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Abstract

Skyrmions are topologically protected nanometer-sized magnetic vortices that have sparked

interest for future spintronics applications aiming at high-density, high-speed and low-power

consuming magnetic memory devices. One type of skyrmions appears in non-centrosymmetric

materials with spin-orbit coupling. Bulk materials such as FeGe and CoZnMn have been in

the focus of recent research as they host skyrmion lattices near or above room temperature.

The interest in thin-film materials has immensely increased as they promise better control of

skyrmions. The main challenges are the synthesis of skyrmion-hosting materials with high

critical temperatures and the compatibility with Si-based thin-film technologies. Currently

most of the studied thin films do not exhibit the relevant properties. It has been argued that

strain and defects related to the lattice mismatch inhibit the skyrmion phase.

Here we present novel approaches to synthesize skyrmion-hosting thin films based on FeGe

and CoZnMn: 1) the crystallization of an amorphous thin film on a vdW substrate (commercial

graphene), 2) van der Waals (vdW) growth on graphene as a substrate to achieve a strain- and

defect-free growth of the overlayer.

Sputtered FeGe layers were obtained on graphene on oxidized silicon substrates and annealed

via rapid thermal (RTA) and flash lamp annealing (FLA). The goal was to use these annealing

techniques to guide the material to the temperature/composition window of the cubic phase.

For this, we varied the thin film thickness, Fe:Ge ratio, pre-heating and annealing temperature.

The thin film temperature during the FLA was studied through heat transfer simulations.

The experiments uncovered the long annealing time via RTA with a capping layer leads to 4

types of morphology: islands, discs, individual crystals and crystals on discs. The sub-second

annealing via FLA led to the polycrystalline thin film formation. The obtained materials

contain hexagonal and cubic FeGe, Fe-rich phases, pure Ge and Fe oxides analysed by Raman

spectroscopy and X-ray diffraction. We provide Raman vibrational modes and the symmetry

description from first-principles calculations for FeGex with x = 1, 1.5 and 2 to fast and locally

characterize thin films and microstructures.

Molecular beam epitaxy was used to grow CoZnMn thin films of different stoichiometries on

graphene on oxidized Si. It has been found in bulk crystals that the critical temperature can be

systematically engineered beyond room temperature by tuning the composition. We report on

the structural, compositional and magnetic properties of Co10−x Zn10−y Mnx+y (0 ≤ x, y ≤ 3)
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thin films. We present a detailed study on the growth mechanisms. We show how defects in

the graphene foster nucleation of the grown material resulting into 3 kinds of morphologies:

islands, columns and merged films. The thin films exhibit partly lower saturation magnetiza-

tion values and larger coercive fields compared to the bulk alloys. The field and temperature

dependent spin dynamics in Co8Zn8Mn4 was measured by Brillouin light spectroscopy. We

compare the thin film and lamella in terms of damping, saturation magnetization and gy-

romagnetic ratio. We argue that the larger film damping originates from a higher magnetic

disorder due to the inhomogeneous Mn atoms distribution.

Overall we show that the use of vdW substrates for growth and annealing provides a new route

for integrating thin films and skyrmionic device concepts with Si electronics.

Key words: thin films, magnetic skyrmions, molecular beam epitaxy, flash lamp annealing,

rapid thermal annealing, Brillouin light spectroscopy, Raman spectroscopy, spintronics
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Résumé

Les skyrmions sont des vortex magnétiques de taille nanométrique protégés topologiquement.

Ils suscitent un intérêt pour les futures applications de spintronique visant des dispositifs de

mémoire magnétique à haute densité, à grande vitesse et à faible consommation d’énergie.

Un type de skyrmions apparaît dans les matériaux non-centrosymétriques avec un couplage

spin-orbite. Récemment, des matériaux massifs tels que FeGe et CoZnMn ont fait l’objet de

recherches récentes car ils hébergent des réseaux de skyrmions proches ou supérieurs à la

température ambiante. L’intérêt pour les même matériaux sous la forme de couches minces

a donc énormément augmenté car ils promettent un meilleur contrôle des skyrmions. Les

principaux défis sont la synthèse de matériaux hébergeant des skyrmions avec des tempéra-

tures critiques élevées et la compatibilité avec les technologies de couches minces à base de

silicium. Actuellement, la plupart des films minces étudiés ne présentent pas les propriétés

désirées. Il a été avancé que la contrainte et les défauts liés au décalage de réseau avec le

substrat inhibent la phase skyrmion.

Nous présentons ici de nouvelles approches pour synthétiser des couches minces hébergeant

des skyrmions basés sur FeGe et CoZnMn : 1) la cristallisation d’une couche mince amorphe

sur les même susbtrats, 2) croissance de van der Waals (vdW) sur substrat de graphène,

disponible commercialement, pour obtenir une croissance de la surcouche sans contrainte ni

défaut.

Des couches minces de FeGe pulvérisées ont été obtenues sur des substrats de graphène sur

silicium oxydé et recuites par recuit thermique rapide (Rapid Thermal Annealing, RTA) et par

recuit par lampe flash (Flash Lamp Annealing, FLA). L’objectif étant d’utiliser ces techniques

de recuit pour guider le matériau vers la fenêtre température/composition de la phase cubique

hébergeant les skyrmions. Pour cela, nous avons fait varier l’épaisseur de la couche mince, le

rapport Fe :Ge, la température de préchauffage et de recuit. La température de la couche mince

pendant le FLA a été étudiée par des simulations de transfert de chaleur. Les expériences

ont révélé que le long temps de recuit via RTA avec une couche d’encapsulation conduit à 4

types de morphologies : îlots, disques, cristaux individuels et cristaux sur disques. Le recuit

milliseconde via FLA a conduit à la formation de couches minces polycristallines. Dans les

échantillons obtenus, les phases hexagonale et cubique du FeGe, des phases riches en Fe, ainsi

que du Ge et Fe purs et des oxydes sont observés en spectroscopie Raman et diffractométrie de
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rayons X. Nous fournissons les modes vibrationnels Raman et la description de la symétrie du

système FeGex avec x = 1, 1.5 et 2 , calculés à partir de principes généraux, pour caractériser

rapidement et localement les couches minces et les microstructures.

L’épitaxie par faisceau moléculaire a été utilisée pour faire croître des couches minces de

CoZnMn de différentes stochiométries sur substrat de graphène sur Si oxydé. Il a été observé

dans les cristaux massifs que la température critique peut être systématiquement ajustée au-

delà de la température ambiante en ajustant la composition. Nous rapportons les propriétés

structuelles, compositionnelles et magnétiques de couches minces Co10−x Zn10−y Mnx+y (0

≤ x, y ≤ 3). Nous présentons une étude détaillée sur les mécanismes de croissance. Nous

montrons comment des défauts dans le graphène favorisent la nucléation du matériau , ainsi

que les 3 types de morphologies qui en résultent : des îlots, des colonnes et des films fusionnés.

Les couches minces présentent des valeurs de magnétisation de saturation partiellement

inférieures et des champs coercitifs plus importants par rapport aux alliages massifs. La dyna-

mique de spin dépendante du champ magnétique et de la température dans Co8Zn8Mn4 a été

mesurée par spectroscopie Brillouin. Nous comparons la couche mince et la lamelle en termes

d’amortissement, d’aimantation à saturation et de rapport gyromagnétique. Nous soutenons

que l’amortissement plus important de la couche provient d’un désordre magnétique plus

élevé dû à la distribution inhomogène des atomes de Mn.

Globalement, nous montrons que l’utilisation de substrats vdW pour la croissance et le recuit

offre une nouvelle voie pour l’intégration de couches minces et de concepts de dispositifs

skyrmioniques avec l’électronique Si.

Mots clefs : couches minces, skyrmions magnétiques, épitaxie par faisceau moléculaire, recuit

par lampe flash, recuit thermique rapide, spectroscopie Brillouin, spectroscopie Raman,

spintronique
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1 Introduction

1.1 Motivation

Digital data are growing at an exponential rate and an efficient long-term high-density data

storage solution providing a stable foundation is needed. Today’s information technology

relies on electronic devices that consume an increasing amount of energy. The electrons within

the electric current exhibit also another physical property besides the charge, its magnetic

moment - the spin. Electronics based on spin, the spintronics, is a field which proposes a new

high-speed and high-density energy efficient data technology solution.

Magnetic materials have been used as information bits in non-volatile hard disk drives (HDDs)

since the 1950s [1]. The information is encoded into magnetic domains of ferromagnets which

typical size is around 100 nm in case of FePt [2]. The size of the magnetic structure defines

the storage density and it is of great interest to increase it. Alternative approaches have been

proposed such as the race-track memory. It is a new type of storage architecture outlined

in 2008 by IBM where the information would flow along magnetic tracks [3]. From the first

device propositions including the in-plane ferromagnetic domains moved electrically via spin

torques [4], the concepts have evolved towards the perpendicularly magnetized racetracks of

antiferromagnetic materials [5] and to the recently discovered magnetic skyrmions [6]. The

major potential behind the skyrmion use is the 5 orders of magnitude lower current densities

to move them compared to domain walls [7].

Skyrmion is a magnetic vortex with size ranging from micrometers to only few nanometers [8].

It can be found in crystalline materials as well as in multilayers in various range of magnetic

fields and temperatures. It originates from the interplay between the dipolar interaction,

exchange interaction, Dzyaloshinskii–Moriya interaction (DMI) and anisotropy. From all

these, the DMI-estabilized skyrmions have been discovered to be topologically protected

and have raised lot of interest for the future application thanks to their robustness. The

DMI is realized in the materials lacking the inversion symmetry. We distinguish the Néel

skyrmions which can be found in the complex heterostructures grown on heavy metals giving

rise to the interfacial DMI. Another type is the Bloch skyrmion which arises from the non-

3



Chapter 1. Introduction

centrosymmetry of the crystal structure in chiral magnets. The particularity of the Bloch

skyrmions is that they arrange into a lattice or the so called skyrmion crystal (SkX). They may

exhibit larger resilience to skyrmion annihilation through sample edges [9]. The skyrmions

were first discovered in MnSi bulk crystal in 2009 [10]. Since then various types of materials

from metals to insulators were identified to host skyrmions, but only few of them close to the

room temperature (RT). The Bloch skyrmions present close and above RT are so far restricted

to FeGe and Co-Zn-Mn alloys [11, 12].

Additionally to the promising high-density and robust data storage application of skyrmions,

their ability to carry the information has also caught interest [13–16]. Since spin transport can

also be achieved using spin waves (SWs), the field of magnonics raised a lot of interest. The

main advantage of magnonic devices is the absence of Joule heating since the information is

being processed without the electron movement. The SWs in skyrmion-hosting materials is

an exciting field since the new materials are recurrently discovered with increasing improved

functionality [17].

For future spintronic devices, the stabilization of skyrmions in thin films at room temperature

and with zero magnetic field is the key objective in today’s research on skyrmions. The focus is

on the thin film fabrication which provides the base for a realistic scale up of the technology.

Most of thin films for the room temperature skyrmionic application have been grown on Si,

Ge or MgO substrates giving rise to strain and defects related to the lattice mismatch [18–23].

In case of CoZnMn films, there is only one study on sputtered Co9Zn6Mn5 and Co10Zn5Mn5

films on BaF2 without any skyrmion signature [24]. It has been argued that the stress on the

substrate interface influences the skyrmion size, shape, stability and pinning [18, 21, 22, 25].

Growth of high-quality crystalline thin films requires to follow the epitaxial principles. One of

them is the lattice match with the substrate. In 1984, Koma’s group demonstrated a strain- and

defect-free heterostructure growth [26]. They used two-dimensional (2D) materials like MoS2

or H-terminated Si as a substrate. Given the lack of the dangling bonds on the interface of the

2D substrate and the grown film, the latter is fully relaxed. This so called van der Waals (vdW)

epitaxy reduces the lattice constant matching criterion. It also allows to grow any combination

of 2D materials without the strain [27]. So far the growth of Bloch skyrmion-hosting materials

on 2D substrate was not reported.

1.2 Objective and key achievements

The main objective of this thesis is to understand and control the growth of the thin films or

nano/micro-structures in order to stabilize the skyrmions at RT and with low or ideally zero

magnetic field.

For this purpose we focused on the fabrication of FeGe and CoZnMn thin films. In order

to avoid the strain and understand the mechanisms forming skyrmions in thin films and

compare them to their bulk counterparts, the growth on a vdW substrate is used. The growth
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on commercial graphene was realised via i) annealing of sputtered FeGe thin films, and ii)

molecular beam epitaxy (MBE) of CoZnMn thin films. The static and dynamic magnetic

properties of thin films were evaluated and compared to the bulk.

The key achievements of this thesis are summarised in the following points:

• Nanocrystalline FeGe thin films were obtained on graphene via room temperature

sputtering followed by annealing for the first time.

• Raman modes assignments via first-principles calculations for FeGex compounds with

x = 1, 1.5 and 2 were established. The theoretical predictions are corroborated by the

structural, compositional and magnetic properties characterization of thin films.

• Microcrystalline Co10−x Zn10−y Mnx+y (0 ≤ x, y ≤ 3) thin films were grown on graphene

via vdW epitaxy for the first time.

• Co10−x Zn10−y Mnx+y thin films comparison with single-crystalline bulk and lamella

is given in terms of coercive fields, saturation magnetization, Gilbert damping and

gyromagnetic ratio.

1.3 Thesis structure

The thesis consists of two main parts: the introductory chapters and the experimental parts.

The introductory chapters includes four chapters: introduction, magnetism and skyrmions,

fabrication of skyrmion-hosting materials and methods. The experimental part contains two

chapters: Co10−x Zn10−y Mnx+y thin films growth and characterization, and FeGe thin film

crystallization and characterization.

The general introduction is given in Chapter 1. An introduction into magnetism and skyrmions

is given in Chapter 2. We start with the magnetostatics describing the energy terms stabilizing

different magnetic structures. Then we look into the definition and classification of magnetic

skyrmions. We further introduce skyrmion-hosting materials with focus on FeGe and CoZnMn.

We conclude the chapter with the spin wave dynamics section discussing spin waves in

skyrmion lattices.

Chapter 3 focuses on the introduction of nanomaterials growth and literature overview of

fabrication methods for FeGe and CoZnMn. First we describe the thermodynamics and

kinetics of thin film formation. We focus on the van der Waals epitaxial growth. Then we

explain the phase diagrams of FeGe and CoZnMn and review the growth techniques.

Chapter 4 reports on the experimental methods. We begin with fabrication methods used for

the growth: magnetron sputtering combined with rapid thermal and flash lamp annealing

for FeGe, and MBE for CoZnMn. The next section focuses on characterization techniques we

employed to study the morphological, structural and chemical properties. The last section

contains the magnetic characterization methods.
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Chapter 5 focuses on experimental results of CoZnMn thin films. The first section portrays

the vdW MBE growth of Co10−x Zn10−y Mnx+y thin films for 0 ≤ x, y ≤ 3 (publication I). The

work elucidates the nucleation mechanism and growth model for this ternary compound on

graphene on oxidized silicon. We also discuss the connection between the morphology and

the magnetic properties. The second section describes the spin-wave spectroscopic study via

Brillouin light scattering (BLS) of Co8Zn8Mn4 thin film and lamella.

Chapter 6 is dedicated to the growth and characterization of FeGe thin films. It is divided

into three sections. In the first section, the temperature profile simulation in FeGe films upon

flash lamp annealing (FLA) is introduced. Section 6.2 reports on results from the annealing of

FeGe using the rapid thermal (RTA) and FLA. In section 6.3, we establish the Raman signatures

of cubic, hexagonal and tetragonal FeGex phases for x = 1,1.5,2 through density functional

theory calculations, and we compare them with our experimental data (publication II).

Lastly, in Chapter 7 we conclude the main results of this thesis and propose an outlook.
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2 Magnetism and skyrmions

In this chapter, we introduce the theoretical background for magnetic materials with collinear

and non-collinear alignment. We begin with the static magnetism, we focus on mecha-

nisms standing behind the stabilization of magnetic skyrmions. In the following, we define

a skyrmion in terms of its unique property - topology, and look into various skyrmion types.

