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Abstract

Investigation of structure and magnetic properties of nanoparticles is important for

application in catalysis, data storage, chemical sensing, energy conversion and drug de-

livery. Laser manipulation of magnetization of the nanoparticles can be promising for

next generation data recording technology.

Large scattering of magnetic properties of cobalt nanoparticles makes it difficult to

apply simple scaling laws. Most probably this is due to the measurement techniques

averaging over a large number of the nanoparticles with different crystal structures, in-

ternal defects and morphology. In our approach we use an outstanding combination

of characterization techniques that allow us to directly correlate magnetic properties in

individual cobalt nanoparticles with their crystal structure and morphology. We use x-

ray photo-emission electron microscopy (XPEEM) for magnetic characterization of the

nanoparticles and high-angle annular dark field scanning transmission electron microscopy

(HAADF-STEM) for atomic resolution structural characterization. Our results show that

magnetic blocking in cobalt nanoparticles occurs independently of the particles size and

the orientation of the magnetization does not correlate with crystallographic axes. Our

structural investigations suggest also that many of the particles have defects which mod-

ify the magnetic anisotropy. We have developed atomistic models for STEM simulations

and compare them to the STEM data to prove the nature of the defects and their posi-

tions in the nanoparticle. Still ongoing is the development of a theoretical approach for

calculating the magnetic properties of nanoparticles with defects.

We combine XPEEM and HAADF-STEM approach to correlate magnetic properties

and chemical composition of cobalt nanoparticles with the actual morphology upon in

situ oxidation. Understanding the role of the surface is important for revealing the origin

of magnetically blocked states of cobalt nanoparticles smaller than 15 nm, oxidation

kinetics and the products of the reaction is important for catalysis. Most of the studies

rely on x-ray absorption spectroscopy and modelling of the spectra. However, early

oxidation kinetics of cobalt nanoparticle remained unclear. We show that reduction of

magnetic volume upon oxidation lowers the magnetic energy barrier. Our STEM data

show a surprisingly complicated oxidation kinetics, which is not properly reflected in

simulated x-ray absorption spectra. The early stage of oxidation leads to formation

of inhomogeneous shell on the nanoparticles, dosing more oxygen improves the shell

morphology, even further oxidation leads to thickening of the shell.

Purely optical magnetization orientation reversal with femtosecond laser pulses (all-



optical switching) was shown in thin films and granular media of various materials. So

far no such results were presented for single nanoparticles with diameter smaller than

15 nm. We combine XPEEM with femtosecond laser pulse exposure to investigate the

effect of ultrashort laser pulses on cobalt nanoparticles. No deterministic switching is

found independently on laser fluence and polarization. Also, no thermal switching of

nanoparticles magnetization is observed. Instead, we find that laser triggers a chemical

reaction with the substrate which alters magnetic energy barrier in the nanoparticles. Our

results suggest that for a successful laser-induced switching of the magnetic nanoparticles,

nanoparticles with lower TC either defined by size effects or by choosing different materials

are required.

Summarizing, our investigations show that structural defects are important for mag-

netic properties of cobalt nanoparticles, especially for stability of their magnetization

and orientation of the magnetic moment. We found complex oxidation kinetics, which

is important for better understanding of catalysis and magnetic behavior. Femtosecond

laser excitation of magnetic nanoparticles seems promising but for materials with lower

TC . Higher resolution x-ray imaging is needed to reveal spin configuration of the indi-

vidual nanoparticles time and better investigate the chemical composition and magnetic

properties of oxidized cobalt nanoparticles.
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Chapter 1

Introduction

The size dependence of magnetic properties in nanoparticles have attracted a great inter-

est for applications as well as for theory. For instance, applications such as biomedicine,

medical imaging, drug delivery, energy conversion, chemical sensors, magnetic data stor-

age and spintronics are in demand for nanometer sized nanoparticles with tunable proper-

ties [1]. In this regime single magnetic domain states and superparamagnetism [2] (ther-

mally induced fluctuations of the magnetization) can be observed. Usually it is believed

that size and magnetic properties of nanoparticles have a clear relation given by scaling

laws. The size is expected to be the variable for tuning magnetic structure, magnetic

anisotropy, coercivity and blocking temperatures [3]. However, for instance for magnetic

anisotropy (which governs magnetization relaxation process and the magnetization ori-

entation) theory and experiments diverge in orders of magnitude even for canonical cases

of 3d transition metal nanoparticles with narrow size distribution [4, 5, 6, 7, 8, 9].

One possible reason of this controversy might be the averaging of a large ensemble

of nanoparticles during measurements which may mask the structural defects, different

crystal structures and morphology of individual particles. In spectroscopic methods like

superconductive quantum interference device magnetometry, Mössbauer spectroscopy,

Raman spectroscopy, magneto-optic Kerr effect magnetometry and x-ray magnetic circu-

lar dichroism spectroscopy, the properties of a huge number of nanoparticles are averaged

during the measurement which therefore introduces severe uncertainties. Besides, com-

plex interactions between neighboring nanoparticles can affect the macroscopic magnetic

properties of an ensemble of nanoparticles [1, 10]. In addition, synthesis methods and

thermal history of the nanoparticles can play a role for the magnetic properties. Complex

interactions between nanoparticles in ensembles and the scattering of the properties of

individual nanoparticles makes it difficult to disentangle size-dependent properties from

effects caused by the defects.
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Chapter 1. Introduction

Since even the classical example of 3d transition metal nanoparticles is not yet well

understood, it is important to investigate simple model systems, consisting of pure metal-

lic and non-interacting nanoparticles. It was recently demonstrated experimentally that

apart from the expected superparamagnetic state, iron and cobalt nanoparticles smaller

than 25 nm can also exist in a magnetically blocked state associated with a strongly

enhanced magnetic anisotropy [11]. In addition, iron nanoparticles possess magnetic

metastastability, which results in spontaneous transitions or transitions promoted by

heating from magnetically blocked to a superparamagnetic state [12, 11]. Such magnetic

transition may point to an underlying structural transition from an energetically excited

state to a lower-energy state [11]. Unlike iron, moderate heating of cobalt nanoparticles

promotes states with higher magnetic energy barriers [11]. It has been shown in the lit-

erature that structural defects cannot only modify the magnetic anisotropy but also the

magnetic spin structure [13]. However, a direct correlation of magnetism and structural

properties was not achieved in former works.

In fact, a direct correlation of magnetism and structure is challenging and rarely can

deliver a single nanoparticle information. In case of MFM, the spatial resolution is limited

at around hundreds of nanometers. Nano-SQUID is capable to investigate the magnetism

of a single nanoparticle but the nanoparticles growth process creates a magnetically dead

layer in the interface between the nanoparticle and the substrate which makes the precise

determination of the real magnetic volume by means of SEM impossible [14, 15]. Lorentz

STEM with magnetic sensitivity and spatial resolution of 5 nm [16, 17], and magnetic

holography with sub-10 nm resolution [18, 19, 20] and the promising tools for magnetic

high resolution imaging, however are capable to work with nanoparticles with mean diam-

eters close to 100 nm. But not only magnetic characterization of individual nanoparticles

is challenging. Structural atomic level information of 3d transition metals is difficult to

derive because of their small lattice constants compared to Au and Pt. All these facts

together with the difficulty to allocate complementary data of the very same nanoparticle

on the sample, makes correlative magneto-structural studies complicated. In this work,

we combine x-ray photo-emission electron microscopy (XPEEM), with high-angle annu-

lar dark field scanning transmission electron microscopy (HAADF-STEM) to correlate

magnetism and structure of the very same nanoparticles. We use gold marker structures

to navigate on the sample and unambiguously identify the very same nanoparticles in

every experiment.

Surface atoms may play a crucial role in the magnetism of nanoparticles. For exam-

ple, it has been reported that different capping layers can result in different magnetic

2



Chapter 1. Introduction

anisotropy energies [21, 22]. A recent work on surface oxidation of iron nanoparticles has

shown that the enhanced magnetic anisotropy does not arise from a surface anisotropy

contribution [23]. However, that work lacked structural data for individual nanoparticles

in order to correlate structure with magnetic properties of the respective nanoparticles.

The early stages of oxidation of metallic nanoparticles is frequently associated with the

formation of a core/shell structures. Moreover, atomic diffusion is possible within and

between the core and the shell and can significantly impact the overall stability, reac-

tivity, stoichiometry and also the magnetic properties of the particles [24, 25]. Previous

studies of the evolution of Co-oxide nanoparticles report on different compositions of the

shell such as CoO, Co3O4 and wurtzite-CoO [26, 27]. The strength of our approach here

is that by combining XPEEM with STEM, we can directly address chemical, magnetic

properties and morphology of individual nanoparticles, which was not possible before.

Manipulation of magnetic properties by means of external excitation is important for

applications in spintronics. Fast deterministic switching of the magnetization is impor-

tant for data storage technology. Ultrafast nonthermal photo-magnetic effect has been

demonstrated for example on ferromagnetic garnets and orthoferrites [28, 29, 30]. The

discovery of all-optical switching (AOS) using femtosecond laser pulses has received par-

ticular attention, since AOS may facilitate ultrafast data writing processes in magnetic

matter without using external magnetic field [31]. AOS has been initially demonstrated

in rare-earth transition-metals alloys such as FeGdCo, but was later found also in rare-

earth free systems such as Pt/Co/Pt trilayers as well as in granular recording media

composed of FePt nanoparticles upon excitation with multiple laser pulses [32, 33]. So

far, most investigations have been carried out on thin films or micron-sized structures,

but the effect of femtosecond laser pulses on truly nano-sized magnetic systems has not

been addressed. Here, we use XPEEM together with single laser pulse excitation to de-

termine the magnetic and chemical properties of individual cobalt nanoparticles before

and after a laser pulse excitation.

This Thesis consists of 7 Chapters. Chapters 1-3 discuss fundamental aspects of

cobalt nanoparticles, magnetism of cobalt nanoparticles, samples and techniques used in

this work. Chapters 4-7 describe experimental results and outlook.

In Chapter 2, we discuss fundamental aspects of nanoparticles magnetism, magnetic

stability, magnetic anisotropy and aspects reported in the literature regarding structure,

magnetic properties of cobalt nanoparticles, and their interaction with femtosecond laser

pulses.

In Chapter 3, we explain sample preparation, XPEEM and laser experiment setup,

3



Chapter 1. Introduction

x-ray methods involved in the experiments, single nanoparticle identification, individual

nanoparticle data analysis and the HAADF-STEM experiments.

Chapter 4 describes how we correlate magnetic properties with microstructure of

cobalt nanoparticles. We employ XPEEM and HAADF-STEM to characterize magnetism

and atomic structure of the same nanoparticles. As the result, we are able to reconstruct

the orientation of the magnetic moments of individual magnetically blocked nanoparticles

in comparison to the crystallographic axes. Structural defects were discovered in many

nanoparticles. To clarify the nature of these defects, a series of STEM image simulations

were performed and compared to the experimental data. These data showed that stacking

faults might explain anomalous magnetic properties of the nanoparticles. The models can

be used for future simulations of the magnetism of nanoparticles, which includes the role

of structural defects.

In Chapter 5 we combine XPEEM with HAADF-STEM to reveal surprisingly com-

plex growth kinetics of the oxide shell, formed upon in situ oxidation. We find that

magnetic contrast is present in individual nanoparticles from the unoxidized state up

to an oxide layer of 4 nm in thickness, where only CoO is observed in the oxide shell.

With further oxygen dosage, the x-ray magnetic circular dichroism (XMCD) contrast of

a large number of the particles disappeares; at this stage we start to observe the forma-

tion of Co3O4 on CoO shell. The disappearance of magnetic contrast is attributed to

the formation of a superparamagnetic core. From HAAD-STEM, we find the presence of

voids at the early stage of oxidation resulting in a discontinuity in the oxide shell which

could explain the misfit of simulated x-ray absorption spectroscopy (XAS) spectra with

experimental data. At the later stage of oxidation the oxide shell becomes more compact

which suggests a complicated oxidation kinetics.

In Chapter 6 we focus on the effect of single ultrashort infrared laser pulses onto

individual cobalt nanoparticles deposited on silicon substrates. Particularly, we are in-

terested in the nanoparticles with stable magnetization since they can not be simply

switched by thermal fluctuations and require additional energy from the laser to reverse

the magnetization direction. In this work, we investigate the effect of ultrafast laser

pulse on chemical and magnetic properties of cobalt nanoparticles. The response of the

nanoparticles to the laser pulses is studied by combining XPEEM with XMCD and XAS.

This approach allows us to determine magnetic and chemical state of individual nanopar-

ticles before and after laser pulse excitation. We find that laser pulses with a fluence

of up to 21 mJ/cm2 do not result in deterministic switching of the magnetization of

the nanoparticles, irrespective of the laser polarization. Increasing the intensity further

4



Chapter 1. Introduction

leads eventually to a loss of magnetic contrast, which is accompanied by an irreversible

chemical reaction of the nanoparticles with the substrate.

Finally, in Chapter 7 we give the summary of the Thesis and present an outlook for

future investigations.

5





Chapter 2

Magnetic properties, structure and

their manipulation in Co particles

In magnetic materials, magnetic properties are highly dependent on the internal atomic

arrangement, the surface atoms and the crystal structure [6, 4, 7]. Finite size of the

nanoparticles can give rise to strong surface anisotropy, superparamagnetism and single

domain states. Magnetic anisotropy values of transition metal nanoparticles scatter over

a broad range of values even for samples with narrow size distribution [5]. For example,

it was recently experimentally demonstrated for cobalt nanoparticles, that apart from

expected superparamagnetic state, they can also exist in magnetically blocked states as-

sociated with a strongly enhanced magnetic anisotropy, which has been attributed to

the presence of lattice defects in the core of the nanoparticles [12, 34, 11]. Therefore,

a closer look to individual properties of isolated particles is required. Since every indi-

vidual nanoparticle could have different magnetic properties, conventional experiments

average them out over a large number of particles, potentially hiding the relevant param-

eters. Thus, applying simple size-dependent scaling laws for magnetic properties of the

nanoparticles remains complicated [35, 36, 37]. In this work we will try to shed light on

single nanoparticle’s magnetism. We will start from correlation of crystalline structure,

size, internal defects on the magnetically blocked states and magnetization direction of

the nanoparticles. Then, we will continue with the role of surface for magnetization sta-

bilization which we address through controlled oxidation of nanoparticles. Lastly, effect

of magnetic stability and interactions with single ultra-fast laser pulses is addressed. This

will be the basis for the following Chapters.

7



Chapter 2. Magnetic properties, structure and their manipulation in Co particles

2.1 Cobalt nanoparticles

Bulk cobalt is a ferromagnetic material [2] with average magnetic moment of 1.72 µB per

atom. Cobalt nanoparticles can exhibit strong deviations of magnetic properties com-

pared to the bulk values since these properties can be affected by several factors such

as size, crystalline structure, magnetic anisotropy, ligands (residuals from synthesis and

oxidation due to high reactivity of cobalt), and interactions with neighboring nanopar-

ticles or with the substrate [5, 11, 38, 39, 40]. Cobalt nanoparticles have been reported

to exist in three crystal structures: hcp, fcc and ε-cobalt [41, 42, 43, 44]. The structure

itself depends on the synthesis conditions such as temperature during synthesis or subse-

quent annealing. At room temperature bulk cobalt only exists in the hcp crystal lattice,

whereas cobalt nanoparticles can be found in fcc structure as well as hcp or multiple-

twinned fcc [41]. Each crystal structure has different lattice constants, cohesion energy

and anisotropy.

2.1.1 Structural lattice defects

Defects play an important role in material properties, since they induce strain and change

magnetic properties [45, 46, 47]. There is a number of crystal defects that metals could

have, such as point defects, linear (screw and edge dislocations), planar (twins, stacking

faults), surface or volume defects [48]. There are two particular defects that will be rel-

evant in this Thesis: twin boundaries and stacking faults. Twinning is the formation of

original crystal stack with a new orientation in some region of the crystal. In a simple

case twin boundary is a mirror symmetry plane with respect to the initial crystal [cf.

Fig. 2.1“A”]. Stacking faults are another type of defects where planar mismatch causes

interruption of regular stacking sequence. There are two types of stacking faults in fcc

crystalls: (i) extrinsic and (ii) intrinsic. Both types are depicted in Fig. 2.1. Extrin-

sic stacking fault forms as an additional layer in the crystal structure: ABCABCABC

alternation changes locally to ABC-ABAC-ABC [cf. Fig. 2.1“B”]. In the case of inter-

nal stacking fault, the regular alternation ABCABCABC changes to ABC-AB-ABC [cf.

Fig. 2.1“C”].

2.1.2 Magnetic anisotropy

The presence and coupling of spin and orbital moments in magnetic materials leads to

complex and anisotropic interactions between them. Spontaneous net magnetization of

ferromagnets stabilize along so-called easy directions below Curie temperature without

8



Chapter 2. Magnetic properties, structure and their manipulation in Co particles

Figure 2.1: Examples of lattice defects: panel A shows twinning boundary, panels B and

C show extrinsic and intrinsic stacking faults in fcc structure, respectively [48].

presence of external magnetic field. The energy that is needed to rotate the magnetization

from a magnetic easy to a hard direction is called magnetic anisotropy [49]. There are

several types of magnetic anisotropy contributions: shape, magnetocrystalline, surface

anisotropy and defect-induced magneto-elastic contributions. In a cubic crystal magnetic

anisotropy can be written as Ecubic
0 (~m)/υ = K1m

2
z′ + K2m

2
y′ + KMC

4 (m2
x′m

2
y′ + m2

x′m
2
z′ +

m2
y′m

2
z′) +KMC

6 m2
x′m

2
y′m

2
z′ + ..., where υ is magnetic volume, x′, y′ and z′ are [100], [010]

and [001] crystal axes, respectively, Ki are the respective anisotropy constants (due to

cubic symmetry x′,−x′, y′,−y′, z′,−z′ directions are identical and only even terms are

present), mi′ are the unit vector projections along respective crystal directions [38]. In

more general terms, Keff = E0/υ. The reported anisotropy constant values of cobalt vary

over orders of magnitude due to complexity of experiments and theoretical approaches

involved for the constant determination. In Tab. 2.1 few examples from the literature are

listed. There, a variety in size, morphology, magnetization, and measurement conditions

can be found.

Magnetocrystalline anisotropy is determined from the crystal symmetry and is usually

small for transition metals with the exception of hcp cobalt, which has a strong uniaxial

anisotropy. For fcc cobalt there are four easy directions along 〈111〉 directions and three

hard axes along 〈100〉 respective directions. Due to the finite size of the nanoparticle,

surface atoms with broken symmetry occupy a large fraction of the volume of the nanopar-

ticle, which gives rise to surface magnetocrystalline anisotropy. Its value depends on the

atomic coordination at each site of the nanoparticle and can be calculated as a mag-

netic pair interaction energy between atoms. According to the Néel’s anisotropy model

9



Chapter 2. Magnetic properties, structure and their manipulation in Co particles

D (nm) Struc-re M. moment Anisotr. const.

4.3a fcc 1.72 µB/at. K1=-0.22 MJ
m3 K2=0.09MJ

m3 K4=0.01MJ
m3

4.5b MT fcc 1400 kA/m Keff=0.01-0.423MJ
m3

1.8-4.4c fcc 0.5-5·103µB Keff=5-30·106 erg
cm3

1.9-5.5d fcc - Keff=110-218kJ/m3 K2=0-1.2Keff

4.4e fcc - Keff=1.5·106erg/cm3

12f fcc 1428.6 emu/cm3 K1 = −3.8meV
atom

K2 = −0.77meV
atom

2.5g - 2.2 µB/at. Keff = 0.8meV
atom

5-30h fcc - Keff=104 · Jm3

5-30i fcc 2.2-4.6 µB/at. Keff=72 meV

1.5-2.5j fcc/hcp 1.94-2.1 µB/at. Kfcc
eff=0.45MJ

m3 Khcp
eff=0.25MJ

m3

a Ref. [38]; 35 mK; 1072 at., b Ref. [8]; exp. and theor., c Ref. [6], d Ref. [5], e Ref. [50], f Ref. [11],

g Ref. [51]; nanoislands, h Ref. [52]; T=35 mK, i Ref. [4]; nanoislands, j Ref. [9]; T=35 mK.

Table 2.1: Variety of magnetic anisotropy constants of cobalt nanoparticles. Here D is

average diameter of the nanoparticles, magnetic moments are listed sometimes for the

whole particle and sometimes per atom while it is impossible to bring all the values to

homogeneous units, similarly for anisotropy constants K values are taken directly from the

articles, in footnote experimental conditions, form-factors (if not a sphere) are mentioned.

[53], atomic magnetic moments on the surface of the nanoparticle are oriented parallel

to each other. In this case, symmetrical nanoparticles will have a zero contribution to

the surface anisotropy since Esurface = L(~m ·~e) [38] terms cancel each other for symmet-

rical atoms, (here ~m is magnetization unit vector and ~e is interatomic vector, L is Néel

constant). Later, another surface anisotropy model was demonstrated by Garanin et al.

[39]. There, surface atoms can be canted away from a common axis which results in a

non-trivial surface anisortopy term. It has been shown that sizeable enhancement of mag-

netic anisotropy can be found for 8-12 nm nanoparticles with strong surface anisotropy

contribution (|Ks/K4| > 500, where Ks is a surface anisotropy constant and K4 is called

K1 in the article) [11].

Shape of the nanoparticle gives rise to another type of magnetic anisotropy which

arises from the demagnetizing field that tends to minimize long-range dipolar interactions

between atoms in the nanoparticle. Shape anisotropy can be written as Eshape(~m) =

−3µ2at
2

∑
i 6=j

(~m· ~rij)2
‖ ~rij‖5 .

Ferromagnetic nanoparticles are expected to exist in single domain regime below cer-

10



Chapter 2. Magnetic properties, structure and their manipulation in Co particles

tain radius Rsd that is called single domain radius, which can be calculated as Rsd =
9(AKu)1/2

µ0M2
s

where A is the exchange constant, Ku is the uniaxial anisotropy constant, µ0

is magnetic permeability of vacuum, Ms is the saturation magnetization. At this regime

domain walls start to be energetically inefficient and the particle forms a uniform domain

and can be characterized by so-called macro-spin, proportional to the number of atoms

in the particle. Jamet et al. determines Rsd equal to 34 nm [38] but there is a large

dispersion of Rsd in literature. Tab. 2.2 shows few of them, however, it is safe to consider

nanoparticles with R < 13 nm as macro-spins.

Rsd (nm) Structure Ref.

13-135 fcc [54]

34 hcp [38]

Table 2.2: Single domain sizes estimations for cobalt nanoparticles.

Although shape and surface anisotropy can cause sizeable enhancement of magnetic

anisotropy, they do not explain an existence of ferromagnetic states even for 12 nm

cobalt nanoparticles [11]. Such magnetically blocked states are rather attributed to the

presence of lattice defects such as dislocations, stacking faults and twinning boundaries

in the particles. Cobalt nanoparticles were reported to have twinning boundaries with

strain propagating throughout the particle [8, 11]. Structural defects can contribute in

magnetic properties of cobalt in many experimental works although their effects are rarely

discussed [11, 23, 52, 55].

2.1.3 Magnetization reversal

In a single domain nanoparticle with uniaxial anisotropy magnetization direction can

switch between two distinct states separated by an energy barrier. Néel has proposed a

model explaining stability and magnetic properties of nanoparticles in a size range be-

tween 1 and 5 nm. According to Néel-Arrhenius law, relaxation time of a single domain

nanoparticle with uniaxial anisotropy decreases exponentially with temperature growth:

τm = 1
ν0
e
Em
kT , where Em is magnetic energy barrier of the particle, k is Bolzman’s con-

stant, T is a temperature, ν0 is switching probability which depends on crystal symmetry

and material and equals 1.9 109s−1 for fcc cobalt at room temperature [56, 34]. Magnetic

blocking concept is widely used to explain stability of the nanoparticles during the exper-

iment. Nanoparticle is called magnetically blocked if its relaxation time τm is larger then

the measurement time τx. Those nanoparticles which fluctuate with τm < τx are called
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Chapter 2. Magnetic properties, structure and their manipulation in Co particles

superparamagnetic. Recently cobalt nanoparticles have been reported to have magnetic

blocking states at sizes as low as 10 nm with magnetic anisotropy barriers higher then 0.63

eV, although normally 10 nm nanoparticles are associated with superparamagnetism [11].

These blocked states have been attributed to internal defects in the crystalline structure

of the nanoparticles.

2.2 Correlation of structure and magnetism of mag-

netic nanoparticles

Nowadays, there are only few methods that can address magnetism and structural prop-

erties simultaneously [16, 14, 20]. There are a number of publications cited in Tab. 2.1

with respective structures and magnetic anisotropy values. The broad distribution of

magnetic anisotropy values and magnetization of the nanoparticles are reported even for

narrow size distributions of nanoparticles, which could be explained by a rich structural

variation of the nanoparticles. In Chapter 4 of this Thesis we address this issue by a

combination of x-ray magnetic investigations of individual nanoparticles by means of

XPEEM and structural characterization with HAADF-STEM.

2.3 Oxidation of metallic cobalt

Pure metallic cobalt nanoparticles are highly reactive to ambient conditions, and are

therefore partially or fully oxidized after exposing them to ambient air. Since surface

atoms of the nanoparticles constitute a large fraction of the total number of the atoms in

the nanoparticle, surface functionalization and hence modification of atomic arrangement

on the surface of nanoparticles can lead to significant changes of magnetic properties of

the particles. The in situ oxidation of cobalt nanoparticles has been studied for instance

by S. Barthling et al. [27], and Vasiliki Papaefthimiou et al. [57]. Barthling et al. have

shown that controlled oxidation can lead to a fully oxidized, polycrystalline state with

small Co3O4 crystallites. In contrast, a stable metallic cobalt core fcc CoO shell structure

in oxidized cobalt nanoparticles was found by Wiedwald et al. [58]. Cobalt forms two

stable antiferromagnetic oxides, CoO and Co3O4 oxide, where CoO crystalizes in a rock

salt structure [59] and Co3O4 in a spinel structure [60] with Néel temperature of 293 K

and 29−33K [61], respectively. Up to now it stays unclear how the oxidation of the surface

starts, whether certain sites of the nanoparticle react faster then another as it is proposed

for Ag oxidation [62] and at which stage oxidation reaction stabilizes. Papaefthimiou et al.
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[57] proposed that in the in situ oxidized cobalt nanoparticles a tetrahedral wurtzite

structure can form, which acts as a reaction barrier and may stabilize the oxide shell

formation, but the structure of the particles and the role of carbon from their substrate

remained unclear. Previous studies on the evolution of Co-oxide nanoparticles include

the oxidation of nanoparticles ensembles rather than of single isolated nanoparticles [63].

In Chapter 5 of this thesis we present the structure and magnetic properties of in situ

oxidized single cobalt nanoparticles at early stages of oxidation.

2.4 Interactions with laser pulses

Laser excitation of nanostructures can be an effective and fast tool to manipulate mag-

netic properties and stability of the nanoparticles. Namely, absorption of a laser photon

increases overall energy of the particle which results in possible overcome of energy barrier

stabilizing magnetization. So far, it has been shown in ferrimagnetic thin films, that a

single laser pulse with circular polarization can locally switch magnetization of the film.

In the pioneering work, Stanciu et al.[31] has shown that perpendicular magnetic domains

in GdFeCo thin film can be switched locally by sweeping laser light over the sample with

all-optical switching effect. This changes could be reversed by switching laser polarization

from σ+ to σ−. Later it was shown that for ferromagnetic thin films the switching process

happens upon multiple shots with step-wise formation of multiple-domain structure with

further helicity-dependent switching [64]. Recent demonstration of all-optical switching

in a single Co film and in a Co/Ni multilayer [33] is particularly striking, since it poten-

tially opens up the intriguing possibility to achieve switching also in isolated 3d transition

metal nanoparticles. They also provide an intrinsic single domain ground state, which

will allow us to evaluate the unknown role of multi-domain states for all-optical switching

in previously studied thin film or micron-sized systems. As such, cobalt nanoparticles

present an ideal model system to study the interaction of an ultrashort laser pulse with

magnetic matter.

It has been reported that cobalt nanoparticles have significantly low energy barriers

around 0.63 eV at room temperature [11]. This value is comparable to an optical photon

energy and thus in general it can be possible to manipulate the magnetization of the

nanoparticles by means of single photons. Moreover, Kleibert et al. have shown that

static heating to 470 K increases stability of cobalt nanoparticles at room temperature

[11]. There are several effects that come to play upon laser interaction to the magnetic

media. As discussed before, switching rate of the nanoparticles increases exponentially
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with the temperature growth. Thus, heating the nanoparticle even by few Kelvin can

significantly increase its switching rate and transfer a magnetically blocked nanoparticle

to a superparamagnetic for some time. The second effect is associated to the full de-

magnetization of the nanoparticles due to heating to the Curie temperature (Tc). Curie

temperature of nanoparticles are expected to be lower then for the bulk. According to

Wang et al. [3] Tc can be approximated as Tc(d) = Tc(∞)[1− d0
D

1
ν ] where ν = 0.82± 0.02

is a scaling exponent and d0 = 0.51 ± 0.02 nm is a microscopic length scale close to the

lattice constant. Tc(∞)=1390 K is Curie temperature for bulk cobalt [65]. Heating of

blocked cobalt nanoparticles with single leaser shots is discussed in Chapter 6.
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Chapter 3

Experimental details

In this Chapter, we explain the sample preparation and the production technique of

cobalt nanoparticles. Further, the characterization technique for magnetic microscopy

and spectroscopy using polarized x-rays on individual nanoparticles, the laser setup and

scanning transmission electron microscopy measurements for structural investigations

are described. Our experimental results for x-ray magnetic circular dichroism imaging

were acquired using the x-ray photo-emission electron microscope (XPEEM) at the Sur-

face/Interface: Microscopy (SIM) beamline at the Swiss Light Source, at Paul Scherrer

Institut. Morphology and structure of the nanoparticles were measured using high-angle

annular dark field scanning transmission electron microscope at the EMAT center for

Microscopy, at the University of Antwerp. In this work we concentrate purely on cobalt

nanoparticles produced with arc cluster ion source at SIM beamline.

3.1 Sample preparation

The samples were prepared in three steps. First, marker structures were deposited on the

substrates. Second, samples were heated to desorb adsorbates from ambient air to avoid

oxidation of the nanoparticles when landing on the substrate. Third, cobalt nanoparticles

were deposited. The sample preparation procedure is sketched in Fig. 3.1. We used two

different substrates in our experiments: (a) transmission electron microscopy (TEM)-

compatible silicon wafers with holes covered with silicon nitride membrane from SiMPore

Inc. c© [66] and (b) square silicon wafers with a native oxide layer [cf. Fig. 3.1(a-b)].

The preparation steps are denoted with numbers below the Figure.
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Chapter 3. Experimental details

Figure 3.1: The sample preparation procedure for two types of substrates : (a) TEM-

compatible silicon substrate with 10 nm thin SiN membranes free standing on top of the

holes and (b) silicon (100) square wafer with a native oxide layer on top. The samples were

used for the experiments in Chapter 4 (“A”), Chapter 5 (“B1” and “B2”) and Chapter 6

(“C1”, “C2”). The details of the sample preparation are discussed in Section 3.1.

3.1.1 Marker structure deposition

The marker structures, deposited at the step 1, were used for unambiguous identification

of the same nanoparticles in x-ray XPEEM, high-angle annular dark field scanning trans-

mission electron microscopy (HAADF-STEM) and scanning electron microscopy (SEM).

For samples on TEM-compatible substrates, Pt markers were used. Before Pt mark-

ers deposition, the substrates were heated to desorb the adsorbates and covered with

1-2 nm of amorphous carbon. Then the membranes were transferred to a SEM device

with focused ion beam (FIB) functionality. There a number of marker structures were

deposited by thermal decomposition of Pt precursor molecules with help of electron beam

on the membranes (cf. Appendix A). For samples on silicon wafers, the Au/Cr markers

were deposited using the lithography process.1

3.1.2 Substrate annealing

After the markers deposition, all samples were transferred to the ultrahigh vacuum (UHV)

preparation system [cf. Fig. 3.2(b)]. Before the nanoparticles deposition, the substrates

1Au/Cr marker deposition on the samples was done by Anja Weber from Mesoscopic Systems group

at PSI, Pt deposition training was done by Elizabeth Müller from Electron Microscopy Facility at PSI,

Pt marker structures deposition was done by Elizabeth Müller and me.
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were annealed in the PS (TEM-membranes were heated up to 120◦C, the silicon wafers

were heated to 200◦C) with a base pressure of the order of 10−10 mbar at 1.2 A heating

current for membranes and 2 A for silicon wafers, respectively, and let cool down to room

temperature. Then cobalt nanoparticles were deposited.

Figure 3.2: Schematic drawing of the chambers at SIM beam line. (a) X-ray photo-

emission electron microscope (XPEEM). X-rays impinging the sample at grazing inci-

dence angle. The secondary photo-electrons are accelerated towards the objective lens

with high voltage. The imaging system is schematically depicted with grey rectangle.

The image is acquired with CCD camera. (b) Preparation system contains the manip-

ulator with heating stage and contacts for temperature sensing from the sample. The

carbon evaporator is placed next to the manipulator. (c-e) Arc cluster ion source (ACIS)

schematics from [67]: (c) cluster creation system, (d) pressure reduction collimator, (e)

mass filter and sample substrate.

3.1.3 Cobalt nanoparticles preparation

Cobalt nanoparticles were prepared using an UHV compatible arc cluster ion source

(ACIS) [cf. Fig. 3.2(c-e)] [68]. This system is directly attached to the preparation system

[cf. Fig. 3.2(b)] and the sample can be transferred to the XPEEM [cf. Fig. 3.2(a)] without
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breaking the ultra-high vacuum conditions. An electric arc at 2 kV is produced in the clus-

ter creation system [cf. Fig. 3.2(c)]. similar to the Ref. [11], an electrostatic quadrupole

mass-filter [cf. Fig. 3.2(e)] is used to deposit nanoparticles with diameters varying from

8 to 25 nm on the substrates. The nanoparticles are deposited on the substrates under

so-called soft landing conditions, with the kinetic energy of the nanoparticles being lower

than 0.1 eV/atom [68], so that the particles do not fragment or damage the substrate

upon landing [69, 70]. Previous work has shown that the substrate and the deposited

cobalt nanoparticles are thermally stable up to 800 K [68].

The number of nanoparticles on the sample was controlled by integrating the charge

collected on a gold mesh (not shown) placed in the particle beam. Resulting nanoparticles

have size distribution of 12.0±1.4 nm and presumably fcc structure [11]. The coverage is

set to about one nanoparticle per µm2 in order to avoid inter-particle interactions and to

be able to resolve individual nanoparticles in XPEEM, which has a spatial resolution of

about 50 nm. After nanoparticle and carbon deposition, the samples are transferred in

situ to the XPEEM instrument at the SIM Beamline [71].

The very last step of the sample preparation differs depending on the experiment. For

the combined XPEEM and STEM characterization of cobalt nanoparticles (cf. Chap-

ter 4 ), the sample was covered with another layer of amorphous carbon (cf. Fig. 3.1

“A”). This procedure allows producing of long lasting sample to prevent chemical reac-

tions of the nanoparticles with residual gas molecules during the XPEEM experiments

(base pressure < 5 · 10−10 mbar) which may involve hours of intense x-ray illumination

[30] and avoid oxidation while transferring to the (HAADF-STEM) device.

For the structural characterization of in situ oxidized cobalt nanoparticles, described

in Chapter 5, TEM-compatible membranes were used (cf. Fig. 3.1 “B1”). To oxidize the

nanoparticles we introduce molecular oxygen into the XPEEM chamber [cf. Fig. 3.2(a)]

through a leak valve (not shown); dosages of 0.5, 1, 2, 5, 10, 20, 40 L (1 L = 10−6

Torr s = 1.3×10−6 mbar s) are employed in our experiments. For XPEEM investiga-

tions of in situ oxidized cobalt nanoparticles, another type of substrate, namely square

shaped silicon wafers [cf. Fig. 3.1(b)] were used. After the nanoparticles deposition

[cf. Fig. 3.1“B2”], the sample was exposed to the molecular oxygen similarly to the

TEM-compatible membranes case. Lastly, for the laser induced manipulation of cobalt

nanoparticles (Chapter 6), the nanoparticles were deposited on the silicon wafer in one

case [cf. Fig. 3.1“C1”] and on the silicon wafer covered with amorphous carbon prior to

the particles deposition [cf. Fig. 3.1“C2”] to avoid a direct contact of the nanoparticles

with the native oxide layer as discussed later in Chapter 6.
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3.2 Resonant x-ray imaging. X-ray photo-emission

electron microscopy

Figure 3.3: Schematics of SIM beamline [72].

X-ray characterization of magnetic materials is a powerful tool to investigate element-

specific phenomena at high spatial and temporal resolution [73, 74]. Synchrotrons operate

high current beams of relativistic electrons with GeV kinetic energies orbiting under mag-

netic field. The beam cycles in the storage ring and passes through so-called insertion

devices (IDs), resulting in a strongly forward-focused x-ray beam. Employing the XMCD

effect, XPEEM helps to visualize magnetic moment projection with high spatial resolu-

tion.

3.2.1 X-ray radiation

High-end spectroscopic and imaging techniques are possible because of high brilliance

and monochromatic light from modern light sources. Modern light sources, such as Swiss

Light source with 2.4 GeV electron energy [75], use undulators to produce x-ray radiation.

Undulator is a structure consisting of an array of permanent magnets with controlled gap

and phase between the arrays. Electrons wiggle while passing through the undulator
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and emit x-ray radiation with intensity I ∼ N2, where N is a number of dipoles in the

undulator. SIM beamline has two insertion devices which reduces the switching time

between two different polarizations/energies. It is also possible to change polarization

of x-rays by reconfiguring the incertion device. Further x-rays are passing through the

monochromating gratings and exit slit before they reach the sample (cf. Fig. 3.3).

3.2.2 X-ray photo-emission electron microscopy

Figure 3.4: XPEEM schematics from [76].

X-ray photo-emission electron microscopy is a micro-spectroscopy tool for structural,

chemical and magnetic characterization of materials with 50 nm spatial resolution and

element sensitivity. The samples are illuminated using polarized monochromatic x-ray

radiation with the photon energy tuned to a resonant absorption edge, like for example

the Co L3 edge at 781 eV and impinging on the sample at a grazing angle of incidence

of 16◦ (cf. Fig. 3.4). The XPEEM technique is based on probing electrons emitted

from the sample upon x-ray excitation. Photon absorption by the material is followed

by emission of primary photoelectrons and Auger electrons which generate a cascade of
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secondary photo-electrons through inelastic and quasi-elastic interactions between elec-

trons, plasmons and phonons [77]. For each element there are specific resonant energies

corresponding to certain electron transitions. For cobalt we employ so-called L3 edge

where 2p to 3d electron transition occurs. At this photon energy the cobalt nanoparticles

appear as bright spots in the microscope [cf. Fig.3.5(a)]. Ideally, each of the spots corre-

sponds to a single nanoparticle. The 20 µm field of view of XPEEM allows simultaneous

measurement of about 400 nanoparticles.

The schematics of XPEEM microscope is presented in Fig. 3.4. There, on the very left

the sample is marked by a rectangle. The sample is set to the high voltage of 10-20 kV

in order to accelerate secondary electrons from the surface towards the XPEEM. After

the photoelectrons are extracted from the sample, they pass through the electron optics

with energy analyzer correcting the chromatic aberrations. Eventually, electrons run into

a multi channel plate (MCP) which multiplies the signal before the phosphorous screen

which is observed with a CCD camera. We can adjust electron optics and change field of

view of the microscope between 10 and 100 µm.

3.2.3 X-ray magnetic circular dichroism effect

For magnetic characterization of individual nanoparticles in XPEEM the x-ray magnetic

circular dichroism (XMCD) effect is employed. This effect originates in spin-dependent

photon absorption [77]. Namely, C+ photon absorption would be higher than for C− at

Co L3 absorption edge where 2p3/2 → 3d transition happens and reverses the sign at L2

energy. Such difference for circularly polarized light is purely attributed to magnetism

and is the strongest at resonance energies (cf. Fig. 3.6).

The magnetic signal depends on the relative orientation of the magnetic moment ~m

and the x-ray propagation vector ~k : A ∼ ~m · ~k . The value reaches its maximum when

two vectors are parallel, and minimum for the anti parallel orientation of ~m and ~k.

3.2.4 Single particle identification

To obtain magnetic contrast maps, two XPEEM images are recorded subsequently with

circularly left and right (C+ and C−, respectively) polarized x-rays at the Co L3 x-ray

absorption edge (781 eV) see Fig. 3.5. All image sequences are normalized by pixel-

wise division by a flat field image in order to correct for non-uniformity in the XPEEM

multichannel plate phosphor screen detector unit. Flat field images are obtained by

defocusing the microscope such that a homogeneous illumination of the XPEEM detector
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Figure 3.5: (a) XPEEM image taken at Co L3 edge with C+ polarized light, marker

structure that helps identifying individual nanoparticles in the field of view is visible as a

bright rectangle. (b) Elemental contrast map where white dots correspond to individual

nanoparticle. (c) Magnetic contrast image where dots with different grey level contrast

correspond to a projection ~k · ~m where ~k is x-ray propagation direction, ~m is nanoparti-

cle’s magnetization direction. White circles highlight magnetically blocked nanoparticles,

dashed circles highlight nanoparticles without magnetic contrast (cf. Section 3.2.4). The

inset with arrows in the upper right corner depicts magnetic contrast variation depending

on the in-plane magnetization orientation.

is achieved. The normalized images are then drift-corrected. Magnetic contrast maps

are obtained by pixel-wise division of the two normalized and drift-corrected images with

C± polarization. The resulting magnetic contrast of individual nanoparticles ranges from

black to white depending on the projection of their magnetic moment m onto the x-ray

propagation direction k according to A ∼ ~m · ~k, cf. Fig.3.5. The best time resolution

of magnetic characterization in the present experiments is 20 s which is determined by

the total time to acquire two images with C± polarization. For the data shown in

Fig. 3.5, sequences of 20 consecutive magnetic contrast maps are averaged (resulting in

a total τx=400 s). Chemical characterization of the nanoparticles is achieved through

x-ray absorption (XA) spectroscopy by recording image sequences with linearly polarized

x-rays in the photon energy range between 775 eV and 785 eV around the Co L3 edge

with energy steps ranging from 0.1 eV to 1.0 eV, cf. Fig. 3.6. Each sequence is flat field

normalized and drift-corrected. Then spectra of individual nanoparticles are obtained

by extracting the image intensities from small areas (e.g. 5 × 5 pixels) centered on the

position of the corresponding bright spots in the XPEEM images. In order to normalize

for variations in the incoming x-ray flux the nanoparticle intensities are divided by the

signal extracted in an area of same size next to the nanoparticle. For the present work
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we average the spectra of about 30 nanoparticles to achieve spectra such as shown in

Fig. 3.6. In our work we do not correct for the absolute position of the XAS after the

measurement, therefore in Chapter 6 the spectra appear shifted to the higher absorption

energies.

Figure 3.6: XAS spectrum of metallic cobalt [67].

Similar to work by Kleibert et.al. [11], a large portion of nanoparticles (approximately

one half of the sample) exhibit stable magnetic contrast at room temperature with con-

trast levels ranging from white to black, which reflects the random orientation of the

magnetization of the nanoparticles upon the deposition process. Such nanoparticles are

magnetically blocked within the measurement time with a relaxation time τm > τx. Using

an Arrhenius-type law for the thermally induced magnetic switching rate ν =ν0 · e−E/kBT

with T being the temperature, kB the Boltzmann constant, and the attempt frequency ν0

= 1.9 ·109s−1 for fcc cobalt nanoparticles at room temperature together with ν=1/τm, a

lower limit of the magnetic energy barrier of these nanoparticles can be estimated to Em

≥ 0.63 eV [11]. This value is strongly enhanced when compared to the anticipated mag-

netic energy barriers of spherical fcc cobalt nanoparticles in the present size range and

is assigned to structural defects in the nanoparticles [11]. Several magnetically blocked

nanoparticles are highlighted with solid circles in Fig. 3.5.

Also, similar to the earlier experiments, we find that a larger number of particles

exhibit no magnetic contrast, for instance those that are highlighted with dashed circles

in Fig. 3.5. A smaller fraction of these particles (about 20%) might also be magnetically

blocked, but with magnetization orthogonal to the x-rays propagation direction (~m ⊥ ~k),

assuming a random orientation of the magnetic moments and that the signal to noise ratio

in the present data is similar to that of in [12]. However, the remaining nanoparticles do

not have magnetic contrast, due to either thermally induced fluctuations with τm ≤ τx and
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thus, they are either in a superparamagnetic state, or they have more complex magnetic

structure not resolvable with XPEEM. The two abovementioned magnetic states were

found to occur irrespective of the size of the (near spherical) nanoparticles in similar

samples [11]. The similarity of the present findings in the pristine state and the data in

Ref. [11], suggests that the carbon capping has no noticeable impact on the magnetic

behavior of the cobalt nanoparticles.

The third variation of magnetic contrast of cobalt particles, which can be selected out

of the second group, is so-called fluctuating nanoparticles. For such particles, τm ∼ τx

and magnetic contrast fluctuates between single 20 s magnetic contrast maps. Summing

up, we divide the nanoparticles into three groups depending on their magnetic contrast

variation visible with XPEEM magnetic contrast imaging: (i) magnetically blocked with

τm > τx, (ii) superparamagnetic with τm < τx and (iii) fluctuating with τm ∼ τx. We will

refer to these groups later.

3.3 Quantitative XPEEM data analysis

The method of contrast analysis has been developed earlier and is described in details

in Ref. [34]. A signal from a single particle appears broader in XPEEM images than the

actual size of the nanoparticle due to a Gaussian broadening. Therefore, the elemental

contrast of the nanoparticle is approximated with a 2D Gaussian of 13×13 pixel2 on a

planar background. After subtracting the planar background, two intensities of respective

C+ and C− signals are calculated as the heights of the respective Gaussians. The XMCD

asymmetryis calculated as A = (IC+ − IC−)/(IC+ + IC−). The magnetic contrast is

proportional to the projection of the magnetic moment of the nanoparticle on the x-ray

propagation direction and gives a qualitative information about the magnetization of

magnetically blocked nanoparticles.

3.4 Laser setup

For the laser-based experiments, an XL-500 oscillator (FEMTOLASER GmbH) with 50

fs laser pulses of 800 nm wavelength at 5.2 MHz repetition rate is used. The laser beam

is aligned in the XPEEM instrument using a Cs covered sample, which permits direct

imaging of the laser spot. A schematics of the laser setup is given in Fig. 3.8. The laser

beam impinges at a grazing angle of 16◦ with respect to the sample surface. The laser

pulse energy at the sample is set using a half wave plate and a polarizing beam splitter. A
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Figure 3.7: Data analysis illustration from [34]. (a) Elemental contrast map at Co L3

absorption edge with σ+ polarized light. Bright dots correspond to cobalt nanoparticles.

One of the particles is highlighted with yellow line in order to acquire a linear intensity

profile. (b) Elemental contrast map of the very same region of the sample at Co L3

absorption edge acquired with σ− polarized light. (c) Linear profile of the nanoparticle

highlighted in (a) and (b). Black curve corresponds to σ+, red curve - to σ−, respectively.

Blue line shows a linear background in the image.

fast photodiode is used to monitor the intensity of each laser pulse in a reference beam.

The intensity at the sample is initially calibrated using a photo diode mounted on a

sample holder and measuring the laser intensity directly at the sample position in the

XPEEM instrument. All pulse energies are measured relative to this measurement and the

measured laser power and repetition rate. The grazing incidence gives rise to an elliptical

laser spot profile with dimensions of FWHMx = (20±5)µm2 and FWHMy = (73±18)µm2,

respectively. Assuming an elliptical Gaussian intensity distribution the peak fluence can

be calculated by F0 = 4ln2 · E/(p · FWHMx · FWHMy) with E being the energy of

the laser pulse. Tab. 3.1 shows the investigated laser pulse energies, the resulting peak

fluences together with the corresponding photon densities at the sample. Further, a

CCD camera is placed in the focus of the reference beam to monitor possible pointing

variations. A quarter wave plate is used to switch the polarization of the laser pulses
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Figure 3.8: Schematics of the experimental setup: polarized x-rays and the femtosecond

laser beam impinge at a grazing of 16◦. The laser setup uses a combination of a pulse

picker (PP) and a fast shutter (FS) to select individual laser pulses (50 fs), the laser

intensity is tuned by a λ/2 wave plate and a polarizer (P), a fast photodiode is used for

intensity and pulse monitoring from a leaking mirror (M), and a λ/4 wave plate is used

to set the laser polarization.

between linear, C+ and C−. A strain free UHV viewport is used to couple the laser pulse

into the PEEM instrument with minimal impact on the polarization. Single laser pulses

are selected using a pulse-picker (PP) and a fast mechanical shutter (FS) [71].

Laser pulse energy E(nJ) 14 ±1 65±3 150±8 270±14 352±18

Peak fluence F0 (mJ/cm2) 1±1 4±1 9±3 16±6 21±8

Photon density nPh (ph./nm2) 35±10 160±60 370±130 660±240 860±310

Table 3.1: Investigated laser pulse energies, peak fluences, and respective photon densities

with estimated errors.

The response of the nanoparticles to the laser pulses is measured by recording a

number of magnetic contrast maps before and after controlled laser pulse exposures.

In detail, ten subsequent XMCD images are taken without laser excitation as a control

experiment to determine the initial magnetic state of the nanoparticles and to distinguish

possible laser induced magnetic switching events from thermally induced spontaneous

flipping of some of the nanoparticles at the given conditions [11]. Then the sample is

excited by ten laser pulses with identical laser polarization and similar intensity. After

each laser pulse, an XMCD contrast map is recorded (cf. Fig. 3.8). To check chemical

integrity of the sample during the experiments XA spectra are acquired as described

above for each investigated laser intensity at the beginning of the experiment and in the
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end.

3.5 High-angle annular dark field scanning transmis-

sion electron microscopy

For structural characterization of the samples on the TEM-compatible membranes, a FEI

“Titan3” microscope equipped with Cs probe corrector with high-angle annular dark-field

detector (HAADF) was used.2 The microscope is operating at 300 keV accelerating volt-

age. The sample contrast comes from the electrons, inelastically scattered from the

atomic columns of the particle and detected with the dark-field annular detector [78].

Such method allows an extremely high resolution characterization (0.09 nm) and a pos-

sibility to identify crystal structure of subcrystallites within a single nanoparticle, lattice

defects and core-shell structures.

Before the microscopy and later every two hours, the sample undergoes an “electron

shower” for 30 minutes to eliminate carbon deposition during the measurement. The

marker structures can be identified in the microscope allowing unambiguous nanoparticles

determination. The orientation of the sample with respect to the marker structures is

recorded by acquiring an overview image containing marker structures and nanoparticles.

2HAADF-STEM investigations have been produced by Dr. Armand Béché and Prof. Dr. Jo Verbeeck

from EMAT, University of Antwerp.
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Direct correlation of microscopic

structure and magnetic properties of

individual cobalt nanoparticles

In this Chapter, we combine photo-emission electron microscopy (XPEEM) with high-

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) to

reconstruct the spontaneous magnetization axes of individual cobalt nanoparticles with

respect to their atomic structure and structural defects, if present.1 Anomalous magnetic

properties of cobalt nanoparticles have been observed for decades. Such values as mag-

netic anisotropy, blocking temperature, saturation magnetization and magnetic moment

of the particles were reported to be enhanced compared to the bulk values [5, 6, 7, 8, 9].

In particular, the magnetic anisotropy of cobalt nanoparticles has been shown to vary

over five orders of magnitude (cf. Table 2.1). Such variation on magnetic properties is

often assigned to size, surface effects or internal defects in the nanoparticles. However,

there is still is a controversy in explaining the magnetic stability of cobalt clusters with

an average diameter of about 10 nm. Typically, the magnetization is determined as an

average over a great number of nanoparticles by measuring an overall response of the sys-

1Pt markers were deposited by Dr. Elizabeth Müller from the Electron Microscopy Facility at PSI,

sample preparation and XPEEM experiments have been done by Dr. Armin Kleibert, Martin Timm

and me at the Surface/Interface: Microscopy (SIM) beamline at the SLS of PSI. Data analysis has been

done by me. HAADF-STEM investigations have been carried out by Dr. Armand Béché and Prof.

Dr. Jo Verbeeck at the EMAT, University of Antwerp. Atomic simulations of the structures have been

performed by Dr. Peter M. Derlet from Laboratory for Scientific Computing and Modelling at PSI

and myself. Simulations of HAADF-STEM images were performed by Dr. Ivan Lobato from EMAT,

University of Antwerp.
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tem, for example, in superconducting quantum interference device magnetometry [16],

Raman spectroscopy or x-ray magnetic circular dichroism. However, it has already been

reported for small Wulff-shaped nanoparticles, that one additional layer on one of the

facets greatly increases magnetic anisotropy of the nanoparticle which defines the mag-

netic energy barrier for magnetization switching [15]. Internal structural defects in the

nanocrystals can be a possible origin of high magnetic anisotropy, but their effect is rarely

discussed in the literature [11], and it is yet not clear how in detail the different energy

contributions interplay. To address the effect of structure on magnetic properties of the

particles, these observations strongly suggest that one should correlate the individual

structure of the nanoparticle with its magnetic properties rather than to average over the

entire ensemble.

In this Chapter, we address the correlation of magnetic and structural properties of

individual cobalt nanoparticles. We combine XPEEM to determine magnetic behaviour

of individual cobalt particles with HAADF-STEM to probe its crystal structure, crystal-

lographic orientation with respect to the substrate, as well as the shape and structural

defects in the particles. Our XPEEM approach allows us to reconstruct the spontaneous

magnetization direction of individual nanoparticles in 3D and to directly correlate it with

an STEM image of the very same individual nanoparticle.

4.1 XPEEM experiment and magnetization direction

reconstruction

Figure 4.1: (a) Optical microscopy image of a TEM-compatible substrate with nine SiN

membranes [66]. (b) SEM image of one of the membranes with Pt marker structures. (c)

TEM image of a region of the membrane with a Pt marker structure. (d) Normalized

XPEEM image of the region of the membrane with the Pt marker visible in (c) recorded

with the photon energy set to the Co L3 edge at 781 eV. Bright spots correspond to

cobalt nanoparticles.
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The sample for combined XPEEM and HAADF-STEM characterization was prepared

as described in Section 3.1 (cf. Fig. 3.1 “A”). The nanoparticles were deposited at room

temperature onto a TEM-compatible substrate with 10 nm thin SiN membranes. An

optical microscopy image of the sample on a membrane is presented in Fig. 4.1(a). After

nanoparticle deposition, the sample is covered with 1-2 nm of amorphous carbon to avoid

oxidation from exposure of the sample to the ambient conditions when transferred to

STEM. The sample has Pt markers which ensure an unambiguous identification of the

area of interest and individual nanoparticles on it. In Fig. 4.1(b-d) one can identify the

marker structures as bright quadrilaterals imaged with SEM [cf. Fig. 4.1(b)], STEM [cf.

Fig. 4.1(c)] and XPEEM [cf. Fig. 4.1(d)].

After nanoparticle deposition, the sample was transferred under ultrahigh vacuum

conditions to the XPEEM instrument. Then the sample was cooled down to 100 K in

order to reach the blocking temperature of some of the particles (increase relaxation time

τm). A normalized XPEEM image of the sample obtained according to the procedure

described in Section 3.2.2 is shown in Fig. 4.1(d). Bright spots correspond to individual

nanoparticles. We perform XMCD imaging (cf. Fig. 4.2) to reveal the magnetic contrast

of individual nanoparticles as described in Section 3.2.3.

The cobalt nanoparticles used in the particular experiment, have a size distribution

between 8 and 25 nm. The performed STEM investigation showed that the particles have

a predominantly fcc crystal structure. For a given size distribution of fcc nanoparticles,

a single domain assumption can be applied. Therefore, the nanoparticles magnetization

can be characterized with ~m, uniform for each nanoparticle (as discussed in Chapter 2).

As described in Section 3.2.4, nanoparticles in our samples can be divided into three

groups depending on their magnetic contrast variation visible with XPEEM magnetic

contrast imaging: (i) magnetically blocked with τm > τx, (ii) superparamagnetic with

τm < τx and (iii) fluctuating with τm ∼ τx. In this Chapter we will only consider the

magnetically blocked nanoparticles case (i) since their magnetic contrast in XPEEM is

proportional to the projection of the ~m onto the x-rays propagation direction ~k. For the

superparamagnetic and fluctuating nanoparticles with τm ≤ τx the magnetic contrast is

the sum of multiple projections of ~m onto the ~k over the acquisition time and results in

zero contrast or reduced contrast, for superparamagnetic and fluctuating nanoparticles,

respectively.

The direction of ~m can be reconstructed with a systematic XPEEM investigation

according to the procedure described in [71]. To do that, we rotate the sample in plane

around its normal z by an angle φs [cf. Fig. 4.2(a)] to acquire four different magnetic
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Figure 4.2: (a) Schematics of the experimental geometry. The red arrow shows the x-ray

propagation direction ~k. The vector ~m represents the spontaneous magnetization direc-

tion of the nanoparticle. Probing the sample with circularly polarized x-rays we obtain the

XMCD asymmetry A which is given by the product ~m ·~k as explained in Section 3.3. (b)

Normalized XPEEM recorded at Co L3 absorption edge. The x-ray propagation direction

~k is represented by the red arrow. Panels (c)-(f) show the respective magnetic contrast of

the same area on the sample at different angles φs denoted above each image (images are

rotated to the same orientation for convenience). Magnetic contrast of the nanoparticle

in white circle changes from white to black for respective angles. Magnetization ~m is

presented in panels (c)-(f) by the turquoise arrow. There red and green arrows represent

~k and the component of ~m on ~k, respectively. The inset with arrows depicts magnetic

contrast variation depending on the in-plane magnetization orientation.(g) Asymmetry

A as a function of φs fitted according to the procedure described in [71].

contrast maps of the very same field of view. The XMCD asymmetry A derived from

the XPEEM data is proportional to the projection of ~m on the x-ray propagation vector

~k (cf. Section 3.2.3). For fcc cobalt thin films, the maximal absolute value of XMCD

of 0.24 has been found [79]. For our experiments, the asymmetry value can vary in an

interval (-0.24; 0.24) according to the respective ~m and ~k orientations. With our data,

we are able to reveal angles φm and θm of the magnetization vector [cf. Fig. 4.2(a)]. An

example of such data is plotted in Fig. 4.2(g) for one particle at φs equal to -30◦, 0◦, 30◦,

60◦. There, φm=81±9◦ and θm=45±6◦.

In Fig. 4.2, the panel (b) shows a normalized XPEEM image of the same region of

the sample. The x-ray propagation direction ~k is represented by the red arrow in each
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panel. The respective magnetic contrast maps of the investigated area at different angles

φs are given in panels (c)-(f), the corresponding angles φs are denoted above each image

(images are rotated to the same orientation for convenience). The magnetic contrast of

the nanoparticle highlighted with a white circle changes upon sample rotation. Initially

white, it gradually becomes grey and then black at φs=60◦. The magnetization ~m is

presented schematically in the insets by a turquoise arrow. The green arrow represents

a component of ~m on the ~k direction, ~mk. The dashed lines are used as guides to the

eye between the tip of ~m and its component ~mk. The panels in Fig. 4.2(b)-(f) show only

a fraction of the field of view recorded with XPEEM. A full field of view is depicted in

Fig. 4.1(d) and contains about 500 nanoparticles. Using the described method, we have

reconstructed spontaneous magnetization direction of more then 200 magnetically blocked

nanoparticles. The data is later used to plot the magnetization vector of the magnetically

blocked nanoparticles onto the STEM images. After the XPEEM experiment, the sample

was covered with an additional protection layer of amorphous carbon, extracted from

ultrahigh vacuum and transferred to the transmission electron microscope in Antwerp.

We have pre-identified magnetically blocked nanoparticles and superparamagnetic ones

so that both types could be imaged with STEM. The microscopists have selected 40

nanoparticles: 18 superparamagnetic and 22 magnetically blocked. The results of the

microscopy and the correlation with XPEEM data are shown below.

4.2 HAADF-STEM results

The experimental details for HAADF-STEM are described in Chapter 3. HAADF-STEM

is capable of resolving individual atomic planes and columns of crystalline nanoparti-

cles. The resulting images are presented in Figs. 4.3, 4.4 and 4.5 for superparamagnetic,

magnetically blocked and large (diameter more then 18 nm at least in one direction)

nanoparticles, respectively. The overall STEM investigation revealed a size distribution

of the particles between 8 and 25 nm with average 13.1±2.0 nm. The aspect ratio of

the particles (except few agglomerates shown in Fig. 4.5) was below 1.1, indicating low

shape anisotropy. We have mentioned in Section 3.2.4 that the magnetically blocked

particles have an energy barrier of at least 0.63 eV since their magnetic moment is stable

over the measurement time τx. It has been estimated that for cobalt nanoparticles of

a diameter of 12 nm and fcc crystal structure an aspect ratio of at least 1.17 is needed

to overcome the magnetic energy barrier and reach magnetically blocked state at room

temperature [11]. These considerations suggest that an additional source of magnetic
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Figure 4.3: HAADF-STEM images of superparamagnetic cobalt nanoparticles.
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Figure 4.4: HAADF-STEM images of magnetically blocked cobalt nanoparticles.
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Figure 4.5: HAADF-STEM images of large (those with at least one dimension longer

than 18 nm) magnetically blocked cobalt nanoparticles.

anisotropy might exist, namely, internal structural defects as was discussed in Ref. [11].

From the STEM imaging it is visible that a large fraction of nanoparticles consist of

multiple grains and contain defects, but a precise characterization of the defects nature

and positions is not possible. Therefore, a detailed investigation of the structure of the

nanoparticles is required. HAADF-STEM technique allows one to reveal atomic columns

and planes (not always visible) and therefore to determine the crystalline structure of

individual nanoparticles. The methodology will be explained later in Section 4.2.2.

4.2.1 Correlation of HAADF-STEM and XPEEM results

We can not only address the crystal structure of individual nanoparticles, but also draw

the spontaneous magnetization direction of individual nanoparticles on the HAADF-

STEM image with respect to their crystal structure. This combination yields unprece-

dented insight into the magnetism of cobalt nanoparticles. The reconstruction of magne-

tization direction plotted onto STEM images is shown in Fig. 4.6. There, with turquoise

arrows, the in-plane component of ~m is depicted directly onto the STEM images. Next

to the STEM images the insets show the direction of out-of-plane ~m component (mOOP ).

White squares in STEM images highlight atomic planes or columns and are enlarged in

panels next to the STEM images. We have plotted the magnetization for the magnetically

blocked nanoparticles. Among all of the investigated nanoparticles, it was not possible

36



Chapter 4. Direct correlation of microscopic structure and magnetic properties of
individual cobalt nanoparticles

to find any trend in the magnetization direction with respect to the crystal structure.

Therefore, we payed more attention to the structure of the nanoparticles.

4.2.2 Crystal structure determination with 3D STEM

In fact, the information derived with standard 2D TEM technique does not allow a

straightforward interpretation of the experimental data. For that, more than one STEM

image of the particle is needed. The crystal structure can be unambiguously determined

only by matching of interatomic plane distances acquired from different projections of

the particle. Such parameters as atomic structure, morphology, occurrence of the sur-

face facets and structural defects can be only confirmed with the 3D STEM technique.

The STEM sample holder has two degrees of freedom that allow tilting the sample in a

relatively large solid angle of 0.8-0.98 sr (steradian) and reveal quantitative information

along the viewing direction of STEM. Images of such holders are presented in Fig. 4.7. 3D

STEM imaging can reveal the hidden shape and structural features. The tilting/rotation

data is recorded together with the STEM images and is used later to confirm that the

particles have a specific crystal structure.

In order to determine the crystal structure of the particle, several STEM images are

recorded for different sample holder orientations. An example of such procedure is shown

in Fig. 4.8. The nanoparticle was observed from four directions sketched in Fig. 4.8(e):

A (α=0◦, β=-4.19◦) [cf. Fig. 4.8(a)], B (α=0◦, β=-39.79◦) [cf. Fig. 4.8(b)], C (α=0◦,

β=40.53◦) [cf. Fig. 4.8(c)] and D (α=45◦, β=40.1◦) [cf. Fig. 4.8(d)]. The imaging di-

rections are decided based on the lattice fringes visibility, each image should contain

atomic columns or planes. Then, for each image, a fast Fourier transformation (FFT)

is taken (not shown) to observe a “diffraction pattern” from the image and to deter-

mine the crystal orientation assuming fcc or hcp symmetry in our case. The determined

“theoretical” points are then plotted onto the so-called polar map [cf. pink squares in

Figs. 4.8(f),(g)], and compared to the measured results denoted with yellow squares in

Figs. 4.8(f) and (g). The plotted values are compared and the most matching crystal

lattice is then determined. The particle shown in Fig. 4.8 has fcc crystal structure. From

the 2D investigations of the particles shown in Figs. 4.3, 4.4 and 4.5, we concluded that

37 out of 40 particles have fcc structure and 3 have hcp but the results must be proven by

3D STEM investigation. We have determined the crystal structures for five nanoparticles

using 3D STEM approach: three of them have fcc crystal structure and two of them are

hcp (not shown). 3D STEM reveal the presence of defects: multiple grains with fcc and

hcp structure in some particles and layers in some of the nanoparticles (not shown). The
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Figure 4.6: Magnetization direction reconstruction on HAADF-STEM images of magnet-

ically blocked cobalt nanoparticles.
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Figure 4.7: TEM sample holder imaged made by Dr. A. Béché. (a) A special tomography

rotation tilt holder. Alpha angle is the standard rotation around the axis of the sample

holder and the beta angle is a rotation of the entire sample cup.(b) A standard double

tilt holder.

Figure 4.8: 3D STEM imaging of one nanoparticle from four different directions using

the sample holder from Fig. 4.7(a): (a) A (α=0◦, β=-4.19◦) (b) B (α=0◦, β=-39.79◦)

(c) C (α=0◦, β=40.53◦) (d) D (α=45◦, β=40.1◦) (e) Schematic drawing depicting how

the projections are aligned in sample holder coordinates (f) polar maps depicting the

measurement points (yellow squares) and theoretical points (pink squares) derived for

the case of fcc crystal, (g) respective polar map for hcp crystal.
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combination of XPEEM and HAADF-STEM gives an immence amount of information

about a single nanoparticle. We will focus next on two of the particles and use the de-

rived results for nanoparticle models, STEM images simulations and magnetic properties

discussion. These particles serve good examples of (i) elongated nanoparticles and (ii)

spherical nanoparticles with blocked magnetization.

Nanoparticle with strong shape anisotropy

Figure 4.9: HAADF-STEM images of an elongated fcc cobalt nanoparticle. The orthog-

onal coordinate system is represented in the images with red, green and blue arrows.

Panels (a), (b) and (c) present STEM images of the very same particle taken from

different sample tilt angles around Y axis (green arrow). The turquoise arrow in the

coordinate system represents magnetization direction of the particle reconstructed from

XPEEM data and plotted directly to the STEM image. The magnetic moment of the

nanoparticle is oriented along the long axis of the nanoparticle as predicted from the

shape anisotropy considerations. Insets I, II and III show three different atomic planes

in of the nanoparticle visible in the STEM.

The first example is an elongated nanoparticle with a strong shape anisotropy. It is

expected, that the magnetic moment will orient along the long axis of the nanoparticle

due to the shape anisotropy. 3D STEM investigation revealed the fcc structure of the

nanoparticle by using the procedure described in Section 4.2.2. The HAADF-STEM

image of the particle, taken from different directions, is presented in Fig. 4.9. Here

on panel (b) the image is taken in the STEM geometry; panel (a) was acquired with

the sample holder tilted around α (cf. Fig. 4.7) to 30◦ and to acquire panel (c) the

sample holder was tilted to −30◦. A coordinate system is presented in the Figures for

better understanding of the imaging directions. The angle α rotates the sample around

Y axis (cf. coordinate system in Fig. 4.9). The turquoise arrow shows the ~m direction
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reconstructed from XPEEM measurements.

A detailed inspection of the HAADF-STEM data reveals that this particle is not

mono-crystalline, but consists of at least three grains with individual crystallographic

orientations. The dashed lines in Fig. 4.9 highlight the polycrystalline nature of the par-

ticle. Such structural effects may locally perturbate the electronic structure and/or cause

sizable local strain and, thus, strongly affect the magnetic properties. However, in this

particular case, a structurally highly defective nanoparticle has its magnetization direc-

tion defined by shape anisotropy. The observed results suggest that the shape anisotropy

is dominating over the other possible magnetic energy contributions caused by local spin

inhomogeneity, which could lead to spin reorientation. If we look at an almost spherical

nanoparticle, we can neglect the shape anisotropy contribution. Thus, other components

of magnetic anisotropy might play a more predominant role in defining the magnetization

direction of the nanoparticle.

Spherical nanoparticle

The case of a spherical nanoparticle is presented here. The HAADF-STEM data together

with their FFTs [cf. insets in Fig. 4.10] reveal the fcc structure of this particle accord-

ing to the procedure described in Section 4.2.2. The coordinate system on each panel

indicates the [100], [010] and [001] crystallographic directions and serves to visualize the

different orientations of the particle. The respective [100]-directions are denoted by the

colored arrows. The magnetization direction was determined from XPEEM data and is

represented in Fig. 4.10 with a turquoise arrow. The data suggest that the magnetization

direction is parallel to the [001]-direction within the error bar denoted with a dashed

oval. This could suggest a dominant surface anisotropy contribution which prefers the

magnetization to be oriented along the [001]-directions, as explained in [11].

The projection (b) in Fig. 4.10 reveals the stacking faults present in the particle,

highlighted with the dashed lines. The three stacking faults are not clearly visible in

panels (a), (c) and (d). The extended data set confirmed also that the nanoparticle is

nearly spherical (72±1 atomic planes along 100 directions), with 12.8 nm diameter.

4.3 Discussion

In the above experiments, we have combined a magnetic characterization of individual

nanoparticles with XPEEM and structural characterization with HAADF-STEM. The

complementary data set enabled an unambiguous determination of the direction of mag-
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Figure 4.10: HAADF-STEM images of a spherical fcc cobalt nanoparticle. The respective

[100]-directions are denoted in the STEM image by the colored arrows. The magnetization

direction was determined from XPEEM data and is represented with the turquoise arrow.

(a) represents a view on the nanoparticle along [001] direction. The crystall structure

with atomic columns along the respective [001] directions is visible in this image and a

fraction of the image in white square is enlarged in the inset on the right of (a), an inset

below shows FFT transformation of the image with respective peaks corresponding to

(220), (200) etc. respective diffraction peaks. (b) View on the very same nanoparticle as

in (a) from α=0◦, β=-39.79◦, as described in Fig. 4.8. STEM data in panel (b) reveals

stacking faults highlighted by dashed lines. (c) Another image of the very same particle

at α=0◦, β=40.53◦. (d) Projection of the very same particle α=45◦, β=40.1◦.
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netization of magnetically blocked nanoparticles with respect to their crystal lattice. The

results revealed a complex crystal structure of nanoparticles including the presence of fcc

and hcp phases, polycrystalline single particles, and the presence of defects. The mag-

netization of the magnetically blocked nanoparticles does not follow a specific crystal

direction, particularly, the <111> easy axis of bulk fcc cobalt, but can have an almost

arbitrary orientation with respect to the crystal lattice. At the same time, there is a

large number of nanoparticles of similar size existing in the superparamagnetic state (cf.

Fig. 4.3). Moreover, within the narrow size distribution, two crystal structures (fcc and

hcp) of the particles were found. Our observations suggest that the magnetic stability

as well as the direction of the magnetization in the particles are not defined by the size

but depends significantly on the internal structure of individual nanoparticle. In this

Chapter we have shown that an almost spherical fcc nanoparticle with stacking faults is

magnetically blocked which indicates that such defects are crucial for the stabilization of

the magnetization and affect magnetic energy barrier, since fcc cobalt nanoparticles are

expected to be superparamagnetic at 12 nm diameter as discussed in Section 2.1.2. The

staking faults correspond to the perturbation in the local atomic structure, which may

affect the spin arrangement in the particle, for example via magnetoelastic coupling. In

particular, the stacking faults introduce hcp planes in the fcc structure (cf. Section 2.1.1).

To learn more about their effect of the nanoparticle stability, we have developed models

of fcc nanoparticle with planar defects.

4.3.1 Atomic nanoparticles models

In order to confirm that the lines visible in Fig. 4.10(b) are the stacking faults and their

positions in the particle shown in Fig. 4.10, we made a model of the atomic structure of

nanoparticle containing stacking faults (cf. Section 2.1.1). 3D STEM imaging revealed

that the nanoparticle was almost spherical, contained 72±1 planes along each respective

[100] direction. The diameter of the particle was 12.8 nm. From Fig. 4.10(b) one can

estimate that there are three staking faults in the particle, one is situated on the equator

of the particle and two more are symmetrically placed within 13 atomic planes from the

central one.

The modelling of the atomic structure of the nanoparticle was performed using Matlab.

The code was written by Peter M. Derlet in Fortran and then modified for Matlab by

myself. In our model, we used 72 (100) planes in each of three directions and spherical

shape of the nanoparticle. The fcc cobalt crystal lattice constant lc=3.5642 Å was used

[80]. The crystal structure was built up along the [111] direction by repetition of (111)
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Figure 4.11: Model of a spherical nanoparticle with three stacking faults. The size of the

nanoparticle is 12.8 nm, the model contains 72 (111) atomic planes and 97755 atoms.

Each stacking fault is represented with red spheres which form local hcp order in the

green fcc structure. White spheres indicate surface atoms with low coordination.

planes and cut as a sphere with a diameter of 12.8 nm around the coordinate center.

Stacking faults were introduced to the fcc crystal along one of [111] directions by skipping

one of the (111) planes (ABCAC, cf. Section 2.1.1): one at the equator and two more 13

atomic planes apart from the equator (cf. Fig. 4.11). Each stacking fault is represented

with red spheres (atoms) which form hcp structure in green fcc structure. The white

spheres indicate surface atoms with low coordination which cannot be assigned to either

fcc or hcp structure. The final model contains 72 (100) atomic planes and 97755 atoms.

The cohesive energy of the modelled structures was then minimized using LAAMPS

molecular dynamics package [81]. The total system energy minimization was done using

the fcc cobalt potential from Ref. [82]. The introduced stacking faults were not perturbed

by the minimization, which indicate their stability at least within the relaxation time.

The relaxed atomistic model was then used to simulate the results of HAADF-STEM

images (cf. Section 4.3.2).

We have created more models of spherical nanoparticles with different number of hcp

planes in the fcc particles and also minimized the total interatom pair-interactions with

LAMMPS. A full Table of simulated nanoparticles can be found in Tab. 4.1. The diameter

of each nanoparticle is 12.8 nm, the number of stacking faults is described in the column

”Type” of the Table, the positions of the stacking faults are stated in the column ”hcp

layer position”, the total number of atoms as well as hcp and fcc atoms separately, is

stated in the respective columns. The models are plotted in Fig. 4.12.

44



Chapter 4. Direct correlation of microscopic structure and magnetic properties of
individual cobalt nanoparticles

Figure 4.12: Nanoparticles models denoted in Tab. 4.1 relaxed with LAAMPS.

4.3.2 HAADF-STEM simulations

In order to test our hypothesis about the stacking faults and to prove the position of

the stacking faults in the spherical nanoparticle, we simulated HAADF-STEM images

based on our model. Knowing the orientation from which each image in Fig. 4.10 was

taken, we have rotated the simulated nanoparticle respectively and performed a HAADF-

STEM image simulation for all four projections. For that, frozen phonons calculation

has been carried out by Ivan Lobato from EMAT, University of Antwerp [83, 84]. The

calculation involves atomistic model of the nanoparticle relaxed with LAAMPS described

in the previous section. For the simulations, 300 keV acceleration voltage, source spread

function 0.45 A and an ideal detector with 50 mrad and 165 mrad inner and outer

diameters, respectively, were used. The FFT insets to the panels in Fig. 4.13 are in

agreement with respective experimental FFTs in Fig. 4.10, confirming that our models

and directions of imaging have been determined correctly.
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Model name Type Pos.hcp Ntot Nfcc Nhcp

Ideal Spherical fcc - 97773 87602 0

1stack25layers wide hcp layer in the middle 0 97758 36204 51384

2stack 2layers Two symmetrical hcp layers -12; 12 97723 54211 33330

3×1 stf 3 single stacking faults -13; 0; 13 97761 81830 5749

3×2 stf 3 double stacking faults -13; 0; 13 97755 75984 11594

3×3 stf mdyn 3 triple stacking faults -13; 0; 13 97780 70056 17548

3×4 stf mdyn 3 × 4 stacking faults -13; 0; 13 97758 63970 23616

3×5 st mdyn 3 × 5 stacking faults -13; 0; 13 97763 57832 29749

3×6 stf mdyn 3 × 6 stacking faults -13; 0; 13 97761 51605 35982

3×7 stf mdyn 3 × 7 stacking faults -13; 0; 13 97740 45314 42256

Table 4.1: Atomic models of fcc cobalt nanoparticles with a different number of stacking

faults (cf. column ”Type”). The position of stacking faults is denoted on column Pos.hcp,

number of atoms in total, as well as hcp and fcc atoms denoted in columns Ntot, Nfcc,

Nhcp, respectively.

4.3.3 Structural stability of fcc cobalt nanoparticle with planar

defects

Upon relaxation, the total cohesive energy of the particles was determined. All of the

simulated models have the same diameter of 12.8 nm and contain about 97700 atoms.

The main difference between the models is the number of stacking faults introduced into

the fcc structure. In Fig. 4.14 the cohesive energy per atom is presented as a function

of number of hcp atoms in the particle. In fact, a totally hcp crystal has a lower energy

than a totally fcc one. Nevertheless, most of our particles have fcc structure.

One possible explanation is that small magnetic clusters undergo a phase transfor-

mation and stabilize in crystal phases different from the bulk specimens [41]. The fcc

structure for cobalt is expected for temperatures higher than room temperature, and the

existence of fcc structures at room temperature is attributed to fast cooling in the growth

process. Small clusters are also expected to exist in ideal polyhedral shapes because the

surface facet energy stabilizes the nanoparticle [41]. However, our observations show

that the variety of shapes and structural defects in the nanoparticles is much broader.

Moreover, most of the reported nanoparticles have almost spherical shape and only few
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Figure 4.13: Simulated HAADF-STEM images of the nanoparticle model with stacking

faults.

of them have strongly expressed surface facets.

4.3.4 Magnetic anisotropy of cobalt nanoparticles

The stability of magnetic moment in individual particle is a challenging topic. The

magnetic energy barrier which determines the stability of the nanoparticle according

to the Arrhenius law is a complex term, consisting of magnetocrystalline, shape, and

surface anisotropy. An example of an almost spherical particle with a stable magnetic

moment is shown in Fig. 4.10, illustrating that apart from shape and magnetocrystalline

contribution, surface anisotropy may be significantly large and can govern the stability of

the magnetization. But also the internal structural defects have to be taken into account.

The existence of an hcp layer in an fcc crystal might locally affect the spin configuration

due to the local changes in the bond lengths, resulting in magnetic anisotropy different

from an ideal fcc crystal. It has been shown that stacking faults in bulk hcp cobalt reduce

the magnetocrystalline anisotropy energy of the material in general and this deviations

may be observed up to 15 atomic layers from the stacking fault [55]. Similar results

for nanosized fcc cobalt would be very interesting. Unfortunately, the magnitude of
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Figure 4.14: Cohesive energy of the particles models from 4.1 per atom as a function of

the number of hcp atoms in the particle.

the anisotropy caused by the defects is unclear. This work would greatly benefit from

calculation of the magnetic anisotropy using Néel-pair anisotropy model and employing

the distance dependence of Néel constant:

E = L(~em · ~e); (4.1)

L(r) = L(r0) + [
dL

dr
· r0]η, (4.2)

where ~em is a unit vector pointing along the direction of magnetization, ~e is an interatomic

vector, L - is Néel constant and η is the atomic displacement [38]. These terms may

come in play at hcp - fcc interface where the local symmetry is broken and some bonds

are contracted whereas some are stretched. The results of such calculations might help

us to understand how the inclusion of hcp planes affects the spontaneous magnetization

direction and the structural stability of a spherical cobalt nanoparticle. However, without

ab initio calculations it is not possible to determine whether the stacking faults act as a

source of extra magnetic anisotropy in the system.
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4.4 Conclusions

We perform magnetic and atomic resolution structural characterization of cobalt nanopar-

ticles with size ranging between 8 and 25 nm (mean diameter 13±2 nm). Using XPEEM

we determine the orientation of the magnetization at 100 K for more than 200 nanoparti-

cles. Our structural investigations reveal that most of the particles have fcc crystal struc-

ture and nearly spherical shape. In addition, many of the particles have defects which

can modify the magnetic anisotropy. For single crystalline, spherical cobalt nanoparticles

with fcc structure in the present size range a superparamagnetic behavior is expected.

However, contrary to this, half of the particles are magnetically blocked irrespective of

the size of the nanoparticles, which suggests a significant magnetic energy barriers en-

hancement.

The orientation of the magnetization of the nanoparticles is not correlated with the

crystal structure of the particles. Together with the observed structural defects this

suggests a significant impact of defects not only on the magnetic energy barriers, but also

on the orientation of the spontaneous magnetization axes of the nanoparticle.

3D STEM studies are performed for five of the particles and reveal the presence of

multiple grains with fcc and hcp structure in some particles or layers in some of the

nanoparticles. For one elongated nanoparticle consisting of several grains we find that

shape anisotropy dominates over other contributions to the magnetic anisotropy, and

therefore the magnetization of this particle is aligned parallel to the long axis. An other

spherical particle contains three stacking faults not visible initially. In order to identify

the nature of the defects we developed atomistic models for STEM simulations, which

we compared to the experimental STEM data. Using this approach we could confirm the

presence of the stacking faults and their orientation in the nanoparticle. Our simulation

shows that the stacking faults are oriented parallel to (111) planes of the nanoparticle.

In the same time, the magnetization of the nanoparticle we find to point along the [001]

axis, which deviates from the easy axis known for the bulk fcc cobalt. In order to prove

whether this deviation is due to the presence of the staking faults, a theoretical approach

for calculating the magnetic properties of nanoparticles including structural defects is

currently being developed.
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Chapter 5

In situ oxidation of cobalt

nanoparticles

In this Chapter, we investigate the effect of controlled in situ oxidation on the structural

and magnetic properties of cobalt nanoparticles from the early stage of oxide forma-

tion.1 Understanding the oxidation of metallic nanoparticles is important for producing

nanoparticles for heterogeneous catalysts, biomedicine and electronics [85, 86, 87]. Par-

ticularly, it is important to understand the room temperature oxidation kinetics of cobalt

and how the oxidation affects the magnetic properties of the nanoparticles since the sur-

face atoms consitute a large fraction of the volume of the particles with average diameters

below 20 nm. It has been reported that cobalt nanoparticles form Co/CoO core/shell

structures upon exposure to ambient air conditions [63]. Others report on fully oxidized

nanoparticles with Co3O4 stucture [27]. Sometimes the atoms of the particles completely

diffuse out to the shell resulting in hollow oxide particles [88]. Still, the stabilization

mechanism of shell growth is not well understood. One of the possible reasons could be

stabilization of the surface with a metastable wurtzite phase [26]. However, such studies

focus on rather long-term effects, whereas the initial stages of oxidation and the effect of

the oxidation on magnetic properties of cobalt have not been studied in detail.

Cobalt and its oxides can be distinguished through x-ray absorption spectroscopy

1For this project, Dr. Jaianth Vijayakumar and me made equal contributions. Au/Cr marker

deposition on the samples has been done by Dr. Anja Weber from Mesoscopic Systems group at PSI, Pt

deposition has been done by Dr. Elizabeth Müller from Electron Microscopy Facility at PSI. XPEEM

experiments have been done by J. Vijayakumar, Armin Kleibert, Dr. Carlos A. F. Vaz and me at the

Surface/Interface: Microscopy (SIM) beamline at SLS at PSI; HAADF-STEM investigations have been

done by Dr. A. Béché and Prof. Dr. Jo Verbeeck from EMAT, University of Antwerp, data analysis was

done by Dr. J. Vijayakumar, Dr. A. Kleibert, Dr. C. A. F. Vaz and me.
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at the Co L3 absorption edge since the spectra of Co, CoO and Co3O4 have different

characteristic peaks. Metallic cobalt appears as a single peak at 779 eV, as shown in

panel (a) in Fig. 5.1. The rocksalt CoO spectrum has two additional peaks at 778 and

781 eV, as shown in panel (b) in Fig. 5.1. Lastly, the Co3O4 spectrum does not have a

pre-peak at 779 eV but the peak at 781 eV is higher then the peak at 780 eV as shown

in panel (c) in Fig. 5.1. XA spectroscopy performed as a function of gradual oxidation

may reveal chemical changes in the cobalt nanoparticles as they react with oxygen.

Figure 5.1: X-ray absorption spectra of (a) metallic cobalt, (b) CoO [89] and (c) Co3O4

(Supplementary Fig. 19 from [90]).

In Chapter 4 we discussed that the surface may play a key role in the magnetic stability

of the nanoparticles and proposed that surface atoms and/or internal defects have a role in

enhancing the magnetic anisotropy of cobalt particles. Controlled surface modification of

the nanoparticle might be an efficient way to disentangle surface effects from the internal

defects. In this work, we investigate the oxidation of metallic cobalt nanoparticles from

the very early stage of the oxidation. Using x-ray photo-emission electron microscopy

(XPEEM) and high angle annular dark field scanning transmission electron microscopy

(HAADF-STEM) we correlate the magnetic properties with structural morphology and

chemical state of individual cobalt nanoparticles starting from very low oxygen dosages.
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5.1 Chemical and magnetic characterization of oxi-

dized cobalt nanoparticles

The samples with cobalt nanoparticles were produced according to the procedure de-

scribed in Section 3 (cf. Fig. 3.1 “B1”, “B2”). In short, two procedures were used de-

pending on whether the sample was produced for a combined XPEEM and STEM exper-

iment or only for an XPEEM investigation. The nanoparticles for XPEEM and STEM

investigations were deposited at room temperature onto the TEM-compatible substrates

with SiN membranes (cf. Fig. 3.1 “B1”). The nanoparticles for XPEEM temperature de-

pendent investigations were deposited at room temperature on Si(100) wafers (cf. Fig. 3.1

“B2”). After the deposition of the nanoparticles, the samples were transferred into the

XPEEM chamber.

Figure 5.2: (a) Normalized XPEEM image of the sample on a silicon wafer recorded with

the photon energy set to the Co L3 edge at 779 eV. Bright spots correspond to cobalt

nanoparticles. (b) Magnetic contrast map of the same region as in (a). Solid circles

highlight magnetically blocked nanoparticles, dashed circles highlight superparamagnetic

nanoparticles. The inset in the top right corner depicts magnetic contrast variation

depending on the in-plane magnetization orientation. (c) XA spectrum of magnetically

blocked (MB) and superparamagnetic (SMP) magnetic particles recorded at the Co L3

edge.

A successful deposition of the particles on the substrate was confirmed by acquiring

a normalized XPEEM image of the sample at the Co L3 absorption edge. A fraction

of 20 µm field of view of the sample on the silicon wafer is shown in Fig. 5.2(a). The

magnetic properties of the sample were probed by taking an XMCD contrast map at the

Co L3 absorption edge [cf. Fig. 5.2(b)] according to Section 3.2.3. As it was described

in Section 3.2.4, cobalt nanoparticles in our samples can be divided into three groups

depending on their magnetic contrast variation, (i.e. their visibility in the XPEEM

magnetic contrast image): (i) magnetically blocked with τm > τx [cf. solid circles in
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Fig. 5.2(b)], (ii) superparamagnetic with τm < τx (dashed circles) and (iii) fluctuating

with τm ∼ τx (not highlighted). The XA spectra in Fig. 5.2(c) show identical metallic

peaks for both magnetically blocked and superparamagnetic nanoparticles, confirming

that lack of magnetic contrast in the latter has no chemical origin.

Figure 5.3: XMCD magnetic contrast maps of a fraction of the sample as a function of

oxygen dosage: (a) before dosage, (b) after 0.5 L oxygen dosage, (c) after 1 L, (d) after 2

L, (e) after 5 L, (f) after 10 L, (g) after 20 L. The corresponding XA spectra are averaged

from 30 nanoparticles.

The nanoparticles were thereafter exposed to molecular oxygen as described in Chap-

ter 3. By definition, 1 Langmuir (L) dosage corresponds to 10−6 Torr (1.3×10−6 mbar)

of gas pressure during one second of exposure [91, p.65]. In our experiment in order to
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reach 1 L, we dosed oxygen at 4·10−9 mbar pressure for 185 s. The dosage was varied

between 0.5 L and 20 L. An XMCD contrast map and x-ray absorption spectrum of the

sample was acquired before and after oxygen dosage. After the last dosage and XPEEM

experiment, the samples were covered with 1-2 nm of amorphous carbon layer to avoid

ambient air oxidation when transferring to STEM.

After the oxygen dosage, a clear reduction of the magnetic contrast is observed with

increasing oxygen dosage. For the case presented in Fig. 5.3(a-g), the dosage was gradu-

ally increased from 0.5 L to 20 L on the same sample. In Fig. 5.3(a) many nanoparticles

have magnetic contrast. Already after 2 L dosage a clear reduction of the number of

magnetically blocked particles is observed [cf. Fig. 5.3(d)]. After 20 L dosage the mag-

netic contrast of the sample vanishes [cf. Fig. 5.3(g)]. A detailed inspection reveals that

two particles still have magnetic contrast after higher oxygen dosages [cf. white circles in

Fig. 5.3(g)]. Inspection of the full field of view revealed 10% of nanoparticles remaining

magnetically blocked after 20 L dosage. The respective changes in the XA spectra of

individual nanoparticle are consistent for all particles across the sample, therefore spec-

tra were averaged between 30 nanoparticles to increase the signal to noise ratio. We

classify three different oxidation stages according to their distinct spectral signatures (cf.

Fig. 5.1), (i) pure metallic cobalt with a single peak at 779 eV as in panels (a-b), here

XMCD contrast does not change, (ii) lower dosage where rocksalt CoO (c-CoO)-like spec-

trum is detected with the peaks at 778 and 781 eV as in panels (c-d), the magnetic contrast

reduces and the number of blocked nanoparticles reduces, (iii) higher dosage, where the

onset of Co3O4 spectrum begins, detected when the peak at 781 eV grows higher as on

the panels (e-g), where only 10% of initially blocked nanoparticles remain magnetically

blocked. Such strong contrast reduction may correspond to either a shrinking of the mag-

netic core volume and therefore transition of the nanoparticles to a superparamagnetic

regime or to a formation of a thick non-magnetic oxide layer preventing magnetic imaging

due to limited electron escape depth in cobalt (cf. Section 3.2.2).

5.2 Low temperature XPEEM characterization of ox-

idized nanoparticles

To prove our hypothesis about the magnetic cobalt core shrinking, we exposed a new sam-

ple to 2 L and 10 L of oxygen and compared its magnetic contrast maps at room temper-

ature and at 114 K. The sample was deposited on a silicon wafer and pre-characterized in

XPEEM before oxidation [cf. Fig. 5.4(a)]. There are many magnetically blocked nanopar-
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Figure 5.4: Magnetic contrast maps of oxidized nanoparticles upon cooling. Only a

fraction of the field of view is shown. The inset in the bottom depicts magnetic contrast

variation depending on the in-plane magnetization orientation. (a) XMCD contrast map

of metallic cobalt nanoparticles before oxygen exposure. (b) XMCD contrast map of the

very same region of she sample as in (a) dosed with 2 L oxygen at room temperature and

(c) at 114 K. (d) XA spectrum of the sample with 2L dosage. (e) XMCD contrast maps

of cobalt nanoparticles dosed with 10 L oxygen at room temperature and (f) at 114 K.

(g) A respective XA spectrum of the 10 L dosed sample.

ticles (bright and dark dots on the image). The detailed inspection of the whole field of

view revealed that 65 % of 200 nanoparticles were magnetically blocked after deposition.

The XAS (not shown) showed that the sample was metallic and not oxidized. Then, the

particles were dosed with oxygen until we observed a CoO signature in the XA spectrum

corresponding to (ii) oxidation state, as shown in Fig. 5.4(d). After oxidation, an XMCD

image [cf. Fig. 5.4(b)] confirms that half of magnetically blocked nanoparticles have lost

their contrast. After that, the sample was cooled to 114 K where XMCD contrast [cf.

Fig. 5.4(c)] reappeared for 23 nanoparticles in the full field of view. Further cooling lead

to continuous reappearance of magnetic contrast in the sample. In total, XMCD contrast

maps of the sample at 114 K, 75 K and 58 K were acquired (not shown). Such behavior

correlates with magnetic blocking of the sample below 114 K, indicating Tb to be above

114 K for at least 23 nanoparticles.

Our results with intermediate oxidation confirm that the net magnetic moment of

the particles is not affected by the surface oxidation since 23 of 65 initially magnetically

blocked nanoparticles reappeared upon cooling to 114 K, 13 of them with the same
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magnetic contrast as before the oxidation. Such an effect was observed in all particles

independently of the size and shape similar to the magnetic behavior of iron nanoparticles

upon oxidation [23].

To investigate the temperature effect at higher dosages, the sample was warmed up

to room temperature, then the particles were dosed further until a Co3O4 signature was

observed in the XA spectra [cf. Fig. 5.4(g)]. At this oxidation stage, we find that most

of the particles lost their magnetic contrast [cf. Fig 5.4(e)]. The sample was cooled

again down to 114 K and in this case no magnetic contrast recovery was observed as

shown in Fig. 5.4(f). Our results do not allow to conclude whether the XPEEM probing

depth through cobalt oxide was reached which made the magnetic core of the particles

undetectable or the reached temperature was higher than the blocking temperature of

cobalt cores. In total, 20 % of initially blocked nanoparticles kept magnetic contrast

even after higher oxygen dosage (not shown). We attribute the magnetization stability of

some particles to a strong shape anisotropy contribution similar to the results discussed

in Section 4.2.2.

5.3 HAADF-STEM structural characterization

In order to investigate the structure of the particles at different oxidation levels, HAADF-

STEM was performed. The goal of STEM imaging was to determine the core-shell struc-

ture of the particles, correlate shell thickness with XAS results and to look at the oxide

species forming at early oxidation stages. Three samples on TEM-compatible membranes

were produced for three dosages: 1 L, 2 L and 20 L. Six particles were imaged for each

dosage. For each image an electron energy loss spectroscopy (EELS) scan has been done

separately for the core and shell. We have compared these data with XAS spectra that

we obtained from XPEEM characterization. The results are shown in Fig. 5.5.

The STEM images of individual cobalt nanoparticles, one for each dosage, the cor-

responding EELS and the XAS are shown in Fig. 5.5. From the STEM images shown

in Fig. 5.5(a-c), we find that the nanoparticles indeed represent a core/shell structure

with a dense metallic core appearing brighter in the figure and a lighter oxide shell with

darker contrast in STEM. The particles have polycrystalline structure. Some of the

atomic planes are enlarged in the panels below the STEM images. Insets “I” show some

of the crystallites in the shells, insets “II” show crystallites visible within the core of the

particles, which however, may also partly correspond to the shell. The oxide shell grows

inhomogeneously with dosage. A detailed inspection of STEM images revealed that at
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Figure 5.5: (a-c) HAADF-STEM images of nanoparticles. (d-f) XA spectra acquired

from XPEEM. (g-i) EEL spectra of the core. (j-l) EEL spectra of the shell.
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1 L a thick shell with many defects is formed, and the average shell thickness is 4.3±0.5

nm. At 2 L dosage a more compact shell is observed, and the average shell thickness

is 3.5±0.3 nm. At 20 L dosage the shell grows thicker resulting in a shell thickness of

4.5±0.4 nm, with the shell looking denser. The core diameter is 12.4±2.4, 12.6±3.6,

9.2±2.8 nm for 1 L, 2 L and 10 L, respectively. Already at 1 L dosage the shell looks

complete but inhomogeneous. It is possible that at the lower dosages the shell starts to

develop in the form of islands on top of the cobalt core and grow till the islands merge,

forming a rough polycrystalline shell full of defects. Longer oxygen dosage results in

thickening of the oxide shell similar to some other experimental observations [88, 92].

Even at the highest dosage (20 L for STEM measurement) a metallic core is still visible

below the oxide shell in STEM.

Figure 5.5 show EELS spectra of individual nanoparticles acquired from the core (g-i)

and shell (j-l) regions which can be clearly compared with the averaged XA spectra of

the same sample acquired using XPEEM shown in (d-f). We find that the EELS spectra

of the shell and XAS are in good agreement for 1 L and 2 L dosages. However, for 20 L

dosage, the EELS spectra show the signature of a lower oxidation state (CoO), even

though we find a characteristic spectrum of Co3O4 in XAS. Such lower oxidation state

found in the shell in EELS may be assigned to a partial reduction of the oxide shell by

the electron beam during the STEM measurements. Furthermore, we find that the EELS

spectra for the core show a weak oxide signature which can be attributed to the shell

signal interfering with the core since STEM signal is collected in a transmission whereas

XAS gives surface information of few nanometers and largely consists of the signal of

the shell. Our results also confirm that the carbon layer protects the nanoparticles from

further oxidation, since no evidence of stronger oxidation was detected.

5.4 Discussion

5.4.1 Fits to the x-ray absorption spectra

To obtain a quantitative insight onto the structure of the oxide shell, the XA spectra

shown in Fig. 5.3 were fitted using a model based on the total electron yield (TEY)

signal for a multilayer system using a combination of reference spectra for Co, CoO and

Co3O4 shown in Fig. 5.1 [23, 89]. We assume that upon in situ oxidation, at first cobalt

oxide isles are formed on top of the nanoparticle and not detected with XA spectroscopy

and therefore XAS for 0.5 L dosage [cf. Fig. 5.3(b)] looks similar to the metallic cobalt

spectrum [cf. Fig. 5.3(a)]. At higher dosages, a complete oxide shell is formed first
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with CoO and then a core/shell/shell structure composed of Co/CoO/Co3O4 resulting in

drastic changes in the XAS. A simplified model of the nanoparticle oxidation is sketched

in Fig. 5.6.

Figure 5.6: A simplified model of cobalt core/ cobalt oxide shell formation. The cobalt

nanoparticle is exposed to molecular oxygen, which results in a formation of CoO-like

clusters on top of the nanoparticles at 0.5 L dosage. At higher dosages, the clusters close

into an amorphous shell. Even higher dosages lead to further oxidation and formation of

Co3O4 layer.

For the fit, we do not take into account the curvature of the nanoparticles but only

the thickness of the layers. The thickness of the oxide layers is varied to fit the simulated

XA spectra with the experiment [cf. Fig. 5.3] and in order to estimate the thickness of

the different oxide layers. For the fits, we have used normal x-rays incidence and the

escape depths 22 Å for cobalt and 30 Å for cobalt oxides [89]. The results of the fitting

are presented in Fig. 5.7. The XA spectra acquired after each dosage are plotted in red

lines and the fits to the XA spectra with dashed lines. The thickness used for the fits are

denoted above each spectrum. From our fitting we observe that at the early oxidation

stage (i) no oxide shell can be detected with XAS showing that the particles are still

largely unoxidized. At 1 L and up to 2 L dosage (ii), the onset of CoO spectrum starts

to be visible, which can be observed from the presence of a shoulder before and after

the Co metallic peak at 778 eV and 781 eV, respectively. At 5 L and further on (iii) a

spectral signature of spinel Co3O4 starts to form and CoO contribution saturates at a

certain thickness. At the maximum oxygen dosage, the total oxide shell reaches 40 Å.

Fitting of the intermediate stage may not look perfect due to simplicity of the model.

For instance, the model does not reflect the inhomogeneous structure of the shell. The

fit confirms that the oxide shell consists of CoO up to 2 L oxygen dosage and of CoO and

Co3O4 for higher dosages. The fit estimates for the shell thickness shown that it grows
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to almost the limit of XPEEM probing depth (5 nm for cobalt) which could be one of

the reasons for XMCD contract reduction.

Figure 5.7: Fitting of the x-ray absorption spectra for cobalt oxide nanoparticles dosed

with (a) 0 L, (b) 0.5 L, (c) 1 L, (d) 2 L, (e) 5 L, (f) 10 L, (g) 20 L of molecular oxygen

using total electron yield model [89] for a stack of Co/CoO/Co3O4.

The shell thickness derived from XAS fits underestimates real shell thickness obtained

from STEM investigations by almost a factor of 2. STEM imaging reveals that the actual

shell thickness reaches 5.1 nm at 20 L dosage which is at the limit of XPEEM probing

depth.

We can estimate how the blocking temperature of the metallic core changes upon the

oxidation of the nanoparticle. The volume of the magnetic core shrinks with the growth of

an oxide shell on top of it. According to STEM data, an average core diameter is 12.4±2.4

nm for low dosage and, 9.2±2.8 nm for high dosage. The blocking temperature can be

calculated by the Arrhenius law Tb = K · V · ln(τx · ν0)/kB, where K=3.8 µeV/atom

is the magnetocrystalline anisotropy energy [11], V is the particle volume (in atoms

for convenience), kB is the Boltzmann constant, τm=400 s is the measurement time

and ν0=1.9 · 109 s−1 is the attempt frequency of fcc cobalt, respectively, as discussed in

Section 2.1.3. We estimated Tb= 50 K for 20 L and Tb= 90 K for 2 L oxygen dosage.

That would mean, the nanoparticles undergo a transition to the magnetically blocked

state while cooling and we were able to see the recovery of magnetic contrast at 58 K.
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In Chapter 4 we have proposed that the origin of high magnetic anisotropy of cobalt

nanoparticles may be due to a high surface anisotropy. The results of the current Chap-

ter show that even though the surface of the nanoparticles was modified, the magnetic

contrast and therefore the magnetization direction remains for a large number of nanopar-

ticles, as discussed in Section 5.2. The strong anisotropy of the nanoparticles might have

another origin, for example, structural defects.

5.5 Conclusions

In summary, we have investigated the magnetic, chemical and structural evolution of

cobalt nanoparticles in the early stages of oxidation. Our magnetic characterization

shows that the magnetic contrast of individual nanoparticles, gradually reduces with

oxygen dosage due to the attenuation of the signal of the metallic core by the growth

of the oxide shell. Ultimately, this results in a transition from magnetically blocked

to superparamagnetic state, which is assigned to the reduced magnetic volume of the

nanoparticle. By reducing the temperature down to 58 K, we find that the magnetic

contrast, which disappeared with formation of CoO oxide shell, reappears, showing that

the magnetic core is magnetically blocked at low temperature. From our results we

conclude that the cobalt nanoparticles have a strong anisotropy which does not originate

from a surface anisotropy contribution but is rather associated to internal structural

defects of the particle. Our STEM data shows a surprisingly complicated oxidation

kinetics and formation of core/shell structure. We find that after 1 L oxygen dosage,

the initial oxidation of cobalt nanoparticles results in a rough CoO shell with apparent

voids while at higher oxygen exposure the oxide shell appears more compact; at the

highest oxygen dosage the shell is composed of both CoO and Co3O4. We have fitted

a core/shell model based on reference spectra to the XA spectra to estimate the oxide

shell thickness forming on the nanoparticles. Our HAADF-STEM data suggests that the

fits significantly underestimate the oxide shell thickness probably because of a complex

structure of the shell especially at low oxidation stages. These observations suggest that

the initial oxidation occurs on the surface in the form of islands at certain favorable

reaction sites, while a complete oxide shell is formed only at later stages of oxidation.

The complex morphology of the nanoparticles could have implications for understanding

catalytic activity of cobalt nanoparticles in chemical reactions such as the Fischer-Tropsch

synthesis. Moreover, cobalt oxide phases present in the oxide shell might be helpful to

understand the exchange bias effect in these materials.
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Chapter 6

Laser induced manipulation of

cobalt nanoparticles

We investigate the effect of 50-fs laser pulses of different intensities and polarizations on

individual, supported cobalt nanoparticles.1 Purely laser-induced magnetization switch-

ing, so-called all-optical switching, is a promising approach, which might be employed for

fast data recording at unprecedented bit rates. So far, most studies on laser excitation of

magnetic media are carried out on thin films [31, 33, 30], granular media [93] or micron-

sized structures [64]. Although all-optical switching was found in several materials, the

microscopic mechanism of the switching remains unclear. The occurence of all-optical

switching depends on the material and experimental parameters [33]. Switching may

occur deterministicly after one pulse (eg. GdFeCo [31, 64, 33]) or after a large number of

laser pulses (eg. Co/Pt, TbCo [33, 64] or orthoferrites [94]), be dependent on laser polar-

ization and laser fluence (eg. Co/Pt, TbCo [33] or FePt [33, 93]) or independent of those

(eg. GdFeCo), happen thermally or athermally. First reported for GdFeCo thin films,

a helicity-dependent magnetization switching has been observed at fluences higher than

2.9 mJ/cm2 [31], when film was heated close to the Curie temperature (TC = 500K). For

a narrow fluence window, a deterministic switching occurs only at one of the two circular

1In this work, XPEEM experiments have been carried out by Dr. Michelle Buzzi, Dr. Ludovic

Howald, Dr. Jaianth Vijayakumar, Martin Timm, David Bracher, Dr. Carlos A. F. Vaz, Dr. Armin

Kleibert and me at the Surface/Interface: Microscopy (SIM) beamline of the Swiss Light Source (SLS)

at PSI. The alignment of the laser setup was done by Dr. M. Buzzi, Dr. L. Howald, Dr. J. Vijayakumar,

Dr. Susmita Saha and me. The samples were prepared by Dr. A. Kleibert and me. Au/Cr marker

deposition on the samples has been done by Dr. Anja Weber from the Mesoscopic Systems group at

PSI, Pt deposition has been done by Dr. Elizabeth Müller from the Electron Microscopy Facility at PSI.

Temperature modelling was done by Dr. A. Kleibert and Dr. Sergiu Ruta from Department of Physics,

University of York. Data analysis was done by Dr. A. Kleibert and me.
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polarizations, which was attributed to magnetic circular dichroism effect [95] due to the

different absorption of polarized light of opposite helicities. While for one helicity the

material is being heated above the TC , for other one the TC is not achieved. For higher

fluences, switching occurs in the outer perimeter of the laser spot where the temperature

is just below the TC , deterministically, and only for circular light polarization [31, 64, 33].

The internal part of the spot remains with no magnetic contrast for both circular and

linear polarization. For other materials, like Co/Pt and TbCo, the all-optical switching

effect is helicity-dependent but can only be achieved after a large number of shots through

formation of multi-domain structure.

Several microscopic effects were proposed to explain the all-optical switching. Most of

them require the instantaneous overcoming of either the TC or compensation temperature,

where magnetization of rare earth sublattice equals to the magnetization of transition

metal lattice. One of the proposed mechanisms is the inverse Faraday effect, that induces

a helicity-dependent magnetization component in the material exposed to the polarized

light, but an exact nature of this effect is not understood. Another effect is the formation

of transient ferromagnetic state due to different demagnetization times for the rare earth

and transition metal atoms [33]. However, while those effects can explain switching of

GdFeCo films and the effect of circular polarized light to achieve deterministic switching,

they cannot provide an explanation for the results on Co/Pt and Co thin films. There, a

multiple shot helicity-dependent switching is achieved on the outer rim of the laser spot

and in the center the material switches into a multiple domain state due to stray field

minimization. Using intrinsically single domain magnets would help to avoid multiple

domain state formation. Therefore, excitation of individual single domain nanoparticles

with fs-laser opens up an opportunity to study a pure optical switching.

Many magnetic nanoparticles express superparamagnetic behaviour at room temper-

ature. The magnetization of superparamagnetic particles fluctuates rapidly, which makes

it difficult to investigate effect of laser pulses on the nanoparticles. Recently, cobalt

nanoparticles have been found in a magnetically blocked state with a magnetic energy

barrier of about 0.63 eV at room temperature [11]. Their sizes distributed around 10 nm

make it energetically unfavourable to form a multiple domain state within the nanopar-

ticle. Hence, the absorption of a single laser pulse could result in a thermally driven

stochastic magnetization reversal due to laser-induced heating. We investigate the effect

of single 50 fs laser pulse excitation with a wavelength of 800 nm on individual, well

isolated cobalt nanoparticles with sizes ranging from 8 to 20 nm, covered with 1-2 nm of

amorphous carbon. We employ a laser excitation with circular and linear polarization in
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order to determine helicity-dependent effect from helicity-independent one. In general,

we are sensitive to the equilibrium state of the system after a single fs laser pulse. The

response of the nanoparticles to the laser pulses is studied by combining x-ray photo-

emission electron microscopy (XPEEM) with x-ray magnetic circular dichroism (XMCD)

and x-ray absorption spectroscopy (XAS). This approach allows us to determine the

magnetic and chemical state of individual nanoparticles before and after a laser pulse

excitation.

Stochastic thermal fluctuations of magnetic energy of the nanoparticle lead to the

energy to overcome the magnetic anisotropy barrier as discussed in Chapter 2. At room

temperature such fluctuations can happen, however the probability of such switches in-

creases with growing temperature of the system. Thus, laser heating can potentially lead

to a stochastic switching of nanoparticles magnetization. As discussed in Chapter 4,

internal structural defects lead to increased magnetic anisotropy in fcc cobalt nanoparti-

cles, but modification of surface leads to less magnetic stability as discussed in Chapter 5.

Therefore, structure and chemical modification may affect magnetization stability of the

nanoparticles.

Extrapolating from the results reported for thin cobalt films and nanoparticles, the

following effects of laser pulses on cobalt nanoparticles could occur:

1. Thermal effects:

(a) Stochastic thermally driven magnetization fluctuations,

(b) Changing of magnetic anisotropy of the particles due to structural deffects,

(c) Thermally induced chemical modification.

2. Ultra-fast effects at the TC :

(a) Inverse Faraday effect (for σ+ and σ− polarization),

(b) Momentum transfer via exchange coupling (for lin., σ+ and σ− polarization).

6.1 XPEEM characterization

The samples for the in situ XPEEM experiments were prepared according to the pro-

cedure described in Section 3.1 [cf. Fig. 3.1 ”C1”,”C2”]. In short, the nanoparticles are

deposited at room temperature onto Si wafers, with a native SiOx layer, and are subse-

quently covered with 1-2 nm of amorphous carbon under UHV conditions as schematically

depicted in Fig. 6.1(a). The carbon layer is used in our experiments to avoid the loss of
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contrast after many hours of x-ray exposure. The size of the nanoparticles varies between

8 and 20 nm, and the average particles density on the wafer is 1 particle per µm2. Then

the sample is transferred under UHV conditions into the microscope. The nanoparticles

are metallic after deposition, which was confirmed with XA spectroscopy at the Co L3

absorption edge where only the the metallic Co peak is visible at 781 eV [cf. Fig. 6.1(b)].

Figure 6.1: (a) Schematic drawing of the sample: fcc cobalt nanoparticle (grey disk),

Si(100) wafer (violet) with a native oxide layer (blue), and the amorphous carbon film

with a thickness of 1 – 2 nm (black). (b) XA spectrum of the nanoparticles recorded

prior to the laser experiment at the Co L3 edge.

The distribution of the nanoparticles on the wafer is shown in Fig. 6.2(a) which dis-

plays a normalized XPEEM image recorded at the Co L3 edge. Bright spots correspond

to individual cobalt nanoparticles. The depicted image shows only a smaller area of the

investigated field of view of 20 µm, which is centered around the laser spot. Fig. 6.2(b)

shows the magnetic contrast map of the same sample area as in Fig. 6.2 (a). The laser

spot size impinging on the sample is 20×70 µm2 and is determined with femtosecond laser

illumination in PEEM on a Cs sample [cf. Fig. 6.2(c)] prior to the actual experiment. As

described in Section 3.2.4, nanoparticles in our samples can be divided into three types

depending on their magnetic contrast variation visible with XPEEM: (i) magnetically

blocked with magnetic relaxation time τm > the acquisition time τx, (ii) superparamag-

netic with τm < τx and (iii) fluctuating with τm ∼ τx.

In the experiment, we employ single 50 fs laser pulses to excite the nanoparticles. The

laser polarization is adjusted with a λ/4 plate between linear and circular (σ+ and σ−).

The laser fluences employed for the experiment repoted here are listed in Tab. 6.1 and

vary between 1 and 21 mJ/cm2.
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Figure 6.2: (a) Normalized XPEEM image of a sample recorded with the photon energy

set to the Co L3 edge at 781 eV. Bright spots correspond to cobalt nanoparticles. (b)

Magnetic contrast map of the same region. Solid circles highlight some magnetically

blocked nanoparticles. Dashed circles denote nanoparticles without magnetic contrast.

The inset in the top right corner depicts magnetic contrast variation depending on the

in-plane magnetization orientation. (c) Laser spot in XPEEM. Dashed line highlights the

spot.

Laser pulse energy E(nJ) 14 ±1 65±3 150±8 270±14 352±18

Peak fluence F0 (mJ/cm2) 1±1 4±1 9±3 16±6 21±8

Photon density nPh (photons/nm2) 35±10 160±60 370±130 660±240 860±310

Table 6.1: Investigated laser pulse energies, peak fluences, and respective photon densities

with estimated errors.

6.1.1 Series of magnetic contrast images without laser exposure

Each experiment starts from a series without laser exposure where ten subsequent XMCD

contrast maps are recorded as a control experiment to determine the initial magnetic

state of the nanoparticles and to distinguish possible thermally induced spontaneous

magnetization flipping events. The first image in Fig. 6.3(a) shows a normalized XPEEM

image of a smaller region of the sample, which is representative for the investigated field

of view of 20 µm. Then, panels (b)-(k) display a series of ten magnetic contrast maps

of the very same region as in (a), acquired without laser excitation and averaged over

τ shortx =400 s (a typical acquisition time for a magnetic contrast map, cf. Section 3.2.2),

the total series time τ longx =4000 s. An example of magnetically blocked nanoparticle

(nanoparticle “1”) is highlighted in Fig. 6.3(b) –(k) with a solid circle as a guide to the

eye. This nanoparticle is stable all over the series, i.e. τm > τ longx . At the same time, a
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Figure 6.3: Series without laser exposure before low intensity laser pulse exposure. (a)

Normalized XPEEM image recorded at the Co L3 edge. (b)-(k) Sequence of magnetic

contrast maps without laser exposure. The scale bar in (a) corresponds to 1 µm. The

solid circle denotes a magnetically blocked nanoparticle while the two dashed circles high-

light nanoparticles, which exhibit no or unstable contrast over the sequence. The inset

with arrows depicts magnetic contrast variation depending on the in-plane magnetization

orientation.

number of nanoparticles without or with unstable magnetic contrast can be identified. For

instance particle “2”, which exhibits no contrast in all images. In contrast to particles

”1” and ”2”, particle “3” shows white magnetic contrast in the panels (b) – (f), but

changes then to black in (j) and (k). For such particles magnetic contrast is fluctuating

with τ shortx < τm < τ longx . The statistics of magnetic contrast of the particles without laser

excitation is listed in Tab. 6.2, 1st series. In the experiment, out of 566 nanoparticles

visible in the field of view, 182 nanoparticles are magnetically blocked, 338 nanoparticles

do not have magnetic contrast and the remaining 46 are thermally unstable over the

series without laser excitation.

6.1.2 Low laser fluence excitation

After exposing the sample to very low intensity linear polarized laser pulses with E =

14 nJ we have not observed any effect different from the series without laser exposure.

Therefore, we switched to the next laser intensity. The effect of excitation with low in-

tensity laser pulses with E = 65 nJ (F0= 4 mJ/cm2) and linear polarization is presented

in Fig. 6.4, panels (b)-(k). All magnetic contrast maps were acquired with the same

timing, statistics and on the same spot as the series without laser excitation in Fig. 6.3.

First, we observe that the black contrast of the nanoparticle “1” remains unaffected by all
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Figure 6.4: Laser exposure series with E = 65 nJ (F0 = 4 mJ/cm2) and linear polarization

together. (a) Magnetic contrast map at the Co L3 edge before the laser pulse was applied.

(b)-(k) Magnetic contrast maps, each recorded upon the exposure to a single laser pulse.

The scale bar in (a) corresponds to 1 µm. The solid circle denotes a magnetically blocked

nanoparticle while the two dashed circles highlight nanoparticles, which exhibit no or

unstable contrast over the full experimental sequence. The inset with arrows depicts

magnetic contrast variation depending on the in-plane magnetization orientation.

laser pulses. This behavior is found in most magnetically blocked particles at this laser

pulse energy and for this laser polarization. The total number of magnetically blocked

particles is 173 (cf. Tab. 6.2, 2nd series). Only in a few particles we observed a change of

the sign or loss of magnetic contrast. However, with the available data it is impossible to

conclude, whether such magnetic contrast loss/reversal was a stochastic magnetization

reversal, a consequence of a chemical modification of the particles or indeed was a mag-

netization switching induced by the laser pulses. Similarly to the case of magnetically

blocked particle “1”, particle “2” in Fig. 6.4 reveals no detectable change in magnetic

behavior upon laser excitation. Finally, the particle “3” changes black contrast to white

after the first laser pulse and remains with white contrast throughout the sequence of laser

pulses showing an evidence of magnetic blocking. In total out of 338 nanoparticles with-

out magnetic contrast, all remained with no contrast and 6 more (magnetically blocked)

nanoparticles lost their contrast resulting in total of 344 particles without magnetic con-

trast (cf. 6.2, 2nd series). Only in four nanoparticles a transition from thermally unstable

to the magnetically blocked behavior was found, similar to the nanoparticle ”3”, which

could potentially be associated with a presence of lattice defects and their enhancement

upon laser excitation causing magnetic stabilization within τ longx .

Laser excitation with circular polarized light has also been performed at the very
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No of particles: In total Magnetic. No magn. Thermally Comments

No of series (pulses): blocked contrast unstable

1st series (0) 566 182 338 46 without laser

2nd series (10) 566 173 344 49 lin. hor. polariz.

3rd series (20) 566 111 384 71 σ+/σ− polariz.

Table 6.2: Summary of magnetic contrast of the nanoparticles with and without low

intensity laser excitation (4 mJ/cm2).

same spot as in Figs. 6.2 and 6.3. The laser fluence was kept at 4 mJ/cm2. Single laser

pulses were applied in alternating fashion: σ+, σ−, σ−, σ+, σ+... and so on. After each

laser pulse an XMCD image of the spot has been taken. 10 images were recorded in

total. The results are summarized in Tab. 6.2, 3rd series. 62 of previously magnetically

blocked nanoparticles turned into thermally unstable or lost their contrast which indicates

a reduction of magnetic energy barrier after laser pulses.

Figure 6.5: XA spectra of long-term blocked nanoparticles (blue line) and thermally

unstable nanoparticles (red line).

XA spectra recorded after the laser experiments separately for blocked nanoparticles

and for thermally unstable ones revealed a slight oxidation/carbonation of both types

of the particles. Each XA spectrum was averaged from signals from 100 nanoparticles.

A small difference between the spectra is within error bars (cf. Fig. 6.5), which arises

from the noise in single nanoparticle XAS. It is not clear why red curve is lower than the

blue (cf. Fig. 6.5), but could be associated with microfocusing effect [96]. If the height
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of the XAS peaks would be associated with nanoparticle’s size, then thermally unstable

nanoparticles would have less magnetic volume and therefore their magnetization would

be less stable. The evidence of turning of part of the particles from magnetically blocked

to thermally unstable ones can be described by gradual chemical modification of the

particles after each laser pulse and will be addressed in the discussion. Such behavior

was found for 4 mJ/cm2 fluence, at lower fluences no effect of laser pulses was detected

for all polarizations.

6.1.3 High laser fluence excitation

At higher fluences of the laser pulse, we observed even more drastic effect of the laser

on the sample. In this section we present the results for 150 nJ fluence (9 mJ/cm2).

Fig. 6.6 shows a series of XMCD contrast images without laser exposure. We present a

different fraction of the same 20×20 µm2 field of view, previously exposed to low intensity

laser. Here, as before, the magnetically blocked nanoparticle (”1”), nanoparticle with

no magnetic contrast (”2”) and nanoparticle with thermally unstable magnetic contrast

(”3”) are observed in the sample.

Figure 6.6: Series without laser exposure before 9 mJ/cm2 fluence laser pulses. (a)

Normalized XPEEM image recorded at Co L3 edge. The scale bar in (a) corresponds to

1 µm. Similar to Fig. 6.3, the solid circle denotes a magnetically blocked particle “1” while

the two dashed circles highlight nanoparticles, which exhibit no or no stable contrast over

the experimental sequence. (b)-(k) Sequence of 10 magnetic contrast maps without laser

exposure. The inset with arrows depicts magnetic contrast variation depending on the

in-plane magnetization orientation.

The XA spectroscopy performed after the high intensity laser pulse experiment, re-
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Figure 6.7: Laser exposure series with 9 mJ/cm2 fluence with linear polarization of the

very same area of the sample as in Fig. 6.6. The scale bar in (a) corresponds to 1

µm. (a) XMCD contrast image of the sample before laser exposure recorded at Co L3

edge. The solid circles denote a magnetically blocked particle “1”, while the two dashed

circles highlight nanoparticles, that exhibit no or no stable contrast over the experimental

sequence. (b)-(k) Sequence of magnetic contrast maps, each recorded after exposure to a

single laser pulse. The inset with arrows depicts magnetic contrast variation depending

on the in-plane magnetization orientation.

vealed even stronger additional peak than in Fig. 6.5 at 782 eV next to Co L3 edge,

[cf. Fig. 6.8(a), red curve], indicating a change in the chemical state of the particles.

We have compared the resulting spectrum to the metallic state before laser experiment

[cf. Fig. 6.8(a), blue curve]. As a reference, we have added a cobalt oxide spectrum from

in situ cobalt oxidation experiment discussed in Chapter 5, where nanoparticles were

dosed with 2 L of oxygen that caused a formation of 12 Å of oxide layer. A similar peak

at 782 eV is visible [cf. Fig. 6.8(b)], but a shoulder at 779 eV is present. This shoul-

der is not observed however for the nanoparticles XA spectrum in Fig. 6.8(a). Instead,

cobalt carbide [cf. Fig. 6.8(c)] exhibits a characteristic peak at 782 eV, but no shoulder

at 779 eV. To prove that the chemical reaction does not come from the native oxide layer

on Si substrate, we will use a different sample design, described below.

Overall sample surface does not look damaged after many laser pulses as was confirmed

with SEM of the sample [cf. Fig. 6.8(d)]. A small dark spot in the middle of the image

corresponds to carbon deposition due to SEM. The rest of the area was not exposed to the

laser. SEM revealed no sign for nanoparticles damage such as ablation of the substrate or

melting of the nanoparticles. The particles themselves are not visible in Fig. 6.8 due to the

resolution but a few examples of particles, exposed to the laser are given in panels (e) and
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(f) in Fig. 6.8. The particles presented in panels (g) and (h) were not exposed to the laser.

For comparison, in Fig. 6.8(i), an SEM image after static heating of cobalt nanoparticles

produced in the same ACIS and heated to 800 K, is presented. Static heating causes

structural changes on the surface of the sample. There nanoparticles become rectangular

and establish an epitaxial relationship with the substrate [cf. Fig. 6.8(j)-(k)].

All higher fluences reveal similar behavior but even more drastic for all polarizations.

The lack of magnetic contrast of the particles does not indicate that the detection is not

possible for example due to too thick oxide shell. On the contrary, a few nanoparticles

still have a detectable magnetic contrast. And since all of the particles have a similar

oxidation/carbonization state proven with XA spectroscopy, the lack of magnetic contrast

in some of the particles arises due to the change in magnetic energy barriers in many of

the nanoparticles.

Figure 6.8: (a) XA spectra of the nanoparticles before (blue line) and after high intensity

laser excitation (red line). For comparison, panel (b) shows XA spectrum of cobalt

nanoparticles upon controlled in situ oxidation with molecular oxygen (cf. Chapter 5) and

on the panel (c) XA spectrum of cobalt carbide nanoparticles [97] is depicted. Dashed

lines indicate the characteristic peaks of the plots at 779, 781 and 782 eV. (d) SEM

image of the sample after laser exposure. The white ellipse highlights the laser spot.

Nanoparticles are not visible at this scale. The insets represent enlarged SEM images

of individual nanoparticles after laser exposure (e,f) and unexposed ones (g,h). For

comparison, (i) shows an SEM image of cobalt nanoparticles after static heating to 800 K.

Nanoparticles alloy with Si(100) and get rectangular shape as shown in the insets (j)

and (k).
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Figure 6.9: (a) Schematic view of the modified sample design: fcc cobalt nanoparticles

with sizes ranging from 8 to 20 nm (grey) circle, Si(100) wafer (violet) with a native

oxide layer (blue), and the amorphous carbon films with a thickness of 1 – 2 nm (black).

(b) XA spectra of the sample before (blue line) and after high intensity laser excitation

(red line). For comparison, black line shows XA spectra of cobalt nanoparticles upon

controlled in situ oxidation with molecular oxygen (cf. Chapter 5).

6.1.4 Second sample design

In order to avoid possible oxidation of the nanoparticles from the native oxide layer on

the Si wafer, which was in a direct contact with the nanoparticles [cf. Fig. 6.1(a)], the

second sample design was used [cf. Fig. 6.9(a)]. The second sample was covered with

amorphous carbon prior to the deposition of the nanoparticles. The rest of the the

deposition process was exactly similar to the first sample. Then, a similar experiment as

described before in Section 6.1 was performed. The new sample design was chosen to avoid

cobalt oxidation after high fluence laser pulses, but still some chemical reaction occurred,

as evidenced by XAS [cf. Fig. 6.9(b)]. No deterministic switching of magnetically blocked

nanoparticles occurred and an additional peak in the spectrum was detected with XA

spectroscopy around 782 eV, possibly, due to the reaction with amorphous carbon at

the substrate/nanoparticle interface. To investigate the effect of sample heating in more

detail, some calculations were performed (cf. discussion).

6.2 Discussion

In the experiment discussed above, we have collected magnetic contrast data of more then

500 nanoparticles before and after excitation with single 50-fs laser pulses of increasing

intensities (for low intensity case cf. Tab. 6.2). Single laser pulse series revealed no
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deterministic magnetization switching for individual cobalt nanoparticles for all fluences

between 1 and 21 mJ/cm2 for linear, σ+ and σ− laser polarization. Laser fluences higher

than 4 mJ/cm2 induced chemical modification of the nanoparticles confirmed with XA

spectroscopy [feature at 781-782 eV in Figs. 6.5, 6.8(a) and 6.9(b)]. For less then 12 % of

the particles, low intensity laser excitation resulted with reduction or loosing of magnetic

contrast. There are few possible reasons why a chemical reaction of cobalt could take

place. First, the laser pulse energy absorbed by the sample heats it up significantly and

causes a reaction between cobalt nanoparticles and neighboring carbon/oxygen atoms. It

is not clear, which part of the sample heats the most: cobalt, carbon or silicon. Second,

laser pulses could destroy the carbon protection layer and chemical modification is caused

by oxidation from residual gas in the XPEEM chamber.

In this section, we will estimate the temperature increase in the sample from simple

considerations for 150 nJ (9 mJ/cm2) fluence, the first one from the high fluence series.

The temperature estimation will answer several questions. First, along with the discussion

in the introduction for this Chapter, we want to address the probability of stochastic

thermal switches (1.a). Higher temperature promotes more rapid switching according to

Arrhenius law. Second, structural changes caused in cobalt nanoparticles upon moderate

laser heating may affect overall magnetic anisotropy and therefore magnetization stability

of the nanoparticles (1.b). Third, temperature estimation will answer the question, which

part of the sample heats the most and whether the chemical reaction occurs between

cobalt and carbon or oxygen (1.c). Fourth, we would like to determine, if the temperature

of the nanoparticle reaches the TC of cobalt, the necessary condition for inverse Faraday

effect and the switching due to the momentum transfer (2.a and 2.b).

6.2.1 Temperature increase due to absorption of laser pulses

Isolated nanoparticles

In order to estimate the temperature increase of the sample caused by the single laser

pulse, we will start with a simple model of equilibrium heat transfer between photons,

electrons and lattice. First, we will assume isolated nanoparticles without heat trans-

fer between particles and substrate/coating layer. At the beginning, the absorbed photons

excite electrons and by electron-electron scattering the electron system thermalize. Then

the energy is transferred from electrons through electron-phonon interactions to the lat-

tice (without losses). The number of absorbed photons in an isolated cobalt nanoparticle

can be estimated by considering the (peak) photon density on the surface nph = F0/Eph

(cf. Tab. 6.1) and the effect of Rayleigh scattering from a spherical particle, which is
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important in the present case, since the nanoparticle diameters are much smaller when

compared to the exciting laser wavelength. Assuming a spherical shape for the nanopar-

ticles, the total absorption cross section is given by σabs = 3
λ

π2ε′′D3

(ε′+2)2+ε′′2
, where ε′= -17.75

and ε′′ = 25.19 are the real and imaginary parts of the dielectric constant of cobalt at laser

wavelength λ = 800 nm, and D is the particle diameter [98]. The number of absorbed

photons is then given by

Nabs = σabsnph. (6.1)

Absorption of photons results in a temperature increase of ∆T = 6F0σabs/πCp%D
3,

where F0 is the laser fluence, Cp=0.42 J/(g· K) is cobalt heat capacity, and %=8900 kg/m3

is the density of fcc cobalt (cf. Tab. 6.3). It is noteworthy that the temperature rise does

not depend on the nanoparticles diameter but only on laser fluence since D3 term cancels

out: ∆T ∼ F0σabs/D
3 ∼ F0D

3/D3 = F0. Respective temperature increase of the electron

gas system can be similarly derived: ∆Te = (F0 · σabs)/CV ·mparticle, where CV =52 J/(kg

· K) is the electron gas heat capacity at 300 K derived from the linear temperature

dependence of the electron gas heat capacity CV = γT where γCo=4.38 mJ/(mol · K2)

and MCo=58900 kg/mol [99] is the molar mass of cobalt.

d ρ Cp λ n k

nm 103 kg m−3 J· kg−1 K−1 W·m−1K−1

Co 10 8.90 420 69.21-100a,b 2.56 4.92

α−C 3 2.00c 900d ∼1.0e 2.24 0.80

SiOx 2 2.21 840 1.2f 1.45 0.00

Si ∞ 2.32 712 130 3.69 0.01

a Ref. [100], b Ref. [101], c Ref. [102], d Ref. [103], e Ref. [104], f Ref. [105].

Table 6.3: Parameters used for simulating the temperature increase in the system depicted

in Fig. 6.9(a): d - diameter/thikness of the layer, material’s density ρ, heat capacity Cp,

thermal conductivity λ, refractive index n and extinction coefficient k.

At 9 mJ/cm2 photon fluence, the number of absorbed photons in the nanoparticles

with 10 nm diameter is estimated to about 700 photons. The temperature rise of the

electron gas and the full system as a dependence on laser fluence are shown in Fig. 6.10.

The electron gas temperature increases by about 970 K, which would mean that the

final electron gas temperature would reach of about 1270 K, which is lower than the TC

of bulk cobalt (1390 K). Although the electron gas temperature increases sufficiently,
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the lattice does not heat up as considerably. In the Fig. 6.10 the full system (electrons

and lattice) temperature is shown with the red line and a respective axis on the right

of the panel. The total, temperature increase for 150 nJ (9 mJ/cm2) is 50 K, which

would mean that the system will reach an insufficient temperature for thermal expansion

of the crystal. Indeed, Rayleigh scattering significantly reduce the amount of absorbed

energy and therefore the heating of the nanoparticles. Assuming no thermal contact of

the particle with the substrate, the particle can potentially stay at 350 K temperature

for a long time.

Figure 6.10: Temperature increase of the electron gas (left axis) and the full system (right

axis) as a function of laser pulse energy.

Since the full system temperature is far below the TC of cobalt, all-optical mag-

netization switching is not possible (2.a and 2.b). Nevertheless, final temperature of

the electrons could be sufficient to drive stochastic magnetization reversal process (1.a).

The magnetic relaxation time depends on the temperature according to Arrhenius law:

τm = 1
ν0
e
Em
kT , where Em is magnetic energy barrier of the particle, k is Boltzman’s con-

stant, T is a temperature, ν0 is switching probability which depends on crystal symmetry

and material and equals 1.9 109s−1 for fcc cobalt at room temperature. Increasing the

temperature of the full system should result in an increase of the switching rate. For

Em = 0.63 eV [11] and T=350 K, we can estimate τr= 0.69 s whereas for 300 K this

value is 20 s. Thus, if the particles would be thermally isolated from the substrate, and

all the heat effectively conserves in the particles, we could indeed expect an enhanced

(observable) switching rate in our experiments, and therefore no observable magnetic

contrast in XPEEM due to rapid magnetization fluctuation τm < τ shortx . Indeed, we do

see a considerable loss of magnetic contrast in the high intensity experiment. However,

we see that the particle ”3” in Fig. 6.4 shows more or less the same rate of fluctuations
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before and after the laser pulses. We also see a change in the XAS of the particles which

suggests an interaction to the substrate. Therefore, a heat diffusion between the particles

and the substrate has to be taken into account.

Heat diffusion between nanoparticles and substrate/carbon layer

Eventually, the heat diffusion between the nanoparticles and the substrate/capping layer

has to be considered. The calculation was performed similarly to [106]. We used a sample

stack as depicted in Fig. 6.9(a) with thicknesses denoted in Tab. 6.3. Here we consider

the stack without nanoparticles assuming low laser energy absorption on the particles.

To estimate the temperature profile created upon laser energy in the multilayer, the

differential absorptance dA was calculated using a matrix formalism of the light scattering

at the different interfaces and the light propagation inside the layers based on Abeles’s

formulas [106]. Neglecting any heat diffusion, the laser-induced temperature increase is

simply given by ∆T = F0dA/(ρCp), where F0 is the incoming laser fluence, ρ is the

density, and Cp is the heat capacity (cf. Tab. 6.3). Calculating the heat profile upon

absorption of the laser pulse with 150 nJ energy (cf.Tab.6.1) shows that the maximal

temperature of the sample is reached in the carbon capping layer. Fig. 6.11 shows the

temperature distribution in the sample after the laser pulse. The maximal temperature

of carbon layer is 770 K. Photons interact with the substrate much stronger than with

the nanoparticles because of negligible Rayleigh scattering on the substrate. The heat

diffuses later to the particles via thermal conductivity.

Figure 6.11: Temperature profile within the sample (without nanoparticles) calculated

for 150 nJ and the actual experimental geometry using the values in Tab. 6.3.

.

The calculated heat profile in the sample is then used in the time dependent heat
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diffusion distribution calculation performed by S. Ruta with COMSOL software. The

results of this simulation are presented in Fig. 6.12. The SiOx layer due to its low thermal

conductivity, acts as a thermal barrier between the carbon layer and the substrate. This

enables an efficient heat transfer to the cobalt nanoparticles, leading to the temperature

increase to ∆T=160 K. The calculation has been performed for 100 K base temperature.

If we assume 300 K base temperature, we will end up with 460 K final temperature of

the nanoparticles.

Figure 6.12: Temperature evolution in the sample right after the illumination of the

sample with a 150 nJ laser pulse calculated with COMSOL for the actual experimental

geometry using the values in Tab. 6.3.

.

COMSOL software also allows us to estimate the time interval when the laser pulse

heating will dissipate into Si substrate. After about 100 ps the sample thermalizes to the

room temperature.

Although the nanoparticles heat up quite significantly due to heating of carbon, the

maximal temperature of cobalt nanoparticles is still well below the TC and neither of

all-optical switching mechanism (2.a) or (2.b) can be expected in the material. However,

it is still likely that superparamagnetic stochastic magnetization reversal occurs in the
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particles. We will use the calculated temperature of the nanoparticles to estimate the

stochastic fluctuation rate for our system.

6.2.2 Stochastic thermal reversal probability

To estimate the switching rate, we can consider that the probability for zero thermal

switches P (0, t)=exp(-λ), where λ=t/τm [cf. eq.(4.46) in [107]] t is time of the experiment

and magnetic relaxation time of the particles τm was defined in Section 3.2.4, we can derive

the switching probability as P(t)=1-P (0, t):

P (t) = 1− e
t
τm , (6.2)

However, assuming that lattice stay at the increased temperature for about 100 ps and

attempt frequency for fcc cobalt 1.9 ·109 s, τm = 400 s, probability that a successful

thermal excitation occurs is as low as 5·10−11 according to Eq. 6.2. Summarizing, the

probability of stochastic switching is negligibly low and the mechanism described in (1.a)

is not realized.

6.2.3 Changes in magnetic anisotropy

Changes in magnetic anisotropy of the particles may cause spin reorientation or al-

tered magnetic energy barrier in cobalt [11]. In our case only for few nanoparticles a

laser-induced transition from thermally unstable to magnetically blocked behavior was

found after low intensity pulses excitation. Earlier by Kleibert et.al. it has been demon-

strated that static heating at 470 K can irreversibly transform cobalt nanoparticles from

superparamagnetic regime into magnetically blocked state, most likely this is due to

temperature-induced lattice relaxation accompanied with a respective change in the mag-

netic energy barriers [11]. Probably, to induce lattice relaxation, the lattice should be

kept at high temperature for a descent period of time which can not be achieved with a

single fs laser pulse.

In Figs. 6.6 and 6.6 particle ”3” shows stochastic fluctuations without the laser. How-

ever, after applying high intensity laser pulse, the switching events stopped to occur. That

could happen due to increasing of the magnetic anisotropy of the particle. We can esti-

mate upper and lower boundaries of the magnetic energy barrier for thermally unstable

nanoparticles. The particle ”3” switches four times in a time interval of 4000 s (mea-

surement time for 10 images, cf. Section 3.2.2). Accordingly, the energy barrier which is

required to observe a switching probability of 95% within t = 1000 s at room temperature

equals to Em > 0.65 eV. Likewise, one can estimate an upper limit of the magnetic energy
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barrier by calculating the minimum value required so that the particle does not switch

before 4000 s obtaining Em < 0.84 V. Thus, the actual magnetic energy barrier of the

thermally unstable particles can be found in the interval 0.65 eV < Em < 0.84 eV with

a probability of 95%. But unfortunately such approach does not work for estimation

of energy boundaries of the magnetically blocked and superparamagnetic nanoparticles.

The energy barrier of 0.63 eV for nanoparticle with a switching time t=400 s has been

calculated in Ref. [11]. We will use this number in our estimates.

6.2.4 Chemical changes in the nanoparticles

Based on our calculations and on the SEM observations, the chemical modifications of the

nanoparticles are likely induced by thermal heating of carbon layer leading to an uptake

of carbon or oxygen by the nanoparticles. A chemical reaction of the nanoparticle’s

surface may result in a reduction of the magnetic volume of the particles and, hence, in

an increase of the stochastic fluctuations rate as discussed in Chapter 5. Furthermore,

this would also lead to a changing surface anisotropy of the particles and strain effects

in the particle. In chapter 5 we show that early oxidation states of cobalt nanoparticles

affect magnetic stability of the sample and that changes of XA spectrum happen evenly

throughout the sample. The formation of cobalt carbide has been also reported upon

heating of cobalt nanoparticles [97].

6.2.5 Altering the Curie temperature of the nanoparticles

In the previous section, we have determined that optical pulse leads mainly to the heating

of the carbon layer and the cobalt nanoparticles heat only secondary up to about 460 K

which is well below the Curie temperature of the bulk material. Reaching laser-induced

all-optical switching would require a significantly stronger heating, but already at existing

laser fluences we observe a chemical reaction with the substrate. Another option to reach

the Curie temperature with lower laser fluences could be using of particles with lower

TC . According to Ref. [108] the size dependency of TC of the nanoparticles can be

approximated by the following relation:

Tc(d) = Tc(∞)[1− (d0/D)(1/ν)], (6.3)

where ν =0.82±0.02 is a scaling exponent, and d0=0.51±0.02 nm is a microscopic length

scale close to the lattice constant. Tc(∞)=1390 K is the Curie temperature for bulk

cobalt [65] and D is the diameter of the nanoparticle. Note that Eq. 6.3 is applicable

only for diameters larger than d0. For the size distribution of our sample, TC does not
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significantly deflect from the bulk value of 1390 K as shown in Fig. 6.13. Using Eq. 6.1,

the number of absorbed photons for nanoparticles of different diameter can be calculated

for 150 nJ laser pulses (9 mJ/cm2). The upper grid in Fig. 6.13 shows the number of

photons absorbed by a nanoparticles depending on its diameter. The inset in Fig. 6.13

details the photon absorption and the TC for D=1-3 nm. For 9 mJ/cm2 laser fluence

no photons will be absorbed by nanoparticles smaller than 1.5 nm in diameter according

to the model described here. However, the magnetic properties of such small particles

might be significantly different and very low temperatures are required to stabilize their

magnetization.

Figure 6.13: Curie temperature as a function of the nanoparticle diameter and the number

of photons absorbed at a fluence of 150 nJ/µm2. The inset shows a close-up look on the

TC dependence for diameters smaller than 3 nm. Dashed and dotted lines show the

temperature of the lattice and the electrons, respectively, upon a 150 nJ laser pulse

excitation.

According to our estimates, to reach the (nearly bulk-like) Curie temperature of (any

diameter) cobalt nanoparticle, laser intensities as high as 11 mJ/cm2 are required. It can

be estimated from the Fig. 6.10, to heat up the electrons from room temperature to 1390

K, ∆T should be 1090 K which is reached at approximately 180 nJ laser pulses. However,

already for fluence as high as 9 mJ/cm2, a chemical modification of nanoparticles is clearly

visible (cf. Fig. 6.8) and thus, in addition to the expected chemical modifications.

Alternatively, reduction of TC of the nanoparticles can be achieved by alloying nanopar-

ticles with noble metals (e.g. Au or Ag) or the choice of a suitable other material with

lower Tc might be considered (GdFeCo, LSMO). Another option of reducing TC is cre-
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ating thin disk-like structures of 1-3 atomic layers with strong perpendicular magnetic

anisotropy [109]. In all cases, the heat exchange with the substrate needs to be con-

sidered, since the latter determines the probability of additional thermal reversals after

the laser pulse. Cooling down the sample may be considered to avoid strong overheat-

ing of the medium. Alternatively, nanoparticles produced of materials with low TC like

GdFeCo,LSMO or YIG [110] with the TC in the range of 300-600 K might be used.

Finally, a multiple laser pulse regime can be exploited to reach deterministic switching

similar to the case of FePt granular medium.

A stochastic thermal driven magnetization reversal mechanism can be considered. For

that mechanism realization, the nanoparticles have to stay at higher temperature for a

longer period of time. These results suggest that either longer laser pulses or thermal

isolation of nanoparticles should be considered.

Small nanoparticles do not absorb enough photons due to Rayleigh scattering. To

avoid it, a design of special matrix materials or plasmonic enhancement are required to

achieve laser-induced switching in individual nanoparticles.

6.3 Conclusions

In this work, we address the effect of single fs laser pulses on the magnetization of indi-

vidual cobalt nanoparticles. We show that 800 nm pulses with fluences up to 21 mJ/cm2

do not deterministically reverse the magnetization of the nanoparticles for all laser po-

larizations. The cobalt nanoparticles absorb only a small fraction of photons due to the

Rayleigh scattering effect. Already for laser excitation with small fluences a transition of

a number of initially magnetically blocked nanoparticles to a superparamagnetic state is

observed.

Starting from laser pulses with a fluence of 9 mJ/cm2, an irreversible loss of the

XMCD contrast in an increasing fraction of nanoparticles is observed after each pulse.

Based on the total absorption cross section we estimate that the electronic system under

these conditions heats up to 1270 K, while the equilibrium temperature of nanoparticles

increases only to 350 K, if no thermal contact with the substrate is assumed. We assign the

absence of laser-induced switching to this estimate, namely that the system temperature

increase is below the TC=1390 K of cobalt. However, estimating the temperature increase

of the substrate due to laser pulses, we show that the carbon capping layer heats up

to 770 K. Further, using time dependent heat diffusion calculations, we show that the

cobalt nanoparticles heat up to 460 K due to heat transfer from the carbon capping
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layer. Further heat diffusion lead to thermalization with the remaining substrate at base

temperature after approximately 100 ps. This heat dissipation is too fast to result in

a stochastic, thermally induced magnetization reversal of the cobalt nanoparticles. XA

spectra reveal that the loss of magnetic contrast is involved with a chemical reaction

towards cobalt oxide or cobalt carbide. In case of laser excitation, the chemical reaction

might be promoted by the temperature increase in the carbon layer.

Our results suggest that either longer laser pulses (nanoseconds) or nanoparticles with

lower TC or the design of special matrix materials or plasmonic enhancement by means

of dedicated structures used as nano antennas are required to reach laser-induced single

pulse magnetization switching in individual nanoparticles. For example, low TC materials

such as GdFeCo, LSMO or YIG might be considered [110].
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Summary

In this work, we use a combination of characterization techniques in order to directly cor-

relate magnetic properties, crystal structure and morphology of the very same individual

cobalt nanoparticles with the size ranging between 8 and 25 nm. We use XPEEM, em-

ploying XMCD effect and XA spectroscopy for magnetic and chemical characterization

and HAADF-STEM for atomic resolution structural characterization of cobalt nanopar-

ticles, cobalt nanoparticles upon in situ oxidation and upon fs laser exposure.

Using XPEEM, we directly correlate the orientation of the magnetization in individual

cobalt nanoparticles with their crystallographic axes, morphology and defects. Our data

shows that the nanoparticles have a narrow size distribution with a mean size of 13±2

nm and an aspect ratio close to 1. More than 40% of the nanoparticles are magnetically

blocked with a relaxation time τm > 400 s at 100 K which suggests an enhanced magnetic

anisotropy when compared to the respective bulk property. The magnetic blocking of the

nearly spherical particles occurs independently of the particle size. The HAADF-STEM

suggests fcc structure for most of the particles. However detailed structural characteriza-

tions requires a 3D STEM investigations in order to confirm the crystal structure. The

data show that the magnetization orientation in individual nanoparticles is not corre-

lated with the crystal structure of the particles. This suggests a more complex internal

structure of each of the particles individually and a role of defects in magnetization orien-

tation. For the elongated nanoparticles and agglomerates, we find that shape anisotropy

dominates over the other contributions and the magnetization is aligned parallel to the

long axis of the particles. For a spherical nanoparticles with stacking faults, the magne-

tization direction is aligned nearly parallel to the [111] axis which is a hard axis of bulk

fcc cobalt, and thus, implies a significant impact of the staking faults on the magnetic

anisotropy of the nanoparticles. Our structural investigations show that many particles

have structural defects that modify magnetic anisotropy. We created an atomistic model
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of the particle with stacking faults, which was successfully used to reproduce the experi-

mental HAADF-STEM images proving the presence and position of these stacking faults

in the crystal. The model shall be used for atomistic spin modelling in order to reveal

the role of the defects in magnetization stability.

Further, we address the early stages of oxidation. Our results show that cobalt oxide

forms a closed inhomogeneous shell around the metallic core already at dosages as low

as 1 L where the XA spectrum does not differ much from the metallic spectrum. With

intermediate dosage, the oxide shell becomes more dense and XA spectrum becomes more

similar to the CoO spectrum. Vanishing of magnetic contrast for some of the nanoparti-

cles occurs due to the shrinking of the magnetic core volume, which lowers the magnetic

anisotropy of the particle and causes the transition to superparamagnetic regime. At

intermediate dosages, the magnetic contrast of the nanoparticles can be recovered by

cooling to lower temperatures which demonstrates reduced blocking temperature for the

oxidized nanoparticles. With the highest dosage, we observe a dense shell of a thickness

of 4.5 nm, consisting of CoO and Co3O4 and vanishing magnetic contrast for 99% of

the nanoparticles which can not be recovered with cooling. Our data suggests that the

orientation of the easy axis of the nanoparticles does not change after the oxidation. We

have fitted a core/shell model based on reference spectra to the XA spectra to estimate

the oxide shell thickness forming on the nanoparticles. Our HAADF-STEM data sug-

gests that the fits to XA spectra significantly underestimate the shell thickness due to a

complicated oxidation kinetics.

Finally, we address the effect of fs laser pulse excitation on cobalt nanoparticles. No

deterministic switching is found independently on laser fluence and polarization. We find

that the absorption of the laser pulses is inefficient due to Rayleigh scattering. Never-

theless, photon absorption leads to gradual chemical reaction of the particles with the

substrate. The reason for that is strong heating of the amorphous carbon protection

layer. The resulting temperature increase in the particles is not enough to reach the

Curie temperature of the material which is crucial for all-optical switching. We did also

not observe laser-induced thermal fluctuations of the magnetization of the particles which

is due to the low attempt frequency of fcc cobalt. Increasing the pulse energy leads to

a progressing chemical reaction. Our results show the limitations of ultrafast pulse ma-

nipulation of the nanoparticles and suggest using nanoparticles with lower TC to achieve

laser-induced switching in nanoparticles. The lower TC can be reached either by using

nanoparticles with smaller diameters or selecting different materials such as GdFeCo.
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7.1 Future prospects

Advanced technology strives for faster, tinier and cheaper devices. One of the current

challenges in magnetism is to achieve fast energy-saving switching of the smaller struc-

tures, a question interesting both for technology and research. For applications, the

required nanomagnets should have controlled and predictable properties, with reversible

and deterministic behavior, and, low dimensions. At the nanoscale, the magnetic prop-

erties of objects can differ from the bulk specimen due to high impact of structure inho-

mogeneities, strain and chemical composition on magnetic anisotropy.

Our results show that structural defects are important for magnetic properties of

cobalt nanoparticles especially for stability of their magnetization and its orientation.

The structural defects can promote a complex spin arrangement in the materials such

as vortex structures observed in the vicinity of screw and edge dislocations of thin films.

Therefore, theoretical calculations of the magnetic properties of nanoparticles including

the role of the defects are needed. The complex oxidation kinetics in cobalt nanoparticles

might help to better understand magnetic and chemical properties of cobalt oxide shell-

metallic cobalt core nanoparticles. In particular, the cobalt oxide phases present in the

oxide shell might be the key to understand the exchange bias effect in these structures

as well as the chemical reactions in important catalytic processes such as the Fischer-

Tropsch synthesis. Furthermore, our data urgently call for pushing the spatial resolution

and sensitivity of soft x-ray magnetic microscopy to directly address the role of structural

defects on the local magnetic structure of individual nanoparticles. A promising pathway

towards this goal could be the development of soft x-ray ptychography with nanometer

resolution. Finally, we propose that applying nanoparticles with lower TC might present

a feasible route towards achieving of laser-induced switching in isolated nanomagnets.
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Appendix A

Sample preparation

A.1 Pt markers deposition

For Pt marker structure deposition, the TEM-compatible substrate with nine membranes

was mounted on special sample holder from Ted Pella Inc. [cf. Fig. A.1], compatible with

focused ion beam (FIB) microscope. Then the membranes were transferred to a scanning

electron microscope (SEM) with FIB functionality (Zeiss NVision). The FIB microscope

is started with 15 kV “high tension”, in-Lens detector and 3 mm working distance are

used to acquire the image.

Then Pt evaporator was degassed according to a standard procedure for Pt deposition.

Than a number of marker structures were deposited by thermal decomposition of Pt

precursor molecules with help of electron beam on the membranes. The Pt markers were

deposited in two sizes. For 2×2 µm2 squares, the Pt was deposited for 30 s with low

scanning speed (#8 in the software). For the deposition of 200×200 nm2 markers, a

low deposition speed (#8 in the software) for 7 s was used. Deposition of markers in a

unique arrangement for each membranes allowed faster and unambiguous orientation on

the sample.

Figure A.1: SEM and FIB-compatible membrane sample holder [111].
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A.2 Substrate annealing for nanoparticles deposition

The silicon substrate was mounted on the XPEEM-compatible sample holder with a

heating coil and Pt100 temperature sensor and inserted to the preparation system (PS)

at SIM beam line. In the PS, the sample was mounted on the manipulator where a

current was applied to the heating coil of the sample holder whereas the temperature was

monitored from the multimeter connected to the Pt100 contacts. The current applied

to the heating coil was increased gradually, by monitoring the pressure in the PS not to

overcome 5·10−7 mbar. The table of time, currents, temperature of the substrate and the

pressure in the PS is listed in Tab. A.1.

t, min I, A R, Ω T, C◦ pPS, mbar

0 0 127.6 20 5.9·10−9

5 0.2 127.7 - 6.09·10−9

10 0.4 129.7 - 7.46·10−9

15 0.6 134.7 - 1.43·10−8

20 0.8 139.9 - 2.04·10−8

25 1 147.9 - 3.62·10−8

30 1.2 158.9 - 5.93·10−8

35 1.4 173.5 140 1.31·10−7

40 1.6 174 - 1.5·10−7

45 1.8 186.3 - 1.67·10−7

50 2.0 200 - 1.93·10−7

55 2.0 208.7 240 2.08·10−7

Table A.1: Substrate annealing procedure. t - time of the annealing, I - current, applied

to the heating coil, R - resistance of the Pt100, T - temperature estimated from [112],

pPS - pressure in the PS.

For TEM-compatible substrate the maximum temperature for annealing was 120◦C

in order to protect the membranes. For that, the maximum current in the coil was kept

at 1.2 A.
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