:

cosα = (cosΦs · cosΘs · sinΘk + sinΦs · sinΘs) · sinΘ · cosΦ

+(sinΦs · cosΘs · sinΘk − sinΦs · sinΘs) · sinΘ · sinΦ

+cosΘs · cosΘk · cosΘ

(6.2)

Here, Φs and Θs refer to the azimuthal and polar angles as described in Chap. 4.2.1 and

61



CHAPTER 6. COBALT OXIDE CORE SHELL NANOOCTAHEDRA ON SILICON
SUBSTRATES

Θ and Φ refer to the coordinates of the antiferromagnetic spin axis in spherical coordinates

as de�ned in Fig. 4.3. The azimuthal dependent XMLD data for E(90,Φs) and E(0,Φs) are

�tted combining Eq. (6.2) and (6.1) as follows:

R(Θs,Φs,Θ,Φ) = I0 + I2 · [

(cosΦs · cosΘs · sinΘk + sinΦs · sinΘs) · sinΘ · cosΦ

+(sinΦs · cosΘs · sinΘk − sinΦs · sinΘs) · sinΘ · sinΦ

+cosΘs · cosΘk · cosΘ)]2

(6.3)

Equation (6.3) is applied as a global �t model to the experimentally obtained XMLD

curves for E(0,Φs) and E(90,Φs). The spherical coordinates Θ and Φ are retrieved from

the �t by sharing the �t parameters I2, Θ, and Φ while I0 is �tted independently for

the data sets obtained with E(90,Φs) and E(0,Φs). I0 needs to be �tted independently

since this parameter contains the information about the component of S which is oriented

perpendicular to the sample plane and thus is constant with respect to Φs. This means

that I0 is large for E(90,Φs) and small for E(0,Φs) if S points largely out of the sample

plane and vice versa. The relation between the orientation and the extrema of the XMLD

contrast curves will be discussed later.

Figure 6.8 displays the results of the �ts for NP C, NP D, and NP E. Figures 6.8(a)

shows the SEM image of NP C with the propagation direction k (white) and the polar-

ization vector E(90,0) (red) indicated. The Φs and Θs dependent curves are displayed in

(b) and (c), respectively. The dots with error bars display the experimentally obtained

contrast data and the solid lines in (b) are obtained using the �t model in Eq. (6.3) for

E(90,Φs) (red) and E(0,Φs) (black). The solid black line in (c) is simulated using the ob-

tained �t parameters while holding Φs at 20 ◦ and instead varying Θs. The results for

NP D [Figs. 6.8(d) (f)] and NP E [Figs. 6.8(g)-(i)] are presented similar to NP A [c.f.

Figs. 6.8(a)-(c)].

In order to determine the orientation of the antiferromagnetic spin axis it is funda-

mental to know if the maximum or the minimum of the XMLD contrast curve corresponds

to E ‖ S. This can be directly derived from the curves for NP C. The curve in Fig. 6.8(b)
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FIG. 6.8: (a), (d), and (g) SEM images of NP C, NP D, and NP E with the propagation
direction of the x-rays (white arrow), E(90,45) (red arrow), the crystals orientation (orange
line), and the [001] directions indicated (green arrow). The XMLD vs. the azimuthal angle
Φs and vs. the polarization angle Θs is shown in (b), (e), and (h) respectively in (c), (f),
and (i). Additionally the orange dashed lines indicate the azimuthal angle at which the
orientation of the nanoparticles is obtained as shown in the SEM images.

for E90,Φs shows a large orientation dependence, which suggests that the spin axis has a

large component parallel to the sample plane. The polarization dependent curve shown

in Fig. 6.8(c) shows that the minimum of the curve is close to Θs=90 ◦ yielding that R

exhibits a minimum if E ‖ S. This factor is implemented to the �tting model to determine

the spin axis of individual nanoparticles.

Table 6.2 displays the obtained values for Θ and Φ of the spin axis of NP C, NP

D, and NP E. The blue double headed arrows in Fig. 6.8(a), (d), and (e) display the

in plane orientation of the spin axis accordingly to the �tted angles Φ and the insets

shows the orientation of Θ. In order to compare the determined orientations of the spin

axis of NP C-E the expected spin axis as observed for CoO in its bulk form are shown

schematically in Fig. 6.9(a) and (b). Theoretically a set of 12 spin axes is possible in bulk

CoO [17, 99, 100, 104, 105]. The full set of possible spin axis for all three nanoparticles
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Θ(◦) ∆Θ(◦) Φ(◦) ∆Φ(◦)

NP C 99 19 -77 6

NP D 116 26 -88 13

NP E 93 22 -78 7

Table 6.2: Θ and Φ and their according �t errors for all CoO nanoparticles displaying a
pronounced azimuthal dependence.

FIG. 6.9: (a) and (b) show the respective component of the spin axis parallel and perpen-
dicular to the sample plane. Here, only the possible orientation with a major component
along the [001] direction are shown.

can be found in Appendix B. Here, a limit set of axes are shown. In Fig. 6.8(a), (d), and

(g) the [001] direction of the nanocrystals is indicated by the respective green arrows. It

is assumed that the crystal direction indicated by the blue arrows correspond to the [001]

directions of the nanoparticles, thus the possible spin axis would be described by the set

of the [	1	17], [1	17], [	117], and [117] directions as shown in Fig. 6.9(a) and (b). It is found

that NP D and E exhibit their spin axis in a direction which are almost compatible with

the [117] and [1	17] directions. In case of NP C the spin axis seems to be tilted into the

sample plane too strongly. However, in terms of the in plane orientation of the spin axis

NP C seems to be most consistent with a [1	17] or a [	117] direction.

It has been reported that the spins within magnetically ordered CoO point almost
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along the direction of the tetragonal distortion of the unit cell due to the magnetostruc-

tural transition which takes place across the Néel temperature of CoO [17]. The spins

are expected to be tilted from the tetragonal axis by about 11 ◦. This suggests that the

tetragonal deformation of NP D and E are almost parallel to the determined spin axis.

NP C indicates that the spin axis of some individual CoO nanoparticles might not re�ect

the orientation which is expected from CoO in its bulk. Such a behavior could potentially

be explained by microstructural defects within the magnetic volume of the nanoparticles.

Further, as it is reported in the study of the goethite nanoparticles in Chap. 5 an inter-

facial interaction or interfacial strain at the nanoparticles-substrate interface could give

rise to unexpected orientation of the spin axis of at least a part of the nanoparticles. At

this point the mechanism which might lead to the canting of the antiferromagnetic axis

of individual CoO nanoparticles out of the direction which is favored by the magneto-

crystalline anisotropy is not fully explored. In order to investigate interfacial e�ects one

would possibly have to determine the spin axis of individual CoO nanoparticles on various

substrates. This might allow to more precisely understand the importance of interfacial

interaction on the magnetic structure of nanoscaled antiferromagnets.

6.3 Uncompensated magnetic moments of individual

CoO nanoparticles

Often it is observed that AFM nanoparticles exhibit uncompensated magnetic moments

due to their small size. Those magnetic moments usually are expected to arise from un-

compensated magnetic moments at the surface of the nanoparticles [106, 108, 109], from

a frustrated non-collinear spin structure [111], or vacancies in the lattice of the nano-

particles [116]. Here, the magnetic moments are probed employing the XMCD contrast

at the Co L3 edge. The XMCD contrast is probed for features A-D at 100K of the XA

spectrum as indicated in Fig. 6.7(a). For all photon energies very similar results are ob-

tained, thus only the data recorded at a photon energy of 778.4 eV is displayed, which

corresponds to the B feature at the Co L3 edge. All results are obtained at 100K. The

XMCD contrast images are recorded at Φs =0 ◦. At this angle the spin axes of NP C,

D, and E are oriented almost perpendicular with respect to k. The results for NP C-E
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FIG. 6.10: (a), (c), and (e) show the XPEEM images of the nanoparticles shown in
Fig. 6.8(a), (d), and (g), respectively. The panels (b), (d), (f), and (h) display the XMCD
of the individual nanoparticles as a function of time.

at 100K are shown in Fig. 6.10. First of all it is found that each nanoparticle exhibits

some XMCD contrast suggesting the presence of uncompensated magnetic moments as

previously reported [52, 85]. However, the XMCD data reveal switching on the scale of

tens of seconds of the individual nanoparticles or of at least the probed magnetic mo-

ments indicating that the nanoparticles behave superparamagnetically at temperatures

as low as 100K. This contrasts the �nding of open hysteresis loops [52] for nanoparticles

in a similar size range up to temperatures well above 300K. However, in contrast to the

SQUID measurements, XPEEM only probes the magnetism up to a depth of about 5 nm.

This could mean that the magnetic moments in Ref. [52] are either deeper in the volume

of the nanoparticles or at least or they are not located in the probed 3d states of the Co

ions. The appearance of white, gray, and black XMCD contrast is observed for all three

nanoparticles. Of special interest is the black and white XMCD at this particular orient-

ation of the spin axes, because it suggests that the uncompensated magnetic moments

can be stabilized perpendicular to the antiferromagnetic spin axis of the individual CoO

nanoparticles. This could indicate that the magnetic moment arise from a slight canting

of the two sublattices as recently suggested by calculations [16]. Further, the observed

switching events can be used qualitatively in order to estimate the energy barrier using

the Néel-Arrhenius law as:
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τ = τ0 · exp
(
Em
kBT

)
(6.4)

With τ0 being the inverse attempt frequency, Em the magnetic energy barrier, kB

the Boltzmann constant, and T the measurement temperature. The relaxation time τ

is estimated from the average switching frequency to be roughly about 100 s. Now the

equation can be rewritten in order to estimate the magnetic energy barrier as Em =

log ((τ)/(τ0)) · kBT . Assuming an inverse attempt frequency of 10−9s as often done for

similar systems [65, 72, 89, 93] yields Em = 100 meV. Alternatively, the magnetic en-

ergy barrier can be estimated using the magnetocrystalline anisotropy of CoO, which is

reported to be K = 107 Jm−3 [104, 105], and with the volume of a nanoparticle with a

edge length e = 150 nm this yields Em ≈ 104 eV. Hence, the e�ective magnetic energy

barrier which is can be deduced from the experimental data is �ve orders of magnitude

lower that what would be expected for CoO nanoparticles of this size. According to the

reported value of K a CoO nanoparticle would have to be as small as 2.5 nm in order to

be superparamagnetically relaxed at 100K.

This result could support recent theoretical calculation, which suggest that the thermal

stability of antiferromagnetic nanoparticles is signi�cantly reduced with respect to their

ferromagnetic counterparts [16]. This is especially the case for antiferromagnetic materials

with a low Gilbert damping constant. The damping constant of NiO has been reported

to be g = 2.1× 10−4 [185], which could be similar in CoO. The calculations found for

materials with a low Gilbert damping might exhibit a switching frequency, which is in-

crease up to �ve orders of magnitude, compared to their ferromagnetic counterpart. The

authors explain this by an additional switching mechanism, which allows antiferromag-

netic materials with low Gilbert damping to reverse their directions of the sublattices

without signi�cantly changing the energy of the system. This mechanism leads to a slight

canting of the antiferromagnetic sublattices and thus giving rise to small uncompensated

magnetic moments, which are oriented orthogonally with respect to the Néel vector of the

system.

As discussed above the appearance of black and white XMCD contrast at Φs =0 ◦

suggest that the magnetic uncompensated magnetic moments have a component perpen-

dicular to the spin axis of the CoO nanoparticles. This could be interpreted as �rst
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evidence for the enhanced switching mechanism described by Rosza et al. [16]. Further,

the frequent appearance of gray or almost gray contrast could be understood rather as

multiple 180 ◦ switching events of the antiferromagnetic sublattices during the acquisition

of an image than a reorientation of the direction of the uncompensated magnetic moments

by 90 ◦.

Another possibility for the occurrence of uncompensated magnetic moments would

be that they emerge due to the surface sensitivity of XPEEM, when the XMCD signal

is dominated by the ferromagnetically coupled layer at the top of the nanoparticles. In

this case the magnetic moments would be parallel to the spin axis of the individual

nanoparticles. However, the apparent black and white contrast in the XMCD contrast

images shows that at least part of the magnetic moments are oriented perpendicular

to S. A last possibility would be that the uncompensated magnetic moments arise from

uncompensated magnetic sites. In this case one would also expect that the uncompensated

couple parallel to the antiferromagnetic lattice. To clarify this orientation dependent

XMCD measurements are needed in the future.

In the previous example (NP C-NP E) no changes of the XMLD contrast is observed,

although switching in the XMCD signal is observed. This can be understood as a switching

of the spin system by 180 ◦, which reverses the XMCD contrast without any e�ect on the

measured XMLD signal (due to symmetry reasons). Hence, it remains unclear, whether

the antiferromagnetic spins engage in thermally induced reversals. Figure 6.11(a) displays

the SEM image of NP F. The curve for the azimuthal dependent XMLD is displayed in

Fig. 6.11(b) which does not reveal a particular orientation dependence of the XMLD.

This can either be understood as an indication for a magnetic multi domain state or

that the NP F is able to reorient its spin axis by other angels than 180 ◦. However,

observing the nanoparticle at a �xed orientation should allow to identify changes in time

more clearly. Figure 6.11(c) shows the polarization dependence of the XMLD signal

at Φs =20 ◦. In these measurements the orientation of the nanoparticle is kept �xed,

and thus, the XMLD signal should be continuous function of the polarization angle Θs.

However, the data reveal a clear jump in the data at Θs=45 ◦. Such abrupt change is

not compatible with the polarization dependency given by Eq. 6.3, and thus, is assigned

to a thermally induced switch of the spin axis. Actually, the nanoparticle switches the
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FIG. 6.11: (a) SEM image of a individual CoO nanoparticle (NP F). (b) the orientation
dependent XMLD contrast curves recorded with E(90,Φs) and E(0,Φs) and (c) the polariza-
tion dependent XMLD contrast curve of NP F. (d) and (e) display the XPEEM elemental
contrast and the time dependent XMCD contrast of NP F recorded at Φs.

orientation of its antiferromagnetic axis two times (forth and back) during the course of

the polarization dependent measurements, which lasted for two hours. Another possibility

is that the nanoparticle switches between di�erent complex domain structure. However,

without intra-particle spatial resolution it is di�cult prove such mechanism. The XMCD

signal of NP F is also investigated. Figures 6.11(d) and (e) display the elemental contrast

image and the time dependence of the XMCD contrast of NP F. The XMCD contrast of

NP F displays more frequently gray contrast at NP C, D, and F in Fig. 6.10(b), (d), and

(f). This indicates that NP F has a higher likely hood of multiple switching events over

the acquisition time of one XMCD contrast image. Thus, the relaxation time τ is lower

than for the other three nanoparticles. Thus, it can be speculated that Em for NP F is

lower than for the other three.
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6.4 Conclusion

The chemical state in the surface-near region (ca. 5 nm) of the CoO nanoparticles is ad-

dressed by employing spatially resolved XA spectroscopy. The data reveal that this surface

region is dominated by Co2+ in agreement with previously reported EELS data. Cobalt

ions in Co3+ oxidation state, as expected for Co3O4, provide only a weak contribution to

the XA data, if present at all. The appearance of XMLD around the Néel temperature

of bulk CoO in the temperature dependent XMLD spectromicroscopy experiments for

the CoO nanoparticles, indicate a magnetic phase transition from the paramagnetic to

the antiferromagnetic state in individual CoO nanoparticles. Angular-dependent XMLD

contrast data suggest single domain states in about two third of the cobalt nanoparticles.

The spin axes of the nanoparticles do not necessarily coincide with the [	1	17] directions,

which are known as the spin axes of bulk CoO. This could be due to microscopic defects

within the nanoparticles or due the interaction with the substrate. Among the 11 invest-

igated nanoparticles, a size-dependent trend was not observed. The sizes range from 100

to 200 nm. The other particles show a less regular angular-dependent XMLD contrast,

which is assigned either to multi-domain states or to thermally induced switches of the

spin structure within the nanoparticles.

XMCD measurements revealed direct evidence for thermally induced magnetization

dynamics in the nanoparticles at 100 K. Such dynamics is not expected based on the

Arrhenius law with the commonly assumed inverse attempt frequency τ0 = 10−9 s and

the high magnetic anisotropy known from bulk CoO. Indeed, we �nd a discrepancy in the

estimated magnetic energy barrier of about �ve orders of magnitude, when comparing the

experimentally observed with the expected switching rate. Thermally induced magnetic

switching also observed in XMLD data at a slightly lower rate. These observations could

con�rm recent theoretical predictions, that antiferromagnetically ordered nanoparticles

with low Gilbert damping can exhibit strongly enhanced switching rates, when compared

to their ferromagnetic counterparts. Further, our observations demonstrate that the pre-

viously found ferromagnetically blocked magnetic moments at room temperature, are not

situated in the surface near region probed in our experiments or not associated with the

Co 3d states probed by XMCD.
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Conclusion

In this thesis goethite and CoO/Co3O4 core-shell nanooctahedra are investigated. The

focus is put on the correlation of the morphological, chemical, and magnetic properties

of those two antiferromagnetic 3d transition metal oxide nanoparticles systems. This is

achieved utilizing SEM, TEM, RHEED, and XRD in order to investigate the morpho-

logy, potential preferential orientation of the nanoparticles, and the crystallinity of the

nanoparticles. The chemical and antiferromagnetic properties investigated by means of

XA spectromicroscopy, azimuthal and polarization dependent XLD spectromicroscopy

and XMLD contrast imaging. Additionally the emergence of uncompensated magnetic

moments is studied using XMCD contrast imaging.

It is found using XA spectromicroscopy and additionally in case of goethite RHEED

measurements that the two nanoparticle systems display di�erent chemical behaviors.

While the goethite nanoparticles are found to su�er from slight chemical change upon

the insertion into UHV, the CoO nanoparticles usually do not change their composition

signi�cantly. However, it is found that the sensitivity to the Co3O4 shell of the CoO

nanooctahedra is surprisingly weaker than expected for a shell which nominally should

be around 2-4 nm. This is attributed to a non-stoichiometric and potentially defective

shell. Further it is shown that the stability of goethite nanoparticles is reduced if the

nanoparticles have been thermally treated to 460K within UHV. This indicates that the

selection of the 3d transition metal oxide nanoparticle system is crucial and also that

the thermal history of a sample is a very important parameter to investigate in order to

understand the thermal and potentially the magnetic behavior of the nanoparticles.
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The XLD of agglomerated goethite nanoparticles is studied at RT, where an e�ective

XLD can be measured. This is unexpected since the nanoparticles are expected to be

randomly distributed which should let the XLD vanish. On the �rst level this XLD is

attributed to an preferential orientation of the long axis of the acicular nanoparticles which

orients it self parallel to the sample plane. The emergence of the XLD in the agglomerates

is attributed to the alignment of the long axis of the nanoparticles since it is routinely

reported that the length axis of goethite nanoparticles corresponds to the crystalline a-

axis. Thus, a elementary symmetry breaking arising form the crystal structure can be

explained.

In order to identify the magnetic phase transitions from antiferromagnetic to paramag-

netic both systems are measure by means of temperature dependent XLD spectromicro-

scopy. It is found that the goethite and CoO nanoparticles exhibit a Néel temperature

which is very close to the ordering temperature of the respective bulk materials. This in-

dicates that goethite nanoparticles with a l=110 nm and w=30nm and CoO nanoparticles

with a edge length l=150 nm do not exhibit signs of signi�cant size e�ects which might

lower the magnetic ordering temperatures. Thus, the both nanoparticles display almost

bulk-like behavior in terms of their respective Néel temperatures.

The second important question which is addressed for both systems is how the mag-

netic S spin axis can be determined. For this the goethite and CoO nanoparticles are

investigated by means of orientation dependent XLD spectromicroscopy. The XMLD of

goethite nanoparticles is predominantly uniform with respect azimuthal orientation of the

sample, while the XNLD displays an azimuthal dependence which can be interpreted as a

6 fold symmetry of the crystal. However, more experiments would be necessary in order to

completely address the exact azimuthal behavior of the XNLD. The surprising emergence

of a orientation independent XMLD suggest, that the spin axis of goethite nanoparticles

are oriented almost perpendicular with respect to the sample surface. This is concluded

since a strong in-plane component would signi�cantly reduce the XMLD of agglomerates

with respect to the individual goethite nanoparticles. This �nding is rationalized by an

interfacial van der Waals force or interfacial strain, which reorient the spin axis of goethite

nanoparticles preferentially perpendicular to the sample plane.

The results of the orientation dependent XMLD spectromicroscopy on individual CoO
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nanoparticles reveals a strong anisotropy of the XMLD with respect to the azimuthal rota-

tion angle of most investigated majority of the investigated nanoparticles. It is possible to

propose possible orientation spin axis for each individual CoO nanoparticles based on this

data. The spin axis are determined at the azimuthal angles where the XMLD spectrum

vanishes. Further, the azimuthal dependence of XMLD contrast is studied. The advant-

age of this method is that contrast image are formed by only using one x-ray polarization

at the time. Recording orientation and polarization dependent XMLD contrast images

allows to unambiguously determine the spin axis of individual CoO nanoparticles. The

reconstruction of the spin axis suggest that the e�ective spin axis of some nanoparticles

match well with the expected spin axes known from bulk CoO. Although, their are also

cases where the spin axes display an orientation which is not consistent with bulk CoO.

The spin axis of CoO nanoparticles do not display an obvious preferential orientation as

those of goethite. However, one could argue that the misalignment of the spin axis of

some of the nanoparticles with respect compared to bulk CoO, hints that the interface

between the nanoparticles and the substrate can a�ect the orientation of the spin axes.

Lastly, potential uncompensated magnetic moments of CoO nanoparticles are invest-

igated utilizing XMCD contrast imaging. The XMCD contrast images indicates uncom-

pensated magnetic moments which behave superparamagnetically down to temperatures

as low as 100K. This is unexpected since no indications are found in the XMLD contrast

data suggesting thermal switching of the spin axis of the very same nanoparticles. How-

ever, it shall be noted that the XMLD e�ect is inherently insensitive to 180 ◦ inversions

of the sublattices. Evidence is found that the uncompensated magnetic moments are ori-

ented perpendicularly to the spin axis of the nanoparticles. This potentially could be �rst

experimental evidence for a recently proposed model on enhanced thermal switching in

antiferromagnetic nanoparticles [16]. In goethite nanoparticles no uncompensated mag-

netic moments could be detected (not shown). However, this not necessarily means that

no such magnetic moments exist but that those magnetic moments just switch to fast at

room temperature to be seen by means of XPEEM.

In conclusion the studies of goethite and CoO/Co3O4 core-shell nanooctahedra demon-

strates the possibility of determining the spin axis of individual antiferromagnetic nan-

oparticles. This is of profound interest since �elds as antiferromagnetic spintronics has
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a demand for a very fundamental understanding of nanoscale antiferromagnetic systems.

Those systems are inherently di�cult to probe since they exhibit usually no measurable

magnetic moments or stray �elds. Additionally, the work reported here indicates that

interfaces can have a crucial impact on the properties of antiferromagnetic materials at

the nanoscale. This could be of very profound interest for potential spintronics applica-

tions since only by choosing the right substrate for a certain system it could be possible

to orient the spin axis along or perpendicular to the sample plane.
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Outlook

8.1 Di�erent nanoparticles

8.1.1 Antiferromagnetic oxides

Antiferromagnetic materials will likely gain further signi�cance over the next decades.

Especially concerning antiferromagnetic spintronics it will be more and more important to

understand antiferromagnetism at the nanoscale. In this context it might be interesting to

perform similar experiments as demonstrated in this thesis on nickel oxide nanoparticles.

NiO is a very well known material in bulk and thin �lm form. One of the advantages of NiO

over CoO is the much higher chemical stability since nickel tends to exist predominantly

as Ni2+ ion, which makes NiO a very stable material. Further NiO is already used in

some AFM spintronics application. This makes NiO nanoparticles the optimal candidate

to contribute actively to AFM spintronics.

8.1.2 Multiferroic nanoparticles

The investigation of antiferromagnetism at the nanoscale is actually only a �rst step

towards nanoparticle based multiferroic systems. A material is multiferroic if it ex-

hibits at least two correlated ordering parameters (e.g. antiferromagnetic-ferroelectric,

antiferromagnetic-ferroelastic etc). Such systems are technologically interesting since they

potentially allow to manipulate the magnetic properties by applying electric �elds. Here

it is important to point out that there are in principle two possible routes to obtain mul-
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tiferroic systems. On one hand there are intrinsic multiferroics such as bismuth ferrite

(BiFeO3) exhibiting ferroelectric polarization and and antiferromagnetic order at room

temperature [43]. On the other hand two materials can be coupled by an interface where

one material has a magnetic and the other a ferroelectric ordering parameter. Recently

the feasibility to synthesize core-shell nanoparticles with a CoFe2O4/BaT iO3 with couples

ordering parameters have been demonstrated [186]. In this case the CoFe2O4 core exhibits

a ferrimagnetic and the BaTiO3 shell a ferroelectric order.

From the perspective of characterization of individual nanoparticles by means of

XPEEM or related soft x-ray techniques (STXM, soft x-ray ptychography) arti�cial multi-

ferroics o�er certain advantages. The two ordering parameters can be probed individually

utilizing di�erent absorption edges (Co and Fe L2,3 for CoFe2O4 and Ti L2,3 for BaTiO3).

However, also the splitting of the ferroelectric and ferromagnetic ordering parameter is

technically possible utilizing that especially at the L2 edges of 3d transition metal oxides

often the magnetic contribution dominates the linear dichroism. In this case the ferro-

electric ordering parameter could be probed using the O K edge. The reason for this is

that the displacement of the Bi atoms in the unit cell in order to form the ferroelectric

polarization should give rise to an structural linear dichroism which is expected to be

visible at the O K edges.

8.2 Soft X-ray ptychography at room temperature

Presently, a new soft x-ray ptychography microscope is being developed at the Surface/In-

terface:Microscopy (SIM) beamline [187]. The instrument shall allow in the future to

image samples with very high spatial resolution close to the wavelength limit, which is

1 - 2 nm. A spatial resolution of about 10 nm has already been demonstrated which is

about the best resolution presently achieved by scanning transmission x-ray microscopy

(STXM) and about �ve time better than that of XPEEM. While XPEEM and STXM

measure only the absorption amplitude it is possible to reconstruct the phase and amp-

litude information using soft x-ray ptychography. The phase information could potentially

be used in order to extract complementary information from samples.

Figures 8.1 (a) displays a reconstructed ptychography amplitude image and Fig. 8.1(b)
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FIG. 8.1: (a) shows the reconstructed amplitude of a ptychography image at the Co L3

edge and (b) a XPEEM image recorded at the same energy of CoO/Co3O4 core-shell
nanooctahedra. In (c) the XA spectra of the ptychographic energy scan (red line) and of
a XPEEM XA spectra with a energy resolution of 0.15 eV (solid black line) and 0.3 eV
(dashed black line).

a XPEEM image of CoO/Co3O4 nanoparticles. The ptychography image it reveals that

there are three individual nanoparticles with some space in between of them. Further,

all three nanoparticles display sharp edges. In contrast in the XPEEM image the NP

A [SEM image in Fig. 6.5 (a)] appears oval with no apparent sharp edges. While NP

A in the XPEEM image has a size of about 195 nm, the size of the largest nanoparticle

in the ptychography image is about 150 nm. Thus, it is clear that the resolution of

those ptychography images is already a lot better. Even more since the nanoparticle

in the XPEEM image appears about 1.4 times larger than it is found to be by means of

SEM. Obviously ptychographic imaging will be able to improve the microscopic resolution

signi�cantly in the future. Thus, it will help eventually to investigate if the such relatively

large antiferromagnetic nanoparticles actually exhibit magnetic single or multi domain

states. Further, one could potentially investigate if uncompensated magnetic moments

as found in this thesis couple over the whole particle or if the coupling is broken at the

relatively sharp edges of the octahedra. Those investigations could be done using XMCD

and XMLD contrast imaging with ultra high resolution as it has not been possible so far.

At the moment the ptychography microscopy only works at normal incidence and

thus is only able to probe out of plane XMCD and in-plane XMLD. In order to make the
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microscope more versatile, the possibilities of ptychography in re�ection are also explored.

Re�ection soft x-ray ptychography would the allow to measure non transparent samples.

Further, the grazing incident of the x-rays in such geometry would again allow to also

probe in-plane XMCD and out-of-plane XMLD as it is possible in XPEEM but with a

resolution which might be between one and two orders of magnitude higher.

Further, �rst spectroscopic measurements have been performed with the ptychography

microscope. In Fig. 8.1 (c) XA spectra recorded using soft x-ray ptychography (red line)

and XPEEM (black line) are shown. The dashed line displays the spectrum recorded by

XPEEM with a reduced energy resolution, in order to match the chosen resolution of

the ptychographically obtained spectrum. Apparent di�erences of the spectra have to be

investigated further ind the future.

However, the data demonstrate that soft x-ray ptychography could become an im-

portant tool in order to investigate the properties of individual 3d transition metal oxide

nanoparticles. Still some development is necessary until the full potential of the method

can be utilized. Especially in order to study the properties of antiferromagnetic nano-

particles, it will be important to implement the microscope into a high vacuum chamber

and being able to measure the samples in various geometries.
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Appendix A

RHEED

In Fig. A.1 (a) the geometry of the RHEED setup is shown. It can be seen that the elec-

tron with an energy of 30 kV impinges in a very grazing angle (Θ < 1◦) on the sample.

The di�racted electrons then are collected by an �uorescence screen. In order to get a

digital image of the screen a CCD camera is used. In the schematic drawing the dis-

tance between the center of the sample and the screen (L = 341.6 mm) and the width

of pipe in which the �uorescence screen is mounted (l = 164 mm). In Fig. A.1 (b)

an image of the �uorescence screen as obtain by the CCD camera is shown. The width

of the screen l is indicated again by the outer white circle. The inner white circle dis-

plays shows the active area of the �uorescence screen. Here the width of the detector

(l′ = 138.6 mm, and p = 524 px) is indicated in pixels and in mm. The ratio of the

two yields R = 0.2645 mm/px. Determining R was important to calculate the di�raction

angles and consequently the values in q space.

An individual RHEED pattern is recorded for 1 s and this was repeated 1000 times.

The �nal RHEED data set is the average of those 1000 individual images. To obtain the

RHEED curves one had to extract radial pro�les. In order to get the di�raction pattern

with respect to the scattering vector the pixel scale (s) was transformed into units of Å−1.

This was straight forwardly done by the following equations:

2Θ = atan
(s ∗ [px] ∗R

L

)
(A.1)

q =
4πsin(Θ)

λ
(A.2)
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FIG. A.1: (a) displays the experimental geometry of the RHEED measurements. The
location of the electron gun, the sample, and the �uorescence screen are shown. Further
the very grazing incident angle (Θ < 1◦) of the electron gun as well as the distance
between the sample location and the �uorescence screen (L) and the size of the screen (l)
are shown. (b) shows an image of the screen as experimentally obtained with l drawn in
as well as l' in mm and px. All the numerical values in (a) and (b) are needed to transfer
the scale from pixels to units of q in the end.

Where 2Θ the scattering angle and λ the relativistic de Broglie wavelength (λ = 6.88 ∗ 10−12 m)

of the electrons.
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Appendix B

Spin axis of individual nanoparticles

Figure B.1 displays the possible spin axis of NP C, E, and F. In panels (a), (d), and (g)

the SEM images are shown as already discussed in the main part of the thesis. The panels

(b)-(c), (e)-(f), and (h)-(i) display the orientations which theoretically are possible. The

axis are colored to point out the main direction the spin axis along the [001] (red), [010]

(green), and [100] (blue), respectively. It seems obvious that the measured spin axis can

only be possibly consistent with the red set of spin axis. The reason for this is that the

by convention the [001] of the individual crystals is chosen as the direction which matches

the spin axis the closest. This convention is set since the in literature the spin axis is

usually described to follow the z-direction of the crystal forms the tetragonal distortion

axis of CoO [17, 104, 105] if it is cooled through the Néel temperature. Thus, in the main

part of the work only the red set of spin axis is displayed in Fig. 6.9.
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APPENDIX B. SPIN AXIS OF INDIVIDUAL NANOPARTICLES

FIG. B.1: (a) SEM image of NP C, the possible spin axis orientation parallel and perpen-
dicular to the sample plane in (b) and (c), respectively. For better visibility the spin axis
which dominantly follow the [001],[010], and [100] directions are colored red, green, and
blue. According to the same scheme the possible spin axis for NP D and E are displayed
in the panels (d)-(f) and (g)-(i).
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• In the last year various practical classes including exper-

iments performed with atomic force microscopy, scanning

electron microscopy, scanning electron microscopy, Raman

spectroscopy etc.

xii


	Acknowledgments
	Introduction
	Magnetic properties of goethite and cobalt oxides
	Magnetic properties of goethite
	Magnetic properties of cobalt oxides
	Magnetic properties of rock salt cobalt oxide
	Magnetic properties of wurtzite cobalt oxide
	Magnetic properties of spinel cobalt oxide


	Probing the chemical and magnetic properties using synchrotron radiation
	Synchrotron radiation and polarized X-rays
	Resonant soft x-ray absorption spectroscopy
	X-ray magnetic circular dichroism
	X-ray linear dichroism (XLD)
	X-ray natural linear dichroism (XNLD)
	X-ray magnetic linear dichroism (XMLD)


	Experimental details
	Sample preparation
	Goethite nanoparticles
	Cobalt oxide core-shell nanoparticles
	Nanoparticle deposition

	Characterization
	X-ray photoemission electron microscopy
	Reflection high energy electron diffraction
	X-ray diffraction
	Scanning electron microscopy and Transmission electron microscopy


	Goethite nanoparticles on silicon substrates
	Morphology, structure, and chemical stability
	XRD and RHEED
	XPEEM and SEM

	XLD of agglomerated nanoparticles at room temperature
	Temperature and orientation dependent XLD of agglomerated goethite nanoparticles
	Orientation dependent XLD of individual goethite nanoparticles
	Spin axes of individual goethite nanoparticles on a silicon support
	Conclusion

	Cobalt oxide core shell nanooctahedra on silicon substrates
	Morphology, chemical properties, and stability of CoO nanooctahedra
	XMLD of individual CoO nanoparticles
	Temperature dependent XMLD spectromicroscopy
	Azimuthal dependent XMLD spectromicroscopy at 100 K
	Azimuthal dependent XMLD contrast at 100 K

	Uncompensated magnetic moments of individual CoO nanoparticles
	Conclusion

	Conclusion
	Outlook
	Different nanoparticles
	Antiferromagnetic oxides
	Multiferroic nanoparticles

	Soft X-ray ptychography at room temperature

	References
	List of Figures
	Appendices
	RHEED
	Spin axis of individual nanoparticles
	Publication list
	Conference/School contributions