We continue by a literature overview of skyrmion-hosting materials with a focus on the ones

exhibiting skyrmions close to room temperature, notably FeGe and CoZnMn alloys. In the last

section the spin dynamics is introduced. Here, a general interpretation of spin wave modes

in chiral magnets is given. We conclude the chapter by a literature overview of spin-wave

measurements on FeGe and CoZnMn.

2.1 Magnetostatics

The classical electromagnetic theory is based on the notion of magnetization M . It is defined

as the distribution of magnetic moments m in a volume V

m =
∫

V
MdV. (2.1)

Classically, magnetic moments m can be seen as current loops originating from the electron

orbital motion. Quantum mechanics defines the angular momentum of electrons around an

atom as the sum of the orbital (L) and spin angular momentum (S) [28]. It yields

m =−γJ with J = L +S. (2.2)

γ is the gyromagnetic ratio of the electron equal to

γ= gµ0
|qe |
2me

(2.3)

with the Landé factor g , the vacuum permeability µ0 = 4π ·10−7 N/A2, qe and me the electron

charge and mass, respectively. The magnetic moment associated with a free electron is called
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Chapter 2. Magnetism and skyrmions

Bohr magnetron and is given by

µB = ~qe

2me
= 9.274×10−24 J/T. (2.4)

The magnetization is related to a magnetic field H via the susceptibility tensor χ̂ by the relation

M = χ̂H , (2.5)

and to the magnetic flux density B via

B =µ0(H +M) =µ0(1+ χ̂)H . (2.6)

Magnetic materials possessing permanent magnetic moments can exhibit different types

of magnetic configurations such as paramagnetism, collinear ordering like ferromagnetism,

ferrimagnetism, antiferromagnetism or non-collinear one - chiral structures. The resulting

magnetic configuration is given by a competition among energy contributions and can be

summarized by an effective Hamiltonian in the form [29]

Heff =HZ +Hd +Ha +Hex +HDM, (2.7)

where HZ corresponds to the Zeeman energy, Hd the demagnetization energy, Ha the

magneto-crystalline anisotropy energy, Hex the exchange energy and HDM the Dzyaloshin-

skii–Moriya energy. In the following we look closer into the individual terms.

We focus on the systems where the magnetization varies on a length scale much larger than

the lattice parameter. We can then use a continuum approach for the magnetization M(r ) as a

continuous function of space.

The Zeeman energy arises when the magnetic moments align toward an external field H 0 and

can be expressed as

EZ =−µ0

∫
V

H 0MdV. (2.8)

The demagnetization energy is a dipolar energy that depends on the specimen shape via the

demagnetization tensor N̂ given by

Ed =−µ0

2

∫
V

H d MdV with H d = N̂ M , (2.9)

where the diagonal components of N̂ in the Cartesian coordinate in case of an ellipsoidal

system follow the relation Nxx +Ny y +Nzz = 1.

The magneto-crystalline anisotropy energy originates from the spin-orbit coupling (SOC). It is

important when spins try to align with H 0 while they are influenced by the crystal lattice. Ma-

terials with uniaxial anisotropy tend to align towards the preferred crystallographic direction
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2.2. Magnetic skyrmions

called the easy axis. The energy cost due to the misalignment of M can be described as

Ea = Ku sin2θ, (2.10)

where Ku is the anisotropy constants and θ is the angle between M and the anisotropy axis

[30].

The exchange interaction energy between spins Si and S j can be modelled by the Heisenberg

model. The Heisenberg Hamiltonian is in the form of

Hex =−∑
i j

Ji j Si ·S j , (2.11)

with Ji j being the exchange integral. The sign of J decides whether the energy is lower for

parallel or antiparallel spin configuration and whether the material is ferromagnetic (J > 0) or

antiferromagnetic (J < 0) [28].

Lastly, the DMI is an antisymmetric exchange interaction with the Hamiltonian HDM written

in the form

HDM =∑
i , j

D i j · (S i ×S j ) (2.12)

where D i j is the DMI vector. It results into a canting of otherwise parallel spins and is impor-

tant for the formation of magnetic skyrmions in materials considered in this work [31, 32].

2.2 Magnetic skyrmions

2.2.1 Stabilization mechanisms

The system configuration is determined by the minimization of energy terms derived from

Heff . In case of a ferromagnet such as Fe, Co, Ni and their alloys, the minimization of the

demagnetization energy is done by dividing the sample into magnetic domains. Each domain

wall costs energy, therefore the size of a domain wall is a balance between the exchange

and demagnetization energies. The demagnetization energy can also determine the type of

domain wall. The Bloch wall (Figure 2.1a), where the spins always point along the domain wall

plane, is favoured in the bulk because it leads to a smaller demagnetization energy. The Néel

wall (Figure 2.1b), with spins pointing out of the domain wall plane, tends to be favoured in

thin films [28].

In magnetic films with perpendicular magnetic anisotropy, one can observe the interplay

between the demagnetization field preferring the in-plane magnetization and e.g. a crystalline

anisotropy favouring the out-of plane magnetization resulting in domain walls. An additional

magnetic field applied perpendicularly to the film would turn the domain walls into magnetic

bubbles or skyrmions [33].
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Chapter 2. Magnetism and skyrmions

Figure 2.1 – A schematic of a) Bloch domain wall, b) Néel domain wall, c) Bloch skyrmion, d)
Néel skyrmion. Dzyaloshinskii–Moriya interaction e) in the bulk and f) at the interface. The
DMI vector D12 arises from a triangle configuration composed of two atomic spins S1, S2 and
one atom with strong spin-orbit coupling (in yellow).

A strong SOC leads to a new set of magnetic phases to be stabilized. In case of chiral magnets,

a magnetic skyrmion phase can arise due to the DMI. The interaction arises from a strong SOC

and the broken inversion symmetry. This is realised by symmetry breaking (i) in a crystalline

structure, the so called bulk DMI, or (ii) at the interface by a specific design of a multilayered

system, the interfacial DMI. The DMI vector orientation depends on the type of the broken

symmetry. For the bulk DMI, D i j points parallel to r i j which gives rise to a Bloch-type spiral

configuration (Figure 2.1c) analogically to Bloch domain walls (Figure 2.1e). The sign of D i j

determines a clockwise or counter-clockwise rotation of spins. The uniqueness of the Bloch

skyrmions is that they arrange into a lattice or the so called skyrmion crystal (SkX). For the

interfacial DMI, the symmetry is broken along the interface and it results in the DMI vector

aligned within the film plane and pointing perpendicularly to rij (Figure 2.1f). This results to a

cycloidal spin rotation or the Néel-type spiral configuration (Figure 2.1d) [34].

In this work, we will focus on the bulk DMI that stabilizes the Bloch skyrmions lattices in bulk

and thin film chiral magnets.

2.2.2 Definition and topology

Skyrmions are defined as topologically protected vortex-like spin configurations. Often they

form on the nanoscale. They can be described by the topological charge mathematically
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2.2. Magnetic skyrmions

Figure 2.2 – Classification of skyrmions based on the vorticity m and helicity number δ.

expressed as a topological skyrmion number [33]

Nsk =
1

4π

Ï
n ·

(
∂n

∂x
× ∂n

∂y

)
d2r =±1 (2.13)

which represents how many times the direction vector n(r) = n(x, y) wraps around the unit

sphere and is expressed as the integral of the solid angle. Considering the symmetry of the

skyrmion, in the polar coordinate system with r = (r cosφ,r sinφ) we can write

n(r ) = (cosΦ(ϕ)sinΘ(r ),sinΦ(ϕ)cosΘ(r ),cosθ(r )) (2.14)

A skyrmion represented by an integer Nsk = 1 or −1 is topologically nonequivalent to other spin

textures with different Nsk. The experimental consequence of this topology is the skyrmion

protection from the continuous deformation into other spin configurations [33]. However in

the real systems, there is a finite energy barrier for both the creation and destruction of the SkX

from the other (conical, helical or FP) nontopological phases. This yields to the local minima

in the free energy over a finite region of parameter space leading to various metastable SkX

and field history dependence [35].

Skyrmions can be classified by two parameters, vorticity m and helicity δ. The vorticity m is

directly connected to Nsk being ±1, and helicity δ by

Φ(ϕ) = mϕ+δ. (2.15)

In case of DMI stabilized skyrmions, the lowest energy state is realized with m = +1 and

ϕ=±π/2 (the Bloch skyrmion). Figure 2.2 displays several possible configurations. For m = 1

we have the Néel skyrmion if δ= iπ (i ∈N) or the Bloch skyrmion if δ=±iπ/2, for m =−1 we

talk about antiskyrmions [36]. The sign of δ is determined by the sign of D i j , which in turn is

determined by the crystal structure (handedness) [37].
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Chapter 2. Magnetism and skyrmions

2.2.3 Materials hosting skyrmions

Skyrmions have been observed in a variety of materials with regard to their conduction type

and shape. The first observation of a Bloch skyrmion lattice was realized in the bulk single-

crystalline metal of MnSi by small angle neutron scattering (SANS) in 2009 [10]. The critical

temperature Tc below which the skyrmion pocket occured was 30 K [38–40]. The search for

skyrmion-hosting materials continued and the phase was identified in other chiral magnets

with the space group P213, or the so-called B20 structures, such as the metallic FeGe with

relatively high Tc ≈ 283 K [41]. The skyrmions were also discovered in B20 compounds after

substituting the main elements by some Fe atoms in Mn1-xFexGe which lowered Tc and led

to a smaller skyrmion size [42]. Bloch skyrmions were also observed in bulk semiconducting

compounds such as Fe1−x Cox Si below 30 K for x = 0.5 [11] and MnGe with 3D skyrmions

with only 3 nm in diameter [8]. The only insulator discovered so far to host the Bloch SkX is

Cu2OSeO3. It exhibits rich skyrmion phases depending on the applied field orientation with

the first SkX at Tc ≈ 58 K [43] and the second one persisting down to 3.6 K [44]. In 2015, a

new non-centrosymmetric crystal phase, β-Mn, showed the potential for room temperature

(RT) Bloch SkX. So far the only β-Mn alloy hosting skyrmions is Co10−x Zn10−y Mnx+y with

composition-tunable Tc above RT [12]. The overview of these materials, their space group,

transition temperature (TC), the skyrmion lattice pitch λ and material type is summarized in

Table 2.1.

Material Space group TC (K) λ (nm) Type
FeGe P213 283 [41] 70 [11] metal
Co7Zn7Mn6 P4132 or P4332 150 [12] 115 [12] metal
Co8Zn8Mn4 P4132 or P4332 310 [12] 122 [12] metal
Co8Zn9Mn3 P4132 or P4332 340 [45] metal
Co9Zn9Mn2 P4132 or P4332 420 [12] 153 [12] metal
Co10Zn10 P4132 or P4332 462 [12] 185 [12] metal
MnSi P213 30 [10] 18 [10] metal
MnGe P213 3 [8] 3 [8] semiconductor
Fex Mn1−x Ge P213 <220 [42] 5-220 [42] metal
Fe1−x Cox Si P213 <36 [11, 46] 40-230 [11, 46] semiconductor
Cu2OSeO3 P213 58 [43] 60 [47] insulator

Table 2.1 – Overview of selected materials hosting Block skyrmion lattice. The space group,
transition temperature (TC), the skyrmion lattice pitch λ and material type is given.

Most of the studies of skyrmions are based on the bulk crystals or thinned lamellae. It has

been argued that thinning down the sample offered an extra stabilization for SkX. For example,

an extended skyrmion phase was observed by Lorentz transmission electron microscopy

(LTEM) in MnSi lamella [48] and in Co8.5Zn7.5Mn4 [49] compared to their thicker or bulk coun-

terparts. In these studies, lamellae were prepared by ion milling. Similarly to lamellae, the

presence of extended SkX was implied also for epitaxially grown thin films of MnSi/Si(111) [50],

Mn1−x Fex Si/Si(111) [51] and FeGe/Si(111) [41, 52]. SkX at lower field and smaller skyrmion

lattice constants were suggested from phase diagrams measured on Fe0.75Co0.25Si [53] and
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MnSi nanowires [54]. Still, strain-induced modifications of the magnetic and electronic prop-

erties of epilayers are controversial. While strain has been suggested as a stabilization of SkX

at higher critical temperature in Fe1−x Cox Si/Si(111) epilayers by distorting the cubic into

rhombohedral structure [55], in MnSi/Si(111) no skyrmions were observed in the strained epi-

layers by LTEM, although they still exhibited skyrmion-like characteristics when investigated

through the topological Hall effect (THE) [56]. The implementation of skyrmions into the

thin-film technology is therefore still an ongoing effort. Additionally, given the large potential

of materials offering the SkX at/near RT, we focus on CoZnMn and FeGe thin-film growth and

characterization in this work.

2.2.4 Magnetic phase diagram

Figure 2.3 – a) Prototypical magnetic phase diagram of a chiral magnet with the field polar-
ized (FP), paramagnetic (PM), conical, helical and skyrmion phase. Spin configurations for
corresponding phases b) helical, c) conical, d) skyrmion lattice and e) field-polarized.

The first experimental proofs of the skyrmion lattice phase in MnSi [10] and Fe1-xCoxSi [46]

suggested the prototypical magnetic phase diagram of chiral magnets to be like the one

depicted in Figure 2.3a. The paramagnetic phase dominates at temperatures above Tc and

for the temperatures below TC, the system enters an ordered state. The ground state, with

zero applied external field H 0, is the helical phase with spins oriented perpendicularly to a

pitch vector describing a helix (Figure 2.3b). Upon applying an external field, the spins transit

from the helical to the conical state at some critical field Hc1. Here the spins in the helix are

no longer perpendicular to H 0, but they start to align with it (Figure 2.3c). As we increase the

field, the material enters the field polarized state at Hc2 (Figure 2.3e). The skyrmion phase

(Figure 2.3d) occurs just below Tc at a finite magnetic field between Hc1 and Hc2. The "stable"

SkX typically exists only within a few Kelvins. However a carefully chosen H −T history has

been shown to lead to a metastable SkX persisting over hundreds of Kelvins [57]. In [58], a

study on Co8Zn8Mn4 suggests that field-cooling (FC) via the equilibrium SkX phase leads to a

robust metastable skyrmion phase accompanied by a change from the stable triangular SkX

to a metastable triangular SkX and lowering the temperature into a metastable square SkX.
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Figure 2.4 – a) B20 FeGe and b) β-Mn unit (Co8Zn12) cells.

This was also confirmed in a thin plate of Co8Zn8Mn4 in [59] leading to a wider temperature

stability and also L-shaped skyrmion deformation. In Cu2OSeO3, the authors of [44] discovered

a second separated skyrmion phase at low temperature in the presence of an applied magnetic

field oriented along the 〈100〉 crystal axis only. In Fe0.7Co0.3Si it was shown that the metastable

SkX is observed outside the thermodynamically stable skyrmion phase below TC = 44 K by FC

[60].

2.2.5 Towards room temperature Bloch skyrmions

FeGe

Among the non-centrosymmetric B20 compounds, FeGe is the only material with TC close

to RT. There are three polymorphs of FeGe at 50:50 composition with monoclinic, hexagonal

and cubic structure. The latter crystallizes in the cubic P213 space group if the synthesis

temperature is below 580◦C. This is the non-centrosymmetric B20 phase discovered to host

skyrmions [41]. The FeGe unit cell contains 4 Fe and 4 Ge atoms sitting on the equivalent 4a

sites, see Figure 2.4a. The size of the unit cell is 4.67 Å.

Its TC was first measured by Mössbauer spectroscopy [61] and susceptibility measurements

[62] and was found to be 280 K. Its helical nature was described in [63]. It was not until 2011,

when the first LTEM observation in the thinned crystalline film proved the presence of SkX at

260 K [11]. Since then researchers have been trying to understand the magnetic and structural

properties in order to extend the skyrmion stability closer to RT. Thin-film phase diagrams

have suggested the extended SkX phase until 271 K on Si(111) for 300 nm thick film [41].

Elevated TC of 350 K was achieved for a 18 nm thick polycrystalline FeGe film on Ge(111) [18]

and 310 K for a 200 nm thick FeGe film on MgO(001) [19]. However, imaging has not been

reported to prove the presence of SkX at RT in these films. It is still under discussion how the

polycrystallinity and strain in these compounds influence the SkX.

The hexagonal and monoclinic FeGe polymorphs are also magnetic. The hexagonal FeGe

exhibits the antiferromagnetic behaviour below TN ≈ 410 K [64], and transforms into a conical

phase at low temperatures reported in [65]. The monoclinic FeGe is also antiferromagnetically

ordered below 340 K with a complex magnetic behaviour at low temperatures [66].
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Co10−x Zn10−y Mnx+y

So far the only compound hosting Bloch SkX above RT is metallic Co10−x Zn10−y Mnx+y for

x + y < 6, firstly reported in 2015 in [12]. The non-centrosymmetric phase is the cubic β-Mn

structure (space group P4132 and P4332 for left- and right-handed chirality, respectively). The

ternary CoZnMn alloys were found to exhibit a triangular SkX in a wide range of temperatures

from 210 to 470 K in bulk crystals [12]. The Curie temperature Tc is tuned by the composition

ratio between Co, Zn and Mn. A high Mn concentration lowers Tc as the Mn atoms act as

disorder [57]. Figure 2.4b illustrates the β-Mn unit cell. It contains 20 atoms. There are two

nonequivalent symmetry sites: the three-fold symmetric 8c sites and the two-fold symmetric

12d sites. The 8c and 12d sites are preferentially occupied by Co and Zn, respectively, in pure

CoZn as shown in [45, 67]. Substituting Co and Zn by Mn, Mn atoms prefer to occupy 12d

sites. For higher Mn compositions of approximately x + y > 3, Mn starts to occupy 8c sites too

[45, 67, 68]. The large Mn content leads to strong spin-glass behaviour at low temperature and

suppress the SkX [69].

In 2016, new metastable skyrmion phases persisting over hundreds of Kelvin were discovered

by Karube et al. [58]. The authors revealed the metastable triangular and square SkX in

Co8Zn8Mn4. The phases were found by applying a field-cooling protocol passing intentionally

through the equilibrium SkX state. The authors argued that the Mn atoms introduced magnetic

and structural disorder. This suppressed the transition to the helical or conical state. Instead

it led to the robust metastable phase. The same group reported on the similar behaviour

in bulk Co9Zn9Mn2 in Ref. [70] where they created metastable skyrmions at zero magnetic

field both at and above room temperature. A Co7Zn7Mn6 sample was shown to also exhibit

the metastable SkX phase [69]. In contrast to the low-Mn content samples, Co7Zn7Mn6

exhibited a disconnected low-temperature skyrmion phase with distorted lattice imaged by

SANS and LTEM. The reason behind the metastable phase presence was in detail studied

in Ref. [57] for all 3 compounds and Co10Zn10. The authors attributed the robustness of

the metastable SkX to the topological uniqueness of the skyrmions, which was affected by

structural and magnetic disorder due to Mn substitution. Mn atoms were found to increase

the magnetocrystalline anisotropy as well as magnetic disorder. This was due to frustration

created by antiferromagnetically aligned Mn spins with respect to Co spins.

2.3 Spin dynamics

The motivation behind studying SWs and magnonics is their capability to transfer the spin

polarisation without the movement of the electrons. The information is transferred across the

local magnetic moments. Therefore such magnonic devices are free of Joule heating and open

the way towards a low-power consumption technology.
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Figure 2.5 – a) Schematic representation of a spin wave (top and side view). b) Precessional
motion of a single spin S in the field H including damping.

2.3.1 General description

SWs are magnetic excitations with the elementary quasi-particle called a magnon. In case of

fully polarized configuration (ground state), the first excited state as the lowest energy solution

is obtained by successive tilting of neighbouring spins - a collective excitation, the magnon

(Figure 2.5a). SW properties depend on the direction of propagation with respect to M . The

SW frequency measurements allow to study additional material parameters such as Gilbert

damping, gyromagnetic ratio (and g -factor), magneto-crystalline anisotropy or the exchange

interaction strength which are partly inaccessible via static methods.

The general behaviour of SW motion can be described by the equation of motion called the

Landau-Lifschitz-Gilbert (LLG) equation [71, 72] and can be written in the following form

∂M

∂t
=−γM ×µ0H + α

M
M × ∂M

∂t
, (2.16)

where γ is the gyromagnetic ratio and α the Gilbert damping parameter. The uniform pre-

cession occurs when a collection of spins with M precesses around H in phase (Figure 2.5b).

The precession is given by the torque exerted on M by H . In case of an isolated electron, the

precession is defined as resonance or Larmor frequency f0. For a ferromagnet, we refer to it as

the ferromagnetic resonance (FMR) [73].

The relation between the resonance frequency f0 and the saturation magnetization M0 is

described by the Kittel formula [74]

f 2
0 = γ2µ2

0[H0 + (Nx −Nz )M0][H0 + (Ny −Nz )M0], (2.17)

where the Zeeman interaction and the shape anisotropy, described by the demagnetization

factors Nx , Ny and Nz , were considered. It is valid in the d |M |/d t = 0 approximation neglecting

the dissipation. In specific cases, Equation 2.17 can be simplified. Here we consider the thin

film scenario with Nx = Ny = 0 and Nz = 1. Then Equation 2.17 is reduced to

f0 =µ0γ
√

H 2
0 +H0M0 (2.18)
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for H 0 applied in the x y-plane (in-plane field) and to

f0 =µ0γ(H0 −M0) (2.19)

for H 0 in the z-direction (out-of-plane field).

The magneto-crystalline anisotropy is accounted by an effective anisotropy field H a . In case of

a fully saturated ferromagnet with uniaxial anisotropy, the effective field for the 〈100〉 direction

is given by

|H 〈100〉| = H0 +Ha with Ha = 2Ku

µ0M0
, (2.20)

with Ku discussed in section 2.1 [29].

The damping α is an intrinsic parameter of the material present due to dissipative forces. It is

defined as the rate of energy loss during the precession and given by following formulae

∆ f = 2α f + f ′ (2.21)

and

µ0∆H = 2α f

γ
+µ0∆H ′, (2.22)

where ∆H and ∆ f are the linewidths of the imaginary part of the solution to Equation 2.16,

the magnetic susceptibility tensor χi j = ∂Mi
∂H j

(i , j runs through x, y, z) [73]. The terms f’ and H’

describe additional linewidth broadening due to the mosaicity or two-magnon scattering [75].

2.3.2 Spin waves in skyrmion lattice

The early investigation of SW excitations in the chiral magnet FeGe goes back to 1974 [76]. The

authors describe two spin wave modes in the conical phase and one in the field polarized state.

In the pioneering work of Onose et al. [77], three characteristic modes in the skyrmion phase

of Cu2OSeO3were detected. This behaviour of SWs in chiral magnets have been observed in

other studies as well [78–81]. The universal SW spectrum observed in both interfacial and bulk

DMI-materials is sketched in Figure 2.6.

The SW behaviour depends on the magnetic phase and also on the direction of H 0 in case of

microwave excited SWs due to the different selection rules [82]. In case of the field polarized

phase, such as FM, we obtain one resonance mode increasing with an increasing magnetic

field following Equation 2.17. In the helical phase there is in most case one mode. For the

conical phase, the perpendicular excitation to H 0 at k = 0 yields two modes called +Q and

−Q corresponding to different propagation direction with respect to the H 0. In case of the

longitudinal H 0, no excitation is observed. In the skyrmion phase, the perpendicular excitation

leads to two SW modes, the clockwise (CW) and counter-clockwise rotation (CCW). The

longitudinal excitation excites one mode - a breathing mode. The δ sign from Equation 2.15
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dictates which of the CW or CCW mode frequencies is higher [82].

Figure 2.6 – Schematics of the universal spin wave resonance frequencies in a chiral magnet
for helical (H), conical, skyrmion (SkX) and field polarized (FP) phase.

2.3.3 Spin waves in FeGe and CoZnMn

The literature on SW spectroscopy is more rich for FeGe than CoZnMn. The only publication

addressing the magnons in CoZnMn is by Takagi et al. [83]. The authors investigated 1

µm-thick plates1 of Co8Zn8Mn4 and Co9Zn9Mn2 via propagating SW spectroscopy. The

in-plane magnetic field of magnitude between 0 and 200 mT was applied along the 〈100〉
axis. The spectra at 200 K in helical and ferromagnetic state exhibited one resonance in the

frequency region 5 - 12 GHz. The higher resonance frequencies were found for Co9Zn9Mn2

compared to Co8Zn8Mn4. The authors also addressed the FeGe. They reported the resonance

frequency at 200 K between 5 - 15 GHz for the in-plane field up to 400 mT. Magnons in FeGe

were further studied in bulks and thin films by several other groups. Josten et al. [84] showed

the strong unidirectional anisotropy of bulk shaped FeGe to be Ku = 960±10 J/m3 via FMR

measurements at TC. The FMR measurement of a FeGe thin film on MgO substrate was

investigated by Zhang et al. [19]. They reported on the helimagnetism of FeGe at 310 K (above

the bulk TC) measured via broad-wave spectroscopy. They observed one resonance with a

frequency linearly increasing with the in-plane field between 0.1 and 1 T in the frequency

region of 5 - 25 GHz corresponding to the FMR. They observed a non-collinear behaviour

for fields below 0.1 T. The authors extracted the intrinsic damping value of 0.0036±0.003.

The effect of the substrate on the SW resonances can be extracted by a comparison with the

publication of FeGe thin film on Si(111) by Turgut et al. [85]. Here, the authors applied

the in-plane field from -300 to +300 mT below and above the reported TC (≈273 K) of the

bulk material. They detected two resonances for T < TC through microwave absorption

spectroscopy. The helical phase mode was observed between 38 and 50 mT. The resonance

frequency resided between 3.9 and 5.2 GHz. In the FP phase, the resonance frequency (FMR)

1The samples were prepared by polishing from bulk crystals.
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varied linearly from 4.9 (50 mT) to 7 GHz (≈150 mT). They obtained the damping value of

0.038, which was one order of magnitude higher than the one of the film on MgO. The authors

reported on the SW stiffness parameter having a value of 0.105 eVÅ2 at 250 K. This value was

in agreement with the temperature dependent stiffness measured by Siegfried et al. by SANS

[86]. The authors reported a decrease from 0.16 to 0.06 eVÅ2 with increasing temperature from

225 K to TC ≈ 278.7 K.
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materials

In this chapter a brief introduction to the growth of thin films and literature overview is given.

We start with a review of the growth mechanisms of nanomaterials, focusing on the bottom-up

approaches such as epitaxial growth. In this section we compare the conventional epitaxy with

the van der Waals epitaxy, and define growth modes within the thermodynamic equilibrium.

Next, the literature overview of epitaxial growth of metals on graphene, and annealing for thin

film crystallization follows. The last two sections report on the literature review for FeGe (B20)

and CoZnMn growth techniques.

3.1 Growth

There are two general approaches to fabricate nanomaterials: top-down and bottom-up. In

case of top-down approach, the bulk material is downsized into a nanostructure by means

of lithography, milling or etching techniques. Thanks to the large-scale reproducibility and

throughput, this approach currently dominates the industry. The bottom-up approach is

based on the growth of materials from atoms or molecules by self-assembly, e.g. by physical

or chemical vapour deposition. This approach provides complex nanostructures with shapes

and functionalities hardly achievable with the top-down approach.

3.1.1 Epitaxy of thin films

In this section, we will focus on the epitaxial growth since we use the molecular beam epitaxy

technique and it allows us to control the growth at the finest.

Conventional epitaxy

The epitaxial growth can be defined as the physical deposition of a crystalline overlayer on

the surface of another crystal, acting as a substrate, having the identical crystalline relation

in an ordered fashion [87]. We distinguish two types of epitaxy, the homoepitaxy and the
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heteroepitaxy. While in the homoepitaxy the substrate and the overlayer are constituted of

the identical material, in more general case the heteroepitaxy represents the growth of any

crystalline material on a non-identical ordered substrate.

Energy of chemical bonds created at the interface between the substrate and the grown

material are in the range of 1-5 eV. They are strong enough to modify the lattice parameter a of

the overlayer compared to its bulk lattice parameter ab . In the heteroepitaxy this leads to the

elastically strained in-plane lattice due to the imposed matching of substrate lattice constant

as to be the same as overlayer one a. This lattice mismatch is then defined as

f = 100%
as −a

a
. (3.1)

The crystal deformation of the overlayer in the lattice-mismatched heteroepitaxy gives rise

to the strain energy. Small lattice mismatch leads to strain of the first few atomic layers of

the overlayer. The strain energy increases with the overlayer thickness and when reaches

the critical value, the system prefers to nucleate defects (mostly dislocations) to release the

strain energy [88]. A highly lattice mismatched system can contain a high amount of defects

such as threading or edge dislocations, and stacking faults. The main drawback of defects is

their detrimental consequence on the functional properties of the crystal. In the case of the

materials considered in this thesis, the defects in chiral magnets act as pinning sites which

prevents the Bloch skyrmion formation and the reliable skyrmion dynamics [89].

van der Waals epitaxy

In 1984, Koma’s group from Tokyo University demonstrated a new type of epitaxial growth

on cleaved bulk crystals of Te and NbSe2 films on MoS2 [26]. They observed the unstrained

epitaxial growth despite large lattice mismatch. They demonstrated this kind of growth applied

to any thin film grown on a two-dimensional material or a passivated surface. It is called the

van der Waals epitaxy and in contrast with the conventional epitaxy, vdW epitaxy benefits of

the substrate having no dangling bonds and thus the lack of chemical bonds with the grown

Figure 3.1 – a) Heteroepitaxy, b) lattice-mismatched heteroepitaxy, c) van der Waals epitaxy
(2D on 2D), d) quasi van der Waals epitaxy (2D/3D).
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3.1. Growth

Figure 3.2 – a) The layer-by-layer or Frank-van der Merve mode leading to the 2D morphology,
b) the island or Volmer-Weber mode resulting in 3D morphology, and c) the combination of
two previous or Stranski-Krastanov mode which starts with the 2D growth but switches into
3D after some critical thickness. d) Kinetic processes involved in the film growth such as atom
adsorption (1), desorption (2), nucleation (3), surface diffusion (4) and aggregation (5).

material. The 2D materials have naturally terminated surfaces, such as graphene, MoS2 and

other transition metal dichalgogenides. In the case of 3D materials or bulk, the dangling bonds

can be passivated such as by H-exposure [90].

The vdW epitaxy results in a vdW gap between the substrate and the grown epilayer. It is given

by the energy difference between the usual covalent bonding which strength is three orders

of magnitude stronger compared to a vdW bond. The deposited epilayer grows unstrained

preserving its bulk lattice constant ab . The main characteristics of vdW epitaxy behind the

strain-free growth include no misfit dislocations (despite significant lattice mismatch) and the

rotational alignment with the substrate [91].

The 2D substrates exhibit relatively low surface energies compared to the 3D conventional

substrates. The values for monolayer graphene or MoS2 are 2 orders of magnitude lower that

the one of Si, Ge or MgO. The surface free energy values for selected 2D and 3D substrates

are given in Table 3.1. The low surface energy translates into the growth in a low sticking

coefficient thereby limiting nucleation events. In general a low number of nucleation points,

generally local defects, should promote the 2D over 3D growth. In reality the situation is more

complex but can be simplified by looking at the ratio of adsorption, binding and migration

energies of adatoms on a given substrate. This will be discussed in subsection 3.1.2.

Substrate Surface free energy (mJ/m2) Ref.
graphene 35 - 64 [92]

MoS2 47 [93]
mica 130 - 170 [94]

Si (111) 1240 [95]
Si(100) 2130 [96]

MgO (100) 1200 [95]
Ge(100) 1835 [96]

Table 3.1 – Surface free energy values for selected 2D and 3D substrates.
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Growth modes defined by surface energies

The thin film structure and morphology in the equilibrium is given by the interplay between

the interface and surface energies as well as lattice mismatch. We distinguish between three

main growth modes: 1) the layer-by-layer or Frank-van der Merve mode leading to the 2D

morphology [88], 2) the island or Volmer-Weber mode resulting in 3D morphology [97], and 3)

the combination of two previous or Stranski-Krastanov mode which starts with the 2D growth

but switches into 3D morphology [98]. The modes are sketched in Figure 3.2a-c.

The main thermodynamic quantities for distinguishing these 3 modes are surface tensions γo ,

γi and γs or the free energy per area at the interface overlayer/vacuum, overlayer/substrate,

the substrate-vacuum, respectively [99]. If the γo and γi energies are smaller with respect

to γs , then the layer-by-layer or Frank-van der Merve growth will occur just like in the case

of Ag film on Pt(111) [100]. This has to be considered for every atomic layer due to the

thickness dependence of γi yielding from not only the true interface energy but also from the

accumulated strain through the layer thickness. The Volmer-Weber mode occurs for γo > γs

which is witnessed for example in Pb film growth on highly oriented pyrolytic graphite (HOPG)

[101]. The Stranski-Krastanov takes place when the volume strain energy increases leading to

an unstable situation at a given critical thickness and then switched from 2D to 3D growth.

During the growth there are several atomic processes involved. Figure 3.2d depicts the pro-

cesses such as atom adsorption (1), desorption (2), nucleation (3), surface diffusion (4) and

aggregation (5).

The thin film growth can be achieved also out of equilibrium. In this case, the morphology is

determined by kinetics and is generally metastable. The mathematical description of growth

is far from trivial and can be found p.e. in [99].

3.1.2 Epitaxial growth of metals on graphene

Metal deposition on graphene substrates exhibits distinct growth characteristics. These

observations can be explained by comparison of the adsorption, binding and diffusion barrier

energy ratios of adatoms. The adsorption energy Ea is defined as the difference between the

energy of the relaxed adatom/graphene system and its isolated counterparts. The binding

energy Eb is the energy required to separate a particle from a system of particles [99]. The

diffusion barrier energy is the activation energy needed to allow the adatom to move on the

surface. These energies can be obtained from first-principle calculations and can be found for

example in [102, 103].

We start reviewing the transition metals on graphene which exhibit the Volmer-Weber growth.

Studies on the initial phases of Fe and Co growth showed that small islands nucleate randomly

across the graphene surface [104, 105]. The islands increase in density as the coverage in-

creases as shown for Co [106]. For all these metallic atoms we observe a general trend of large

Eb and relatively small Ea . The 3D growth is favoured when the Ea/Eb ratio is small since it is
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more favorable for the adatoms to aggregate (large Eb) than start a new nucleation site (small

Ea). Most of the transition metals on graphene exhibit small Ea/Eb ratio.

In case of another transition metal, Mn, the islands were also observed to form but with

larger radius and a sparser distribution than Co and Fe [107]. If we take into account also the

migration energy barrier Em , the size of observed nucleated islands can be explained. For

example, the Mn and Cu atoms on graphene exhibit relatively large Em and we observe large

island size. The other metals such as Ni, Co, Fe, Pt or Gd exhibits smaller Em and we observe

smaller size islands growth [103].

Another interesting and well studied example is Au. It exhibits distinct morphologies on

graphene as a result of growth temperature. Qiu et al. [108] observed the transition from

polygons to irregular islands, to dendrites and to dense clusters as the substrate temperature

decreased. This is given by the distinct adatom binding energies with different graphene

defects which alter the atomic diffusion on the surface.

In conclusion, small Ea/Eb value leads to Volmer-Weber or 3D growth mode. For most of the

transition metals this ratio is below 0.5 which is consistent with experimental observations.

3.1.3 Crystallization of thin films through annealing

Annealing as a crystallization process of thin films has been widely explored in amorphous

silicon films for photovoltaic application as well as for flat panel displays. The influence of

above and sub-second annealing on the film structure and properties were studied using

the furnace or rapid thermal [109], laser annealing (LA) [110] or more recently flash-lamp

[111]. The RTA was also used for studying the metal induced low-temperature crystallization

in Si with Pd [112] and transition metals on Ge [113] including Fe/Ge. The crystallization

via FLA of a system close to the one we study here (Fe-Ge) was explored in Ni-Ge [114]. The

authors showed how Ni atoms intercalate into Ge substrate depending on the annealing

temperature and crystallinity of the substrate. Apart from Si and Ge films, the method showed

to be successful also in more complex alloy systems. In [115], authors demonstrated the

crystallization of 10 nm Hf0.57Zr0.43O2 films using FLA pulse with energy densities between 30

and 110 J/cm2. They compared the FLA- and RTA-crystallized films in terms of ferroelectric

properties with more promising results from FLA.

3.2 FeGe

In this section, we focus on the phase diagram and growth techniques of B20 FeGe reported in

literature. Since the discovery of the skyrmion-hosting phase close to room temperature in

2011 [11], the interest in high-quality bulk and thin films has increasingly attracted attention.

Apart from the well-established single crystal bulk growth via chemical vapour transport,

various physical vapor deposition (PVD) techniques on Si, Ge and MgO substrates were
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explored as explained in the following.

3.2.1 Fe-Ge phase diagram

Figure 3.3 – The Temperature-composition phase diagram of Fe-Ge. Reprinted by permis-
sion from RightsLink®: Springer Journal of Phase Equilibria and Diffusion, Fe-Ge (Iron-
Germanium), H. Okamoto ©(2008).

Fe-Ge exhibits a relatively complex temperature-composition diagram displayed in Figure 3.3

[116]. Starting from the Ge-rich part, we have the orthorhombic and tetragonal FeGe2, and

the Nowotny Chimney Ladder phase Fe2Ge3[117]. There are three polymorphs at the 1:1

atomic ratio. The cubic B20 phase below 580◦C, the hexagonal B35 occurs between 580 and

720◦C and up to 748◦C the monoclinic phase is observed which further at higher temperature

decomposes into η and FeGe2 phases [118]. In the Fe-rich part of the diagram, there is the

monoclinic Fe6Ge5 stabilized below 520◦C. The hexagonal η-Fex Ge with x = 1.3−1.38 is stable

in a temperature range from approximately 520 to 928◦C[119]. The hexagonal β-Fex Ge exists

in a range of x = 1.38−1.985 depending on the temperature and stable up to 1170◦C. As the Fe

content increases, another phases, such as ε, ε′, α1 or α2, should be considered, but we will

focus mostly on the region around 1:1 atomic ratio.
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3.2.2 Fe-Ge growth (B20)

The first synthesis method reported in the literature to obtain the polycrystalline bulk B20

FeGe crystals, was the chemical vapor transfer (CVT) method reported in [63]. This method

was further improved and led the Tokura’s group to the first skyrmion lattice observation in

this material in a thinned form (using focused ion beam (FIB) etching) [11]. They used a cubic

anvil-type high-pressure apparatus where they arc-melted the Fe and Ge mixture of 1:1 atomic

ratio in an Ar atmosphere. The high-temperature treatment at 1073 K lasted for 1 h under a

high pressure of 4 GPa.

The demand for the thin film growth led to the epitaxially grown FeGe(111) films on undoped

Si(111) substrates. In [41], authors report on 18–300 nm thick films grown by magnetron

sputtering in a high vacuum chamber (base pressure 108 Torr and substrate temperature of

500◦C). Gallagher et al. reported on the epitaxial films grown by ultrahigh vacuum (UHV)

direct current (DC) sputtering with a base pressure of 10−11 Torr on off-axis Si(111) substrates

with a temperature of 290◦C and with a deposition rate of 0.94 nm per minute [52].

The MBE growth was investigated also by the group of Ahmed et al. They synthesized FeGe

epitaxial films and CrGe/MnGe/FeGe superlattices on Si(111) [120, 121]. FeGe on Si(111)

exhibits the lattice mismatch of 5.2%1. To minimize the strain, the growth on MgO(001)

and Ge(001) substrates was studied. Zhang et al. prepared thin film samples on MgO(001)

substrates (aM gO,001 = 4.13 Å) by magnetron sputtering from a stoichiometric FeGe target in

an UHV deposition system with the base pressure of 10−9 mbar in Ar atmosphere [19]. The

explored substrate temperatures were from RT to 700◦C (the growth rate between 0.5 and

2Å/min). The samples were annealed for up to 8 h at 400◦C. The poly-crystalline films exhibits

high quality (low damping parameter reported), however no skyrmion phase was found.

The endotaxial growth of Fex Ge single crystals on Ge(001) substrates (lattice constant aGe,001 =
5.658 Å) via electron beam evaporator in UHV was reported in [123], but only for hexagonal and

monoclinic phase. The nanowire growth was also studied. In [118], authors fabricated FeGe

nanowires by selective chemical vapor deposition (CVD) using a sealed tube. They obtained

all three FeGe polymorphs depending on the synthesis temperature: the cubic at 450–575◦C,

hexagonal at 600–720◦C and monoclinic at/ above 740◦C. The growth was initiated by cubic

FeGe seeds (grown via a CVT) on Ge substrate. The discussed growth methods, parameters and

characterization techniques such as vibrating sample magnetometry (VSM), superconducting

quantum interference device magnetometry (SQUID), alternating current susceptometry (AC

χ), resonant elastic x-ray scattering (REXS) or microwave absorption spectroscopy (MAS) are

summarized in Table 3.2.

27



Chapter 3. Fabrication of skyrmion-hosting
materials

Growth Substrate Growth tem- Morphology Thickness Techniques SkX
method perature (◦C) (nm)
CVT, FIB - lamella wedge THE, LTEM [11] yes

- lamella LTEM, holography [124] yes
- nanodisk 150-500 LTEM [125] yes

sputtering Si(111) 500 thin film 18- 300 VSM, THE [41] yes
MgO(001) 500-400 thin film 40–200 FMR, REXS [19] no
Si (111) 350 thin film MAS [85] no
Si(111) 290 epilayer 100, 65, 36 THE [52] yes

MBE Si(111) 300 epilayer 1000 LTEM, THE, AC χ [121] no
epilayer 20-100 STM [126] no

sputter beam Ge(111) 300 epilayer 18, 72, 102 THE, SQUID, FMR [18] yes
epitaxy
CVD Ge(100) nanowire LTEM [118] yes

Table 3.2 – The literature overview of growth techniques for FeGe thin film (lamella) fabrication.

Figure 3.4 – The temperature-composition phase diagrams of Co-Mn. Reprinted by permission
from RightsLink®: Springer, Bulletin of Alloy Phase Diagrams, The Co-Mn (Cobalt-Manganese)
system, K. Ishida and T. Nishizawa ©(1990).

3.3 CoZnMn

We continue with the overview for CoZnMn alloys. The main advantage of this alloy in

spintronic applications is the tunable TC given by the composition. The alloys represent

the only Bloch skyrmion hosting material with TC above RT, specifically in the range 150 to

470◦C [12]. The bulk crystals synthesis is currently well developed and high-quality single

1The lattice constant of Si(111) 7× 7 reconstructed surface is aSi ,111 = 3.84Å [122] and for FeGe(111) it is
aFeGe,111 = 8.104Å [120].
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Figure 3.5 – The temperature-composition phase diagrams of Co-Zn. Reprinted by permission
from RightsLink®: Springer, Journal of Phase Equilibria and Diffusion, Co-Zn (Cobalt-Zinc),
H. Okamoto ©(2007).

crystals are grown. The major bottleneck is the thin-film growth. The complex ternary phase

diagram and distinct thermodynamic properties of the Co, Zn and Mn atoms are challenging

for epitaxial growth.

3.3.1 Co-Zn-Mn phase diagram

The binary phase diagrams of Co-Mn [127], Co-Zn [128] and Zn-Mn [129] are displayed in

Figure 3.4-Figure 3.6. The Co-Mn (Figure 3.4) exhibits seven phases including the liquid one.

Two major ones are the α-Co and β-Mn, the others are the γ-Mn, δ-Mn, α-Mn, ε-Co and the δ

phase. The α-Co phase crystallizes in the ace centered cubic (FCC) structure and can be found

for 0 - 59 % of Mn atomic composition (depending on the temperature) in the temperature

range from RT to 1495◦C (pure Co). The other major phase is the non-centrosymmetric cubic

β-Mn phase. It occurs in the Mn-rich region for 52-100% of Mn at. % (depending on the

temperature). At 300◦C , the phase is stable in 64 - 83 Mn at. % region. The further Mn-rich

phases (above 83 Mn at. %) are α-Mn, γ-Mn, δ-Mn (BCC) with the transition temperatures

727, 1100 and 1246◦C (= Mn melting temperature), respectively. On the Co-rich side of the

diagram, we observe the ε-Co phase below 422◦C and for concentration 0 - 8 % Mn. Below

545◦C at approximately 50 at. % Mn, δ phase is formed.

The Co-Zn binary diagram, shown in Figure 3.5, contains 10 phases: liquid, α-Co, ε-Co, β′-
CoZn, β-CoZn, γ-Co5Zn21, γ1-CoZn7, γ2-CoZn13, δ-Co2Zn15 and η-Zn. The FCC α-Co is
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Figure 3.6 – The temperature-composition phase diagrams of Zn-Mn. Reprinted by permission
from RightsLink®: Springer, Bulletin of Alloy Phase Diagrams, The Mn-Zn (Manganese-Zinc)
system, H. Okamoto and L. E. Tanner ©(1990).

formed for the pure Co up to 35.8 at. % of Zn from 660◦C up to the Co melting temperature

of 1495◦C. ε-Co is found at low temperature below 700◦C. It crystallizes in HCP structure

and persists up to 2.8 at. % of Zn. The β′-CoZn forms a BCC structure and occurs in the

limited region for temperatures between 924 and 966◦C, and concentrations around 50 %. The

non-centrosymmetric cubic β-CoZn phase is stable from RT up to 924◦C in the concentration

region from 46.7 to 57 at. % of Zn. γ-Co5Zn21is stabilized from 69.1 to 82 at. % of Zn from RT

to 904◦C. γ1-CoZn7 and γ2-CoZn13are the line compounds stabilized below 688 and 567◦C,

respectively. The δ-Co2Zn15 is a high-temperature phase stable from 688 to 746◦C. The pure

η-Zn phase crystallized in hexagonal structure with the melting point at 420◦C.

The phase diagram for Mn-Zn is displayed in Figure 3.6. Due to its high complexity, we

will refer only to major phases. The Mn melting point is 1246◦C. At high temperatures, Mn

crystallizes (from high T to low) in δ-Mn, γ-Mn, β-Mn and α-Mn phase. Th corresponding

transition temperatures are 1138, 1100 and 727◦C. The β-Mn is the non-centrosymmetric

cubic phase which occurs up to 52.4 at. % of Zn. The lower boundary of transition temperature

decreases from 727◦C to RT, and the higher from 1100 to 220◦C (at 52.4 %). In the Zn-rich

part of the phase diagram, the low-temperature phases (below 420◦C ) such as α, γ1, δ1 and

ζ phase occurs with increasing Zn ratio. The high-temperature phases ε, ε1, ε2 occurs at

815◦C > T >420◦C with the increase of the Zn, respectively.

The ternary phase diagram for Co-Zn-Mn alloy has not yet been reported in the literature. It

can be extrapolated from binary phase diagrams as it will be discussed in section 5.1.
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3.3.2 Co-Zn-Mn growth

There are two methods to produce β-Co10−x Zn10−y Mnx+y crystals reported in the literature:

the self-flux and Bridgman method. The self-flux method is based on the dissolution of target

material components in a solvent called the flux. Specifically, the stoichiometric amounts of

pure Co, Zn and Mn pieces are sealed in an evacuated quartz tube at high pressure (≈ 10−3

Pa). They are sometimes pre-annealed at 800◦C for 2 days before the main process [130]. The

crystallization starts when the tube is heated above 1000◦C and then slowly cooled (1◦C per

hour) to 925◦C which is kept between 1 day and 1 week, and finally quenched in water. This

method is reported in Refs. [12, 67, 130–132].

The Bridgman method is a melt growth method which relies on heating polycrystalline target

material and subsequent slow cooling. This leads to single crystals growth with relatively large

crystal size up to 3 mm. The cooling from 1025◦C to 700◦C lasts over 1 week and is followed

by water quench as described in Refs. [12, 49, 57–59, 70, 83, 133, 134].

Both methods require relatively long synthesis time and they yield to single-crystalline growth.

Most of the studies are focused on the bulk crystals characterization, and the LTEM, x-ray

magnetic circular dichroism (XMCD) or resonant soft x-ray scattering (RSXS) requiring thin

film are performed on thinned lamellae fabricated via ion focused beam technique [12, 49, 59,

69, 70, 134, 135].

It should be noted that the thin film growth of Co10−x Zn10−y Mnx+y has been reported by now

only in the thesis by Dr. Meckel in 2020[24]. The work showed the growth of polycrystalline

CoZnMn via magnetron sputtering on BaF2 substrate. The TEM suggest the relatively homo-

geneous β-Mn phase formation with small Co-rich part. The transition temperature is studied

for Co10Zn5Mn5 and Co9Zn6Mn5 compositions however without skyrmion observation.

The discussed techniques and characterization methods used for magnetic studies such as

XMCD, RSXS, polarized-neutron scattering (PNS) or propagating spin-wave spectroscopy

(PSWS) are summarized in Table 3.3.
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Growth method Sample stoichiometry Characterization techniques SkX

Self-flux

Co10Zn10, Co8Zn9Mn3, Co9Zn9Mn2,
VSM, AC χ [45] yes

Co8Zn8Mn4, Co7Zn7Mn6

Co8Zn8Mn4, Co7.5Zn7.5Mn5, Co7Zn7Mn6,
neutron diffraction [67] yesCo6.5Zn6.5Mn7, Co6Zn6Mn8, Co5Zn5Mn10,

Co4Zn4Mn12, Co2Zn2Mn16

Co10Zn10, Co7.2Zn8Mn4.8, Co5.6Zn6Mn8.4 neutron diffraction, VSM [130] yes
Co8+x Zn12−x SQUID, VSM [132] no
Mn-Co PNS [131] no
Co7Zn7Mn6 SANS, AC, VSM, LTEM [69] yes
Co10Zn10, Co9Zn8Mn3, Co9Zn9Mn2,

AC, SANS, LTEM [12] yes
Co8Zn8Mn4, Co7Zn7Mn6

Co10Zn10, Co9Zn9Mn2, Co8Zn8Mn4,
AC, SANS [57] yes

Co7Zn7Mn6

Bridgman
Co8Zn8Mn4 SANS [58] yes
Co8.5Zn7.5Mn4 LTEM [49] yes
Co9Zn9Mn2, Co8Zn8Mn4 PSWS, LTEM [83] yes

or Mn-Co PNS [133] yes

melt growth
Co9Zn9Mn2 SANS, AC χ, LTEM [70] yes
Co8Zn8Mn4 LTEM [59] yes
Co8Zn8Mn4 XMCD,RSXS [134] yes
Co3.5Fe4.5Zn8Mn4 VSM, SANS, LTEM [135] yes

Magnetron
Co10Zn5Mn5 , Co9Zn6Mn5 VSM, SQUID, LTEM [24] no

sputtering

Table 3.3 – The list of of the publications for CoZnMn bulk, thinned samples and films with
the investigation techniques and skyrmion presence.

32



4 Methods

In this chapter, we introduce the experimental techniques and settings used for the fabrication

and characterization of the metallic films and devices. We begin by a description of the

magnetron sputtering, rapid thermal and flash lamp annealing techniques employed for the

fabrication of FeGe films from chapter 5 and chapter 6. We continue with the molecular beam

epitaxy used for the growth of CoZnMn films on graphene from section 5.1. The lithography

and focused ion beam etching for device fabrication for the section 5.2 is given next. We follow

with the description of morphological, chemical and structural characterization methods. In

the last part, we focus on static and dynamic magnetic properties characterization techniques

and setup parameters.

4.1 Fabrication methods

4.1.1 Magnetron sputtering

Magnetron sputtering is a physical layer deposition technique widely used in industry for

coatings and metal contact deposition. The working principle is based on ion bombardments

of a target material. The sputtering gas forms a plasma. The ions from the plasma is then

accelerated towards a substrate using an electric field. The simplest configuration is to apply

a DC potential across the substrate (anode) and target (cathode). This works for conductive

targets, but not for insulating targets due to the charge accumulation at the surface and

subsequent repulsion of ions. The use of radio frequency (RF) allows to trap electrons over

the negatively charged target material. Therefore they are not free to bombard the substrate

which leads to faster deposition rates.

Here we will refer to the sputtering system Alliance Concept DP650 located in the clean room

facility at EPFL Centre of Micro/Nanotechnology (CMI). The substrate is mounted on a carrier

plate which is in 8 cm distance from the targets. The carrier plate temperature can be set up to

400◦C. The operational background pressure (or waiting pressure before the plasma ignition

starts) of the system is 1×10−6 mbar. In this work, the Fe and Ge thin films are sputtered at
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20◦C from 99.999% purity targets. Prior the deposition 30 sccm of Ar is introduced (measured

by a mass flow controller). The working pressure for Fe deposition is 5×10−2 mbar and for

Ge 5×10−3 mbar). We use the RF source of 300 W and DC source of 200 W, respectively. The

pre-sputtering or cleaning of the target is included (1 min for Fe, 15 s for Ge). We deposit

alternating layers of Fe and Ge creating a multi-layered system. The overall FeGe atomic

composition ratio was 1:1. This is controlled by the thickness of individual layers. Taking into

account the molar densities of Fe and Ge to be 7.874 g/cm3 and 5.323 g/cm3, respectively, the

thickness ratio between Fe:Ge should be 0.51. We explore a range of thickness ratios around

this value since we expected the annealing process would lead to desorption or diffusion of

part of the material.

4.1.2 Thermal evaporation

Alternatively, the Fe layers from Appendix B.2 were fabricated by metal evaporation by Joule

heating in an Alcatel EVA600 thermal evaporator of the 99.99% purity target. The wafers were

placed in the vacuum chamber with the base pressure of 2×10−7 mbar, on a rotating substrate

holder facing downwards towards the evaporation sources which are at the bottom of the

chamber. The vapour flow is regulated (on/off) by a shutter that is in front of the target. The

deposited thickness was measured by a Sycon STM-100 thickness monitor. The shutter was

opened only after preheating of the metal source to obtain a stable evaporation rate and to

avoid the deposition of oxygen present at the surface of the target.

4.1.3 Rapid thermal and flash lamp annealing

Annealing is a heat treatment upon which the material changes its properties and/or structure.

RTA has been considered as a primary annealing technique in semiconductor industry thanks

to cost-efficiency and better crystallization result. The temperature profile over time or the

thermal cycle can be in the simplest case characterized by an annealing temperature Ta and

annealing time ta (Figure 4.1b). This holds for the conventional annealing techniques such as

furnace or RTA since the heating and cooling time is usually beyond 1 s. For annealing in the

sub-second time region such as flash lamp annealing or laser annealing (LA), the heating and

cooling time become more dominant, and the heating rate is then a feature of the individual

technique. In case of FLA, the pulse is usually asymmetric and described with the rising and

falling edge, Ta and ta are then approximated by the peak temperature and FWHM of pulse

(Figure 4.1b). Typically, the process starts from a preheating temperature T0, then it increases

up to Ta and decreases to an equilibrium temperature Teq which is higher than T0 due to the

thermal capacity of material. The comparison of the RTA, FLA and LA processes in terms

of the temperature-depth profile is displayed in Figure 4.1c. There are several differences

between FLA and RTA (as conventional annealing method): FLA (i) is not performed in thermal

equilibrium, (ii) has steep temperature gradients, (iii) the temperature profile strongly depends

on the thermal and optical properties of the material, and (iv) temperature measurement is

challenging due to the very short processing time [136].
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Figure 4.1 – a) MBE growth chamber schematics. b) Conventional and the flash lamp annealing
thermal cycle. c) Comparison of the RTA, FLA and LA processes in terms of the temperature-
depth profile.

In this work, two types of annealing techniques for FeGe crystallization were studied. RTA

JetFirst furnace from Jipelec provided annealing at vacuum (≈ 10−2 mbar or under inert

atmosphere (N2) provided halogen pulses with annealing temperatures TRTA ranging from RT

up to 1000◦C. The annealing time ranged between 1 s to several minutes. The heating and

cooling rate could be as high as 20◦C/s. The thermal cycle was constituted by two steps: a

first short pulse up to the melting temperature of 1150◦C, followed by a stabilization down

to the crystallization temperature. As we were targeting cubic B20 FeGe phase, this meant a

temperature below 580 ◦C [116]. The first step lasted 1 s, the second step was between 30 to

500 s. For this second step, annealing temperatures from 400 to 600◦C were implemented. The

temperature cycle was monitored by a pyrometer stuck at the bottom of the dummy Si wafer

on which our FeGe/substrate sample was located.

For the FLA, three setups were used: the PulseForge 1300 system with and without a heated

stage from textitNovaCentrix and Semi-Line 2.0 from Rovak. The PulseForge 1300 provides

the maximal energy density of 10 J/cm2. The system works on pre-selected basis of voltage-

pulse length recipes. The maximal temperature/energy density can be reached by applying

the maximal 950 V in 150 µm long pulse. Using the longer pulse lengths up to 1.5 ms and

the voltage down to 600 V, higher power densities up to 35 kW/cm2 can be obtained. The

system provides a multi-flash option with frequency 0.8 - 4 Hz, and a heated stage with

temperatures up to 300◦C. The system can be pumped down to the pressure of 100 mbar in an

inert atmosphere (Ar). The samples are placed on a graphite plate with an adjustable height.

The closer the sample to the lamps, the higher the energy density. The height is limited for

the vacuum option due to the dimensions of the vacuum chamber. The ultra-short pulses

and the temperature of the surface is difficult to measure because of the transient nature. A

temperature estimation is provided by simulations which are carried out via a built-in thermal

simulation software SimPulse.

Semi-Line 2.0 FLA system provides energy densities from 4 up to 48 J/cm2 with the corre-

sponding pulse length of 10 to 0.3 ms. The background pressure is 1×10−5 mbar. Under the

N2 atmosphere with the working pressure of 1.4×10−1 mbar. The stage can be heated up to

900◦C (the heating from room temperature to 400◦C in 5 min). The cooling rates from 400◦C to
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the opening temperature (set by the company to 130◦C) takes 40 min. The N2 flow was set to

50 sccm during the annealing and increased to 30 mbar after the annealing to speed up the

cooling. In this set-up the temperature was monitored by a pyrometer and a thermocouple

(from the bottom of the wafer). The peak temperature could not be measured also because of

the transient nature.

4.1.4 Molecular Beam epitaxy

MBE is an UHV technology which allows the growth of materials with an atomic resolution.

Nowadays, MBE is widely used for the production of semiconductor devices and metallic ma-

terials production is on the rise. The main advantages such as highly controllable deposition

rates, high material purity and availability of in-situ characterization techniques, make this

method one of the foremost techniques used to investigate the fundamentals of growth.

The operating principle is based on the deposition of incoming molecular fluxes on a heated

substrate. We will focus in particular on the MBE system Veeco GENxplor used in this work.

Molecular flux1 is possible thanks to the UHV conditions achieved by a wide range of pumps,

i.e., ion pumps, titanium sublimation pumps, cryopumps and cryopanels, turbomolecular

and scroll pumps. Such set of pumping system allows the background pressure in the growth

chamber as low as 1.5×10−10 Torr. When introducing the sample into the system, a degassing

procedure is followed in order to remove the humidity and potential pollutants from the

sample surface. Two other chambers, load-lock and buffer module separated from each

other and the main chamber by gate valves, are used for this process. We follow a two-step

procedure prior every deposition: (i) load-lock degassing at 150◦C using quartz lamps for 1.5 h

and (ii) 350◦C for 2 h in HV buffer module. The homogeneity of the deposition is achieved by

rotating heated substrate holder. The temperatures up to 1000°C can be reached by a backside

substrate heating via a graphite heater. We control the temperature with a thermocouple

attached to the sample holder giving the precision of 0.1◦C. Additional control by pyrometer

and an infrared camera is possible.

The material deposition is performed via evaporation from the cells placed at the bottom

part of the MBE system. The molecular beams are directed at ≈45◦C from the vertical axis.

The most common type (and here used cells) are the effusion (Knudsen) cell and the cracker

cell. The effusion cells are used for the atomic precursors. In case of molecular precursors,

the cracking or the decomposition is needed. The beam equivalent pressure (BEP) is then

controlled by the temperature of the cell and the valved cracker. It can be tuned with high

precision thanks to mechanical shutters in front of each source. The calibration of the flux

was performed with the beam flux monitor (BFM). Other methods such as the quartz crystal

monitor (QCM) or reflection high-energy electron diffraction (RHEED) are also available. The

BFM uses an extendable hot cathode gauge which can be placed in front of the substrate

measuring the ionisation rate. In case of QCM, the shift of the quartz crystal eigenfrequency

1Molecular means there is a minimal collision rate between evaporated particles.
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due to mass change can be converted into deposition rate. RHEED BEP calibration is based

on the oscillation of the incident beam intensity refracted from the sample surface by various

surface coverage. The MBE was used for the growth of CoZnMn samples. The parameters for

the sample growth are discussed in section 5.1.

4.1.5 Lithography and focused ion beam etching

The combination of photolithography, electron beam lithography (EBL), lift-off processing,

plasma etching and FIB etching techniques were used to prepare devices for spin-wave

spectroscopy studies in section 5.2. Photolithography (combined with etching or lift-off) is a

patterning method and was used for designing structures with critical dimensions above 2

µm. EBL allows to define shapes such as coplanar waveguides used in subsection 5.2.1 with a

sub-10 nm resolution by scanning a focused beam of electrons [137]. The fabrication process

was developed by Dr. Che [138] and adjusted for this work. The process flow can be found in

Appendix A.

FIB is another patterning technique implemented in SEM setups which uses ions to etch the

desired design. FIB is commonly utilized for lamellae preparation for TEM imaging. In this

work, we use Ga-FIB NVision 40 from Zeiss for the fabrication of the cross-sections for the

TEM and for the BLS spin-wave measurement. The process flow and used current values are

summarized in Figure A.3.

4.2 Morphological, structural and chemical characterization

4.2.1 Scanning and transmission electron microscopy

Electron microscopy allows us to study the properties of nanomaterials with atomic resolution

down to the 0.2 nm. It is based on the interaction of electrons with the specimen which can

be either elastic or inelastic. Elastic interactions are used for TEM and electron diffraction

methods. In case of inelastic scattering, the signals such as X-rays, Auger or secondary elec-

trons, plasmons, phonons, UV or cathodoluminescence are utilized for analytical electron

microscopy.

We discuss two main configurations, scanning electron (SEM) and transmission electron

microscopy (TEM). In SEM, the incident beam scans across the surface and the emitted

backscattered or the secondary electrons are detected as image. Typically, we use the sec-

ondary electrons for the topography study, while the backscattered ones are sensitive to the

atomic number or Z-contrast. The TEM method differs from SEM by its transmission geometry

and larger electron acceleration voltages allowing its high resolution. It requires the thin film

to be electron transparent which limits the sample thickness down to ≈ 50 nm to achieve

high resolution (HRTEM). FIB was utilized to prepare lamellae of required size and transfer

them on the TEM grid for the imaging. The preparation of thin of vdW films is less requiring
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since the weak forces between the film and substrate may be overcome by gently scratching

the TEM grid against the sample surface with a cotton swab. Apart the conventional imaging

in TEM, scanning TEM (STEM) uses a focused electron beam with a size spot of ≈ 0.1 nm

that scans the sample. It allows further analytical characterization such as energy dispersive

spectroscopy (EDS) or electron energy loss spectroscopy (EELS) to study the crystal structure

via chemical or elemental mapping.

Typical real space imaging modes are the bright field (BF), dark field (DF) and high resolution

(HR). The BF and DF are given by the diffraction contrast. In the BF, areas which strongly

diffract appear darker which is opposite for DF. Diffraction contrast is useful for the determina-

tion of relative grain orientations or grain size in polycrystalline samples. The HR mode relies

on the phase contrast originating from the interference pattern. The reciprocal space can be

imaged through the electron diffraction (ED). The selected area ED (SAED) uses a selected

area aperture to carefully choose the desired region to image. To accurately interpret the ED

data (crystal phase and orientation), the comparison with the crystallographic database is

needed and can be performed via software such as JEMS [139]. A common scanning TEM

(STEM) imaging mode is the high-angle annular dark field (HAADF) which collects signal from

high angles and allows the Z-contrast imaging down to the atomic resolution.

4.2.2 X-ray diffractometry

X-ray diffractometry (XRD) is an analytical tool for determination of crystallographic structure.

It relies on elastic scattering of the incident X-ray irradiation with crystal planes of the sample.

The diffraction occurs when the condition for the constructive interference is fulfilled (Bragg’s

law), we measure a signal at these specific angles. Apart the most common crystal phase iden-

tification, the crystal orientation, strain, grain size and lattice parameters can be determined.

The phase identification and Miller index assignments can be performed via software such as

HighScore Plus.

The most common Bragg-Brentano (BB) geometry is the 2θ− θ configuration where the

detector is always at 2θ and the sample surface is always at θ with respect to the incident

beam. The thin film XRD is usually performed in the grazing incidence configuration (GIXRD)

with the parallel beam optics. This brings two main advantages, (i) the signal-to-noise ratio

increase if the sample surface is not perfectly smooth, and (ii) carefully chosen low incident

angles result in only film diffraction pattern free from the otherwise dominating substrate

signal. The Empyrean system from Malvern Panalytical [140] with the Cu source was used in

this work with the following parameters: incident angle θ = 5°, step 2θ= 0.18°, accumulation

per step ≈100 s. Depending on the 2θ-explored range between 35 to 80°, the acquisition for GI

scan with the PIXcel 1D detector can last up to 7h which is significantly higher compared to BB

mode for powder samples. For this reason, only selected samples (via Raman spectroscopy)

were analysed through GIXRD.
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4.2.3 Raman spectroscopy

Raman spectroscopy technique allows to study the vibrational modes of molecules and thus

provide the chemical and structural information. It relies on inelastic scattering of photons

on low-frequency excitations present in the sample such as phonons, plasmons or magnons.

When the sample is irradiated with the monochromatic light, it results in a downshift (upshift)

in photons energy. We refer to it as Stokes (Anti-Stokes) scattering. The molecules exhibiting

polarizability show Raman active modes2. These can be calculated using the selection rules

characteristic to the crystal structure and its symmetry group which we will focus in section 6.3.

In this work we use the Renishaw confocal spectrometer inVia [141] with the 488 or 532 nm

laser, a grating with 3000 l/mm allowing us to measure in the spectral region 100 – 1200

cm−1with the resolution down to 1 cm−1. We used a CCD (charged-coupled device) camera

for the signal detection. The optical microscope and the objective lenses from ×10 to ×100

magnifications were used to differentiate surface features (laser spot at ×100 is ≈1 µm). The

laser power between 0.2 to 1 mW was used depending on the sample characteristics.

4.3 Magnetic characterization

4.3.1 Vibrating Sample Magnetometry

VSM is a versatile technique which measures the magnetic properties based on Faraday’s

law of induction. As the name suggests, the sample vibrates in detection coils during the

measurement and its magnetic dipole moment creates a time-dependent magnetic field. The

VSM module of the Physical Property Measurement System (PPMS) from Quantum Design

[142], used in this work, has a sensitivity in the range of 10−6 emu which is relatively high and

sufficient to measure thin films. The signal increases with the amount of material; however,

the magnetic field must be uniform across the sample which limits the size of the chip3. For

the presented measurements, we used the vibration frequency and the vibration amplitude of

40 Hz and 2 mm, respectively. The experiments (hysteresis loops and field cooling/warming

magnetization curves) were conducted in the temperature range of 5 – 400 K with the in-plane

magnetic field as large as 7 T. Typically 1 T was enough to fully saturate the sample.

4.3.2 Superconducting Quantum Interference Device Magnetometry

SQUID magnetometry is one of the most sensitive techniques for a magnetic properties

measurement which makes it ideal in nanomagnetism. The operational principle is based

on the Josephson effect and the flux quantization in a superconducting ring. The device

consists of a superconductive loop with two weak links (Josephson junctions). If a constant

2A complementary technique to Raman is IR spectroscopy which relies on absorption of light by molecules.
The molecules that have strong dipole moment display strong peaks in the IR while they are not easily polarizable
and thus not Raman active.

3Field gradients would induce forces changing the vibrations leading to inaccurate results.
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biasing current is maintained in the device, the voltage oscillates as a function of the applied

magnetic field with the period equal to one flux quantumΦ0. This makes it a very sensitive

flux to voltage converter with sensitivity below 1Φ0 = 2.067×10−15 Wb [143]. The system used

in this work from Cryogenics Limited allows to detect signals with a sensitivity of 10−8 emu

[144]. Similar to the VSM settings, we measured the hysteresis and field cooling/warming

magnetization curves in the range 5 – 400 K with the field up to 7 T. The hysteresis loops and

temperature scans in this work were both acquired by VSM and SQUID depending on the

availability of the tool.

4.3.3 AC Susceptometry

The previously mentioned inductive methods VSM and SQUID determine the magnetization

in the equilibrium state by applying a constant magnetic field producing a DC magnetization.

The application of small AC drive magnetic field additionally to the DC field affects the

sample magnetization by causing a time-dependent magnetization. For small AC frequencies,

the induced moment changes as sine function with the slope equal to the susceptibility.

The sensitivity to the slope and not the magnitude of the moment makes it a very sensitive

technique. For large drive frequencies, when the sample spins lag behind this motion, the

susceptometer provides two quantities: the magnitude χ′ and the phase shift χ′′ connected

via χ =
√
χ′2 +χ′′2 as the real and imaginary part of the complex susceptibility. The χ′′

corresponds to dissipation and in conductive samples it is caused by eddy currents. The

measurements in this work (section 5.1) were carried out in the Quantum Design PPMS [142]

with the AC module using the drive field between 10 Hz to 10 kHz and magnitude 0.1 mT. The

temperatures ranged from 5 to 400 K.

4.3.4 Brillouin light scattering

BLS is a spectroscopic method allowing to detect SWs via inelastic scattering with a monochro-

matic light in the GHz frequency regime. The principle is similar to Raman spectroscopy only

with higher frequency resolution realized by a multi-pass tandem Fabry-Pérot interferometer.

The method provides the Stokes (magnon creation) and anti-Stokes (magnon annihilation)

signals arising from SWs propagating in the −x and +x directions (Figure 4.2), respectively.

The total momentum k is conserved along the film surface and the frequencies of counter-

propagating SWs, which have the same momentum, are both present in the same spectrum.

Compared to the static methods such as VSM or SQUID, the BLS allows to study dynamics

of films and investigate additional parameters, e.g. Gilbert damping, gyromagnetic ratio or

exchange stiffness. Another advantage of this technique compared to previously mentioned

methods which allow to measure the magnetic moment of an entire sample, is that micro-

focused BLS offer the possibility to study the magnetic properties of materials at the nanoscale

by collecting the information from the region as small as the laser spot.

BLS measurements shown in section 5.2 were performed on two state-of-the-art setups in
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LMGN laboratory in the back-scattering configuration. Measurements addressed both thermal

magnons and microwave-excited SWs at RT and with cryostat. Here, we report only on the

thermal magnon measurements4.

The room temperature SW measurements from section 5.2.1-2 were performed in an in-plane

field with a green laser (Cobolt, 532 nm) of 0.4 (up to 1.2) mW power. We acquired the anti-

Stokes signal in three regimes to achieve the optimal signal. The BLS, magnet and laser settings

are displayed in Table 4.1.

The microwave-excited measurements were carried out with the in-plane (IP) field with a

green laser (Cobolt, 532 nm) of 0.9 (up to 7.3) mW laser power at RT and with a close-cycle

optical cryostat from Montana Instruments. We explored the temperature range from 293

to 250 K in the frequency range from 0.5 to 9 GHz. We applied the microwave power in the

same frequency regime from 0.5 to 9 GHz with the power from -15 to +15 dBm. The magnetic

field was applied from 90 to 0 mT with a saturation field of 350 mT prior to taking data. The

measured signal-to-noise ratio was too low and data are not reported in this thesis.

The cryogenic measurements from section 5.2.3 were performed in the out of plane (OOP)

field configuration with the setup equipped with a toroidal magnet and a continuous flow

optical cryostat from CryoVac. The setup enabled us to measure in the temperature ranges

from 5 to 400 K with the OOP field from +572 mT to -31 mT in the spectral range from -1.5 to

-13 GHz (anti-Stokes signal).

Figure 4.2 – Schematics of the BLS measurement of the lamella with the applied RF signal into
the coplanar waveguide (CPW).

Mirror distance (mm) 8 13 30
Spectral range (GHz) 3-16 2-10 1.5-4.5
Frequency step (MHz) 63 39 17
Accumulation time per step (s) 1 1 1
Laser power (mW) 1.2 1.2, 0.4 0.4
Magnetic field (mT) 322 - 171 184 - 39 39 - 5.5

Table 4.1 – BLS, magnet and laser settings for spectroscopy on magnons in the
Co8Zn8Mn4 lamella used in section 5.2.1 and section 5.2.2.

We analyse the acquired spectra with multi-Lorentzian regression. We first focus on the side

4The microwave-excited measurements did not provide sufficient signal to noise ratio.
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peak and the laser higher harmonic fitting from a spectrum at high field. Here we can decouple

the side peak from the spin wave resonances. Then for the lower field, multi-Lorentzian

regression is used with fixed parameters for the side peak and the laser higher harmonic. Only

the spin-wave resonance peak parameters from the sample are fitted.
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Abstract

Topologically protected magnetic skyrmions have raised interest for future spintronics ap-

plications. One of the main challenges is the synthesis of room temperature skyrmion-

hosting materials compatible with thin-film technology. We present an approach to produce

strain-free epitaxial thin films of Co10−x Zn10−y Mnx+y using molecular beam epitaxy. Bulk

Co10−x Zn10−y Mnx+y is known to host skyrmions at room temperature for specific composition

ratios. Our substrate consists of graphene on oxidized silicon. The van der Waals interactions

of the grown material with graphene avoids covalent bonding and corresponding strain. We
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show how defects in the graphene foster nucleation resulting into three different kinds of

morphologies: islands, columns and merged films. Susceptibility measurements suggest a

phase transition close to room temperature. We detect up to three spin waves resonances

suggesting relatively low magnetic damping. This growth technique opens a new route for

integrating complex alloys and skyrmionic device concepts with silicon electronics.

5.1.1 Introduction

Bloch type skyrmions have been observed in a variety of materials with regard to their conduc-

tion type and shape. The first experimental proof of a skyrmion lattice (SkX) came from the

bulk single-crystalline metal MnSi with B20 crystal structure [10]. It was confirmed by small

angle neutron scattering (SANS) experiments and topological Hall effect (THE) that the SkX in

MnSi occurred below a critical temperature Tc of 30 K [38–40]. A further skyrmion-hosting

bulk metallic compound is FeGe with Tc = 283 K [41]. Skyrmions were also observed in bulk

semi-metals Fe1−x Cox Si [11] and the insulator Cu2OSeO3 [43], both with SkX below 36 K and

58 K, respectively. So far the only room temperature Bloch SkX-hosting compound is metallic

Co8Zn8Mn4 [12].

In thinned bulk samples, an extended skyrmion phase was observed by Lorentz transmis-

sion electron microscopy (LTEM) in MnSi [48] and in Co8.5Zn7.5Mn4 [49]. In these studies,

membranes were prepared by ion milling. Similarly to membranes, the presence of extended

skyrmion phase was suggested also for epitaxially grown thin films of MnSi/Si(111) [50],

Mn1−x Fex Si/Si(111) [51] and FeGe/Si(111) [41, 52]. SkX at lower field and smaller SkX lat-

tice constants were implied from phase diagrams measured on Fe0.75Co0.25Si [53] and MnSi

nanowires [54]. Still, strain-induced modifications of the magnetic and electronic properties

of epilayers are controversial. While strain has led to the stabilization of SkX at higher criti-

cal temperature in Fe1−x Cox Si/Si(111) epilayers by distorting the cubic into rhombohedral

structure [55], in MnSi/Si(111) no skyrmions were observed in the strained epilayers by LTEM,

although they still exhibited skyrmion-like characteristics when investigated through THE

[56].

Ternary Co10−x Zn10−y Mnx+y alloys with β-Mn structure (cubic chiral space group P4132 and

P4332) were found to exhibit triangular SkX in a wide range of temperatures from 210 to 470 K

in bulk crystals [12]. The Curie temperature Tc was tuned by the composition ratio between

Co, Zn and Mn. In particular a high Mn concentration lowered Tc . Figure 5.1a illustrates the

β-Mn unit cell with its 20 atoms. We indicate the two nonequivalent symmetry sites: the

three-fold symmetry 8c sites and the two-fold symmetry 12d sites. Bocarsly [45] and Nakajima

[67] showed that in Co10−x Zn10−y Mnx+y 8c and 12d sites were preferentially occupied by Co

and Zn respectively. Substituting Co and Zn by Mn, Mn atoms preferred to occupy 12d sites.

Above approximately x+y > 3, Mn started to occupy 8c sites too[45]. Other configurations, like

square or distorted SkX, have been observed at low temperatures when cooling the material in

an applied magnetic field [135]. Co10−x Zn10−y Mnx+y thin films grown on substrates have not
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Figure 5.1 – (a) β-Mn cubic crystal structure with the unit cell containing 20 atoms. 8c sites
with the three-fold symmetry are preferentially filled with Co and 12d sites with the two-fold
symmetry are filled with Zn in the parent compound Co8Zn12. The lattice parameter of the
unit cell is 6.32 Å. (b) Schematic van der Waals epitaxy of Co10−x Zn10−y Mnx+y on graphene
on SiO2/Si with vdW gaps at the interfaces with the graphene. (c) Ternary phase diagram of
Co-Zn-Mn. β-Mn phase depicted in color. The color code represents the minimal temperature
required for the β-Mn phase synthesis.

yet been reported.

In this paper we show the growth of Co10−x Zn10−y Mnx+y on graphene by molecular beam

epitaxy (MBE). Growth of thin films on a van der Waals material such as graphene (Fig. 5.1b)

is known as van der Waals (vdW) epitaxy [91, 145–147]. Here, the thin film is bound to

the substrate by van der Waals interactions. This relaxes the epitaxial requirements with

respect to matching lattice constants and thermal expansion coefficient [148]. Another ad-

vantage is that the films are relatively easy to transfer to an arbitrary substrate after growth.

The use of graphene as an underlayer renders nucleation however challenging as a conse-

quence of the weak interaction with the substrate. In the synthesis of complex alloys such

as Co10−x Zn10−y Mnx+y an additional challenge arises in finding the right parameter space

to engineer the alloy composition. For this, the sticking and desorption parameters of Co,

Zn and Mn as well as the phase diagram need to be considered. Table 5.1 summarizes the

adatom-graphene distance, adsorption and migration energy for Co, Zn and Mn. These values

were previously calculated by density functional theory (DFT) by Nakada and Ishii [102]. Co

and Mn have relatively high adsorption energy compared to Zn on graphene what makes them

nucleation-initiating elements. The migration energy barrier is very low for Zn, high for Co and

highest for Mn. This suggests Zn thin films are more likely to grow in a layer-by-layer fashion as

compared to Co or Mn. Thin-film synthesis on graphene was shown to be strongly affected by

the presence of defects [149]. While the lack of dangling bonds on pristine graphene rendered

the chemisorption difficult, defects initiated the growth. Figure 5.1c presents the ternary phase

diagram of Co-Zn-Mn extrapolated from the binary phase diagrams of Co-Zn, Zn-Mn and

Mn-Co [127, 128, 150]. The coloured region presents the stable β-Mn phase, the color code

represents the minimal growth temperature. We are interested in the alloys with 0 ≤ x, y ≤ 6

previously reported for bulk crystals to host skyrmions, especially in Co8Zn8Mn4 hosting

skyrmions at room temperature [12].
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Atom Adatom-graphene Adsorption Migration
distance (Å) energy (eV) energy (eV)

Co 1.42 3.64 0.77
Zn 3.02 0.13 0.02
Mn 1.38 3.82 1.26

Table 5.1 – Adatom-graphene distance, adsorption and migration barrier energies for Co, Zn
and Mn elements on graphene extracted from DFT calculations. Values from Ref. [102].

5.1.2 Experimental Section

Co10−x Zn10−y Mnx+y thin films were grown in a GenXplor Veeco ultra-high vacuum (UHV)

molecular beam epitaxy system (MBE) with a base pressure of 3×10−10 mTorr. The substrates

consisted of commercially available graphene deposited on oxidized Si (100) wafers (300 nm

of SiO2). The 4 inch wafers were diced into 15×15 mm2 chips. Upon introduction to the MBE

system and prior to deposition, the substrates were cleaned through a two-step degassing

process at 150◦C for 1.5 h and 450◦C for 2 h in HV respectively. The substrate temperature 1 was

varied between 180◦C and 270◦C, as measured by a thermocouple. We varied the Co:Zn:Mn

flux ratios to engineer the alloy composition and find the growth conditions for 1 ≤ x, y ≤ 3.

Overall, the beam equivalent pressures of Co, Zn and Mn were varied between 1×10−8 and

5×10−7 mTorr as measured by a beam flux monitor. To understand the growth mechanism

we performed growth time series ranging from 5 min to 3 h.

After the growth, the sample morphology was imaged using the field emission scanning

electron microscope (FE-SEM) Zeiss Merlin with the accelerating voltage of 3 kV. The average

composition was analyzed through the electron X-ray dispersion spectroscopy (EDS) in Zeiss

Merlin FE-SEM (5 kV). A more detailed characterization of the composition and microstructure

was performed on selected samples by transmission electron microscope (TEM) FEI Tecnai

Osiris and Talos, scanning transmission electron microscopy (STEM, 200 kV) and electron

X-ray dispersion spectroscopy STEM-EDS. For this, thin lamellae were produced using focused-

ion beam FIB-SEM Zeiss NVision 40. The crystal phase was also measured with the grazing

incidence X-Ray diffractometer (GIXRD) Panalytical Empyrean. The static magnetization

M was measured using a Quantum Design’s superconducting quantum interference device

(SQUID) magnetometer. The magnetic hysteresis loops were measured at 5 K and 300 K in

the range of applied fields µ0H of ± 500 mT. Temperature dependent magnetization curves

were obtained via Quantum Design’s vibrating sample magnetometer (VSM) with cooling in

a field of 5 mT from 350 K to 5 K. The dynamic susceptibility was acquired with Quantum

Design’s alternating current magnetic susceptometer (ACMS) during cooling in 20 mT from

350 K to 5 K, and using a drive field of 0.1 mT at a frequency of 10 kHz. The fields were applied

in the plane of the thin films. We studied the spin-wave resonances at room temperature using

Brillouin light scattering (BLS) spectroscopy in the frequency range from 3.5 to 12 GHz for

applied in-plane fields ranging from 20 to 250 mT.

1substrate temperature is the nominal temperature of the heater situated in proximity of the substrate.
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Figure 5.2 – (a) SEM top view of graphene on a SiO2/Si substrate. We observe the following
defects in the graphene layer which we sketch in separate panels on the right handside: grain
boundary (GB) with the side and top view sketch in (b, g) respectively, the bilayer graphene
(BLG) in (c, h), the double-layer (DLG) in (d,i), the graphene wrinkle (GW) in (e, j), and the
released graphene and partial DLG formation in (f, k). Scale bar in (a) 20 µm.

5.1.3 Results and discussion

Morphology, structure and composition

Figure 5.2a corresponds to a SEM image of a graphene layer prior to the growth. The contrast

in the image is attributed to different kinds of defects. Figure 5.2b-k illustrates the different

defects which we identified in the graphene. The graphene was grown by CVD on a Cu foil

and then transferred to the SiO2/Si substrate. Some defects are due to the polycrystallinity of

the copper substrate, such as grain boundaries (GBs) (a, b, g). At the junction of GBs, bi-layer

graphene (BLG) is observed (dark lines in a, c, h). With an arbitrary rotation of two stacked

single-layer graphene (SLG) layers we obtain double-layer graphene (DLG) (a, d, i). Graphene

wrinkles (GWs) are related to the different thermal expansion between the graphene and the

copper substrate (a, e, j). Further defects are assumed to occur during the transfer to the

new substrate (a, f, k). We identified the defects by Raman spectroscopy (see Figure C.1 in

Supporting Information).

We turn now to the growth of Co10−x Zn10−y Mnx+y on these substrates. We start with a time

series to understand what kind of surface features favour the initiation of the thin films. The

Co, Zn and Mn beam equivalent pressures were set to 2×10−7, 4×10−8 and 4×10−7 mTorr

respectively. These BEP values were chosen by taking into account the growth rate calibration

of the individual elements. The substrate temperature was set to T = 180◦C. These conditions

led to the average composition ratio 37:40:23 (Co:Zn:Mn) for 60 min deposition as determined

by STEM-EDS. In the following we refer to this sample as Co8Zn8Mn4 i.e. its closest nominal

composition. Figure 5.3a-f shows the top and side view SEM micrographs for growth process

ranging from 5 min to 3 h. The 5 minute long deposition provided island growth, mostly on

the wrinkles and grain boundaries of graphene. At this stage the islands exhibited a height

around 15 ± 15 nm (vertical size) and an average diameter of 31 ± 9 nm (lateral size). We

distinguish three different regions: merged film, columnar growth and islands denoted as 4,

? and ×, respectively, which we attribute to the different graphene morphologies (Fig. 5.3a).
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Chapter 5. CoZnMn thin film growth and characterization

Different morphologies were also observed for Au on different graphene surfaces [151, 152].

After a 15 minute long growth the vertical size of the islands increased to 35 ± 14 nm and

the lateral growth to 53 ± 8 nm indicating that the lateral growth is faster than vertical. After

a 1 h long deposition we observed almost full coverage with coalescence of regions 4 (Fig.

5.3d). Figure 5.3e, f show 2 h and 3 h long deposition processes where the film thickness

increased from 163 ± 17 to 300 ± 12 nm. The evolution of the thickness and island lateral size

is summarized in Fig. 5.3m. The film thickness increased linearly as function of deposition

time with a growth rate of 98 ± 3 nm/h. For deposition periods smaller than 1 h the lateral

growth was faster than vertical one. For a 1 h long deposition process almost full coverage of

the graphene was achieved. For a deposition beyond 1 hour the grains merged and the film

grew vertically. From the literature we know that Mn[107] and Co[106] have the tendency to

follow the Volmer-Weber growth, consistent with the islands observed here. We find that the

island density increases with the coverage before merging into a thin film[153, 154].

The average composition of these films as function of time was determined through SEM-EDS

and is shown in Fig. 5.3n. We find the cobalt and manganese concentration is highest during

the initial stage of the thin film formation. The zinc concentration takes its maximum value of

40 % after 1 h of deposition, when full coverage is achieved. The zinc concentration decreases

to 10 % as the deposition time reaches 3 h. These results suggest that the adsorption rates

of Co, Zn and Mn atoms depend also on the surface area change comprising the effect of

coverage and film roughness for a given substrate temperature.

In the following we discuss the effect of substrate temperature on the growth morphology.

Top and side view micrographs of samples after a deposition period of 2 h are shown in Fig.

5.3g-l. From left to right T varied from 180 to 270◦C. The Co, Mn and Zn partial pressures were

set to 3×10−8, 8×10−9 and 4×10−7 mTorr, respectively. The vertical (thickness) and lateral

sizes of grains are summarized in Fig. 5.3o. The films deposited at 180 and 200◦C show very

similar morphology and an average thickness of 183 ± 3 nm with full coverage (Fig. 5.3g, h).

The coverage, the grain size drastically change as we increase T beyond 200◦C (Fig. 5.3i): the

vertical grain size decreases to about 60 ± 2 nm and remains at this value for 225, 250 and

270◦C (Fig. 5.3j-l). The coverage and grain shape stay also the same for temperatures above

215◦C. Figure 5.3p reports the average composition as a function of temperature. The average

composition remains at a ratio Co:Zn:Mn = 39:51:10 at 180 and 200◦C. For higher temperature

we observe a strong reduction in zinc concentration and an increase in Co. We attribute this

to the desorption of Zn, which depends much more on temperature than Co [102].

We studied the composition variations within the thin films with STEM-EDS in that we ex-

plored thin lamellae prepared by FIB. Figure 5.4a shows the high-angle annular dark-field

(HAADF) images and the composition maps measured for sample Co8Zn8Mn4 grown at

T = 180◦C for 1 h (compare Fig. 5.3d). The images show a merged film (left) and islands (right).

Both were acquired on the same sample. HAADF images indicate a heterogeneity from bottom

to top. The initial stages of growth (bottom parts) are rich in Co and Mn. The Zn incorporation

increases for a thickness larger than 35 nm. These observations are consistent for a merged
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5.1. Pub. I: vdW epiatxy of Co10−x Zn10−y Mnx+y thin films

Figure 5.3 – (a-f) Time series of CoZnMn film grown at manipulator temperature T = 180◦C.
SEM top and side view micrographs for (a) 5 min (b) 15 min, (c) 30 min, (d) 1 h, (e) 2 h and (f)
3 h. We observe three different regions due to the graphene quality depicted in (a): nucleation
on disattached graphene (4), on the BLG (?) and on the SLG (×). (g-l) Temperature series of
CoZnMn growth for 2 h. SEM top and side micrographs for substrate temperature (g) 180◦C,
(h) 200◦C, (i) 210◦C, (j) 225◦C, (k) 250◦C and (l) 270◦C. (m) The time evolution of film thickness
follows a linear trend, the lateral growth is faster for depositions shorter than 1 h. (n) The
average composition for Co (green rectangle), Zn (red circle) and Mn (blue triangle) as function
of growth time. Zn concentration first increases with film coverage, then it decreases as the
film roughness decreases by forming a merged film. (o) The temperature dependence of film
thickness exhibits an abrupt change for T > 200◦C when the thickness drops from 183 nm
to 60 nm. The lateral growth follows the same trend. (p) The average composition for Co
(green rectangle), Zn (red circle) and Mn (blue triangle) as function of substrate temperature.
The zinc concentration abruptly decreases for T above 200◦C attributed to an increased Zn
desorption for high temperature. Scale bars (a - f) top view 500 nm, side view 100 nm, (g - l)
top view 500 nm, side view 200 nm.

film and islands.

We attribute the variation in composition to the different adsorption and migration energies

for Co, Zn and Mn (Tab. 5.1). This is consistent with nucleation starting with Co and Mn due

to their high adsorption energy and low mobility. Zn concentration is expected to increase for

the following two cases: i) graphene is fully covered by Co or Mn and ii) rough surfaces, which
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Figure 5.4 – (a) STEM-EDS on a merged film (4) and on the islands (×) of Co8Zn8Mn4. Scale
bar 20 nm. (b) Three types of observed morphology: islands, columns and merged film. (c)
The illustration of processes observed during the time series: (i) adsorption and (ii) desorption,
(iii) surface diffusion leading to island nucleation (×) on SLG and (iv) GBs. The columns (?)
are observed on (v) BLG and GWs. The merged film (4) grows on DLG and (vi) graphene
vacancies.

effectively lowers the Zn surface mobility in a similar fashion to what has been observed before

[155]. We summarize our findings through the illustrations in Fig. 5.4b-c. In the time evolution

of the thin films we observe (Fig. 5.4b): i) islands, ii) columns and iii) merged films. Islands

are obtained in regions with sparse nucleation points and grow freely in lateral direction.

Columnar growth is found in regions with dense nucleation. Their lateral growth is limited,

leading to preferential vertical growth. A merged film results from the coalescence of islands

and columns. A schematic representation of the model is shown in Fig. 5.4c. Graphene is

indicated in grey on top of SiO2 (brown). The different defects of graphene are indicated by

labels: SLG, BLG and GB (compare Fig. 5.2). The following processes contribute to the thin

film formation: i) adsorption and ii) desorption, iii) surface diffusion and iv) - vi) nucleation.

Islands (×) nucleate on pristine SLG and GBs. The columns (?) are observed on BLG and GWs.

The merged film (4) grows on DLG and graphene vacancies2.

The microstructure and crystal phase of the Co8Zn8Mn4 sample were investigated by bright

field (BF) imaging and selected area electron diffraction (SAED) in TEM, and GIXRD. Figure

5.5a-f shows BF and SAED micrographs for the islands, columns and merged thin film regions.

Each region exhibited a different degree of crystallinity. Fig. 5.5a, b correspond to islands (×).

We do not observe any misfit dislocations on the BF micrographs which is consistent with

the vdW epitaxial growth (HRTEM image in Figure C.2 in Supporting Information). SAED

indicates the grains are composed of randomly oriented nanocrystals due to the observed ring

pattern. In Figure 5.5c, d the columns (?) exhibit a nanocrystalline pattern with a preferential

grain orientation. For the merged film (4) we see a single-crystalline hexagonal pattern (using

a small SA aperture to isolate a small region) in Fig. 5.5e, f. This leads to the conclusion that

the grain size increases as the islands merge into a film. We attribute this to the rearrange-

ment of atoms towards a more energetically stable state. The crystal phase was investigated

from electron diffractograms (Fig. 5.5b ,d, f) and GIXRD (Fig. 5.5g). We used the JEMS soft-

2Observation based on SEM and Raman spectroscopy comparison of sample before and after the film growth
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Figure 5.5 – TEM BF and corresponding SAED patterns of Co8Zn8Mn4. (a) columns (×) with
(b)the ring diffraction pattern corresponding to nanocrystallites. (c) Granular film and (d) the
diffraction pattern with preferential grain orientation around [2-56] zone axis. (e) Merged film
and (f) the spot diffraction pattern corresponding to a β-Mn single crystal at [256] zone axis.
Scale bars (a,c,e) 100 nm, (b,d,f) 5 nm−1. (g) X-Ray diffraction of Co10−x Zn10−y Mnx+y layers
with different stoichiometry showing the preferential crystalline orientation in the (221) direc-
tion, the broad peak at 57◦ corresponds to the stage. (h) Atomic distribution of atoms in the
221 plane as well as the matching with the graphene distribution.

ware for comparison of SAED patterns with β-Mn Co8Zn12. The obtained crystal phase is

in agreement with the β-Mn pattern for the [2-56] zone axis orientation. For more details

see Figure C.3 in Supporting Information. Figure 5.5g shows the comparison of the GIXRD

of Co10−x Zn10−y Mnx+y films of different stoichiometry. The main peak at 42.9◦ corresponds

to the β-Mn (221) direction. The broad peak at 57◦ is the signal from the stage. We sketch

the atomic distribution of atoms in the [221] plane in Fig. 5.5h on top. The bottom sketch

represents the orientation of the three β-Mn atoms of [221] plane with respect to the graphene

lattice. The preferential orientation of the grains and the crystallographic relation with the

graphene underneath reveals the van der Waals epitaxy nature of the thin film formation.

Magnetic characterization

In the this section, we discuss static and dynamic magnetic properties of samples with nominal

compositions Co10Zn10, Co9Zn9Mn2, Co8Zn9Mn3, Co8Zn8Mn4 and Co7Zn7Mn6 acquired with

SQUID, ACMS and BLS. These samples were grown at a substrate temperature of 180◦C for

2 h as described in the previous section. In Table 5.2 the targeted nominal composition

and expected critical temperatures are summarized in the two left columns. The film thick-

nesses ranged from 34 to 123 nm (third column). In the right column we report the average

composition ratio measured by STEM-EDS.

Magnetic hysteresis curves M(H ) were measured via SQUID. We extracted saturation magneti-

zation values Msat at T = 5 K and T = 300 K for the five samples as shown in Fig. 5.6a. From left

to right the Mn content increases. The average saturation magnetization Msat was extracted

from the second and fourth quadrant of the hysteresis curves at +500 and −500 mT. The
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Material TC,expected Thickness Average composition
(K) (nm) Co:Zn:Mn

Co10Zn10 470 34 ± 2 10 : 10 : 0
Co9Zn9Mn2 415 123 ± 6 8.8 : 8.6 : 2.6
Co8Zn9Mn3 340 123 ± 3 8.4 : 8.8 : 2.8
Co8Zn8Mn4 300 97 ± 4 7.4 : 8 : 4.6
Co7Zn7Mn6 210 90 ± 4 7.4 : 7.2 : 5.4

Table 5.2 – Co10−x Zn10−y Mnx+y thin films grown on graphene at T = 180◦C for 2 h targeting
at optimized composition ratios. The thicknesses were measured on lamellae by TEM. The
average composition was measured by STEM-EDS.

experimental data are compared with the literature data for bulk Co-Zn-Mn samples [45, 68]

with the compositions corresponding to the targeted values. Msat values for T = 5 K and 300 K

follow a non-monotonous trend as a function of Mn concentration. Our thin-film Msat values

are consistent with literature values of bulk materials for large Mn content in Co7Zn7Mn6.

Msat values of thin films are three times smaller than bulk values for stoichiometries with small

x, y values.

Figure 5.6b shows the coercive fields µ0Hc extracted from hysteresis curves of the same

samples. Co10Zn10, Co8Zn8Mn4 and Co7Zn7Mn6 exhibit µ0Hc values of up to 80±2 mT at

T = 5 K, while Co9Zn9Mn2 and Co8Zn9Mn3 exhibit values of 24±2 mT. The comparison with

the literature data for bulk Co-Zn-Mn samples [45] shows that thin-film and bulk data have a

common trend: the coercive field is overall higher for large Mn content.

The temperature dependent susceptibilityχ(T ) was successfully acquired by VSM for Co9Zn9Mn2,

Co8Zn8Mn4 and Co7Zn7Mn6. Their field cooling (FC) molar susceptibilities χDC at an external

field of 5 mT are displayed in Fig. 5.6c. We observe that, depending on the Mn content, the DC

susceptibilities first increase with temperature slightly and then decrease. Such temperature

dependencies are in qualitative agreement with magnetization measurements reported for

bulk samples with different Mn contents [12, 45, 58]. In Refs. [57, 67, 69, 131, 156] the low-

temperature variation of the susceptibility was argued to indicate the existence of a spin-glass

state. The variations in Fig. 5.6c could hint also at the occurrence of an antiferromagnetic

phase in the samples at low temperatures. The three samples show a smeared phase transition

in Fig. 5.6c at high temperatures which might be explained by the two-sublattice model. It has

been argued by Bocarsly et al. [45] that cobalt develops a small ferromagnetic moment on 8c

sites in the unit cell, and single Mn atoms exhibit large and dynamically distorted moments

on 12d sites which fluctuate below Tc. Consistent with the two-sublattice model we observe

that the transition becomes more and more smeared the larger the Mn content.

The molar AC susceptibilities χAC were measured by ACMS in the temperature range 5 - 350 K

during field cooling with a DC field of 20 mT. Here we report on sample Co8Zn8Mn4 providing

us with a sufficient signal to noise ratio. The real and imaginary part of the susceptibility Re

χAC and Im χAC are displayed in Fig. 5.6d. In Im χAC we observe a peak near 30 K consistent
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Figure 5.6 – (a) Saturation magnetization Msat as a function of CoZnMn composition for in-
plane fields at 5 K (blue) and 300 K (red) extracted as the average value from the magnetization
values taken at +500 and −500 mT. At 300 K a diamagnetic contribution was subtracted from
the hysteresis curves. The inset contains the literature data at 2 K [45], 10 K [68] and 300 K
[45]. (b) Coercive field µ0Hc as a function of composition at T = 5 K given as the average
value of the coercive fields extracted from the second and fourth quadrant of the hysteresis
loop. Comparison with the literature data for bulk samples (blue cross) suggests in general
higher coercive values for thin films with the exception of Co7Zn7Mn6. (c) Temperature
dependent magnetization measurement during the FC at 5 mT in-plane field. Comparison
for Co9Zn9Mn2 (yellow), Co8Zn8Mn4 (blue) and Co7Zn7Mn6 (green). (d) AC susceptibility of
Co8Zn8Mn4 during the FC with a DC field of 20 mT. (e) BLS spectrum of the thermal magnon
acquired at T = 300 K in the varying in-plane field from 20 to 250 mT in Co8Zn8Mn4. (f ) Refined
measurement at 90 mT and deconvolution of the peak into three possible modes. (g) BLS
spectra attributed to columns (yellow), granular (blue) and merged (red) film of Co8Zn8Mn4.
They were measured at RT and 90 mT after performing detailed AFM measurements (see
Figure C.5 in Supporting Information). The spectra are plotted with an offset. The greyed areas
correspond to peaks due to elastically scattered laser light.

with the previous reports about the spin-glass state at the lowest temperature. Also the real

part varies near 30 K. In contrast to the bulk crystals [69], ReχAC does not take a local minimum

at the lowest temperature but a maximum. We note that the local minimum in Re χAC reported

for bulk materials depended critically on the applied field value. The open question that will be

evaluated in further studies is if these materials behave distinctly as thin films compared to the

bulk form. In Re χAC a further small feature indicates a transition at 300 K. This temperature

agrees with the transition temperature to the skyrmion phase expected from the bulk material

(Tab. 5.2). In Im χAC we were not able to resolve a specific signature.

We performed BLS spectroscopy on samples Co8Zn8Mn4, Co7Zn7Mn6 and Co10Zn10. With

a focused laser we explored the magnetization dynamics at different positions on the thin

films. We report on the Co8Zn8Mn4 sample which exhibited the spin-wave spectra plotted

in Fig. 5.6e-g. Here we explore the thermally excited spin waves. In Fig. 5.6e we observe a

broad peak shifting from about 3 GHz at low magnetic field to 11 GHz at 250 mT. The intensity
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(linewidth) of the main peak decreases (increases) with increasing field suggestive of appre-

ciable Gilbert damping [73]. To determine the possible spatial variation of the properties, we

have taken successive spectra along two neighboring line of 500 nm length (see Figure C.4

in Supporting Information). Depending on the exact position the broad peak indicated two

nearby resonances, whose relative intensities varied along the scan. A spectrum taken at 90

mT with a large signal-to-noise ratio is depicted in Fig. 5.6f. The data could be fitted with

three bands at 4.1, 5.9, and 7.0 GHz of different intensity. The fit is displayed by the green

solid line. Three resonances would be consistent with a skyrmion lattice supporting one

breathing and two gyroscopic modes [80]. To further investigate the role of the microstructure

for the spectra, we performed BLS in areas with different morphology. Columns, granular and

merged morphologies were first identified by AFM maps. BLS measurements were then subse-

quently performed in the selected regions (Figure C.5 in Supporting Information) such that

individual spectra were attributed to these three different morphologies. The corresponding

measurements are shown in Fig. 5.6g. BLS spectra of columns, granular and merged films

are plotted respectively in yellow, blue and red. All three regions show a prominent peak of

thermally excited spin waves at almost the same frequency (7.3±0.2 GHz). This observation

suggests that the regions exhibited similar values of saturation magnetization and internal

field [73]. Spectra attributed to the granular film region (bottom curve) show a linewidth of

the main peak of 2.2±0.1 GHz compared to 3.1±0.3 GHz for the two other morphologies.

Further temperature dependent BLS measurements would be needed to explore the spin-wave

resonances across the full magnetic phase diagram and develop a microscopic understanding

of the morphology-dependent inhomogeneous broadening. Such experiments are beyond

the scope of this paper reporting on vdW growth of CoZnMn alloys on graphene on SiO2/Si

substrates.

5.1.4 Conclusions

In summary, we demonstrated vdWE of the MBE grown metallic Co10−x Zn10−y Mnx+y thin

films on graphene on oxidized silicon. We studied growth conditions as function of substrate

temperature and growth rate to control the morphology, crystal phase and stoichiometry. SEM

time series shows the evolution of the morphology from islands to columns and merged films

associated with the graphene quality. The substrate temperature series suggests that more

pronounced facets of crystals occurs for lower T as 180◦C. The cross-sectional TEM and SAED

confirms the material crystallinity and further shows the structural quality improvement as

islands evolve into columns and merged films. High-quality vdWE growth is proved from TEM

on Co8Zn8Mn4 since no misfit dislocations were observed. EDS suggests strong composition

dependence on the substrate coverage attributed to relatively low Zn adsorption coefficient

with respect to Mn and Co. Magnetic properties measured using SQUID give a quantitative

comparison between thin film and the bulk for different stoichiometry 0 ≤ x, y ≤ 3. ACMS and

BLS results suggest a phase transition at room temperature in Co8Zn8Mn4. Combined together,

these results open the door towards growth of fully relaxed and high-quality Co-Zn-Mn thin

films on any substrate, and provide a promising path for skyrmionic device integration.
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5.2. Brillouin light spectroscopy on spin waves in Co8Zn8Mn4 films and lamellae

5.2 Brillouin light spectroscopy on spin waves in Co8Zn8Mn4 films

and lamellae

In this section, we investigate the spin dynamics in films and lamellae of Co8Zn8Mn4 using

BLS. First, we report on the lamella sample measured at RT in an IP magnetic field. Then we

present data obtained in thin films and compare spin-wave responses for the film, lamella

and bulk sample. We provide a comparison in terms of resonance frequency and damping

coefficient. In the second part, we focus on temperature and field dependent measurements

of the film. The RT SW spectroscopy measurements with an IP applied field were reported

in section 5.1. Here, we present the SW resonance dependence with an OOP field at various

temperatures.

5.2.1 Spectroscopy on a Co8Zn8Mn4 lamella in an IP field

We begin with thermal magnon measurements at room temperature. The 250±50 nm thick

lamella was prepared from a bulk crystal and transferred on a CPW (device fabrication given

in Appendix A). The bulk crystal was grown by the Bridgman method by Dr. D. Prabhakaran at

Clarendon Laboratory, University of Oxford. The preliminary characterization [157] by Laue

diffractometry showed the single crystalline character of the sample and the VSM magnetom-

etry gave the transition temperature of TC ≈ 299 K. Spin dynamics measurements on the bulk

crystal were performed at RT (295 K) in an IP and OOP configuration using vector network

analyzer (VNA) and in an IP configuration along the 〈110〉 crystallographic axis using BLS by

Dr. J. R. Soh. The VNA data taken between +30 and -30 mT revealed one resonance above 15

mT, three resonances between 4 – 14 mT and two resonances below 4 mT in the frequency

region 0.8 – 3 GHz. These field values are in agreement with the AC susceptibility values

suggesting the conical, skyrmion and helical state, respectively. The BLS data uncovered one

resonance peak in the 2 – 12 GHz for magnetic field from +300 to -300 mT, discussed later in

subsection 5.2.2.

For the lamella measurements, we applied the IP field along the CPW or under 45° with respect

to the lamella easy axis3. We first saturated the sample at 322 mT and then measured down

to 5.5 mT. We studied the spectral range from 1.5 to 16.5 GHz. To enhance the frequency

resolution we composed the spectra of 3 parts given the wide spectral range and need of

specific spectrometer settings discussed in chapter 4.

The SW spectra obtained in the spectral range 3 – 16 GHz are displayed in Figure 5.7a. The

spectra were measured with the IP fields between 322 and 171 mT. At the largest field of 322

mT we observe a resonance peak at a frequency fr of 12.09±0.01 GHz with a linewidth δ f of

2.10±0.04 GHz (FWHM). There are 2 narrow peaks at 9.5 and 5.7 GHz with lower intensity

3This configuration was selected due to the tentative microwave excited SW measurements with the CPW. This
configuration creates a torque in such manner that would allow to measure all 3 skyrmion modes (breathing, CW,
CCW) in one magnetic field configuration.
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Figure 5.7 – RT BLS data measured on the Co8Zn8Mn4 lamella in 3 spectral and magnetic field
regimes a) 322-171 mT and 3-16 GHz, b) 184-39 mT and 2-10 GHz, c) 39-5.5 mT and 1.5-4.5
GHz.

which we attribute to the laser4. As we decrease the field, the resonance frequency of fr moves

to lower frequencies and the linewidth ∆ f decreases. At the lower side of the field range, at

171 mT we obtain a resonance frequency of 7.09±0.01 GHz and a linewidth of 1.31±0.02 GHz.

We continue with the spectral region 2 – 10 GHz shown in Figure 5.7b. The field was applied

from 184 mT down to 39 mT. First we repeat the measurement at 184 mT. The data show

a resonance peak at 7.58± 0.02 GHz at 184 mT with a linewidth of 1.48± 0.08 GHz. This

resonance frequency is in agreement with the resonance frequency obtained at 7.499±0.007

GHz and 1.28±0.02 with different BLS and magnet settings from Figure 5.7a. The broader

linewidth in Figure 5.7b is attributed to the lowered signal-to-noise ratio at low spectral range.

Then we carried on the measurement at 70 mT leading to a resonance shift down to 3.8±0.2

GHz and a linewidth of 1.12±0.05 GHz. The same trend of decreasing resonance frequency

continued until the minimal field of 39 mT was applied. We measured fr = 2.25±0.4 GHz and

∆ f = 1.59±0.06 GHz.

The last part of the spectral range from 1.5 to 4.5 GHz is shown in Figure 5.7c. Here we applied

fields from 39 to 5.5 mT. The spectrum at 39 mT led to fr = 2.36±0.09 GHz and∆ f = 1.13±0.06

GHz which was slightly above fr and below ∆ f measured in the configuration of Figure 5.7b.

Down to 28 mT we were able to resolve the full peak and measured fr = 1.91± 0.01 GHz

and ∆ f = 1.38±0.06 GHz. Below this field value the peak continues moving towards lower

frequencies. However, the fitting of the resonance peak is not precise, and the values below 28

mT are not taken into account for further analysis.

In all 3 spectral ranges we observed one peak which resonance frequency decreased with

decreasing field. The linewidth followed the same trend. All the values for the fr and ∆ f are

plotted in Figure 5.8a and b, respectively. The reported values are obtained by multi-Lorentzian

fitting of spectra from Figure 5.7, the errors come from the fit. The resonance frequency

dependence on the field plotted in Figure 5.8a was fitted with the Kittel formula for a thin plate

4Further we will see that their positions do not depend on the field. They were also observed in other experi-
ments.
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Figure 5.8 – Thermal magnon resonance frequencies (a) and linewidth (b) measured for the
Co8Zn8Mn4 lamella.

(Equation 2.17) accounting for the shape anisotropy and using the demagnetization factors

Nx = 0.016, Ny = 0.032, Nz = 0.953. Due to the presence of magneto-crystalline anisotropy

shown in [57] and discussed in chapter 2, the g -factor of a free electron γe does not represent

a good approximation. Since values of the gyromagnetic ratio for Co10−x Zn10−y Mnx+y have

not been reported in the literature, we decided to fit the γ parameter. We used only the field

region of 150−322 mT for fitting due to the anisotropy dominated low-field region which does

not follow Equation 2.17. The regression yields to the effective magnetization of the lamella

µ0Meff,lam = 132±10 mT and a gyromagnetic ratio of γlam = 31.8±0.4 GHz/T. The obtained

gyromagnetic ratio corresponds to the g -factor 2.27. This is comparable with pure Co which

exhibits g = 2.21 [30]. Its relatively high value is also expected for a material with a strong

spin-orbit coupling [158].

The damping parameter was extracted from the linewidth dependence on the resonance

frequency shown in Figure 5.8b using the Equation 2.21. We obtained the value αlam =
0.063±0.008. This value is the same order of magnitude as observed in CoZnMn bulk (from 0.04

to 0.05) [159], in Co film (0.011) [160] or in Co2MnSi (0.025) [161]. The low-field region below 39

mT showed resonance peaks overlapping with the elastic scattering side peak (deconvoluted

from Figure 5.7b and c). The linewidth could not be properly extracted and was not used in

this regression.

5.2.2 Comparison between film, lamella and bulk Co8Zn8Mn4

Now we continue with the comparison of the thermal SW spectra obtained by RT BLS with IP

field. We are interested in differences and similarities in the damping parameter and effective

magnetization in three sample morphologies: film, lamella prepared from bulk and the bulk

crystal.

The film was grown by the MBE method on graphene/SiO2/Si. In section 5.1, we discovered

and discussed one broad resonance band moving from 4 to 12 GHz with a field increasing

from 20 to 250 mT. We revealed up to 3 SW modes in the in-plane applied field at 90 mT.

Color-coded spectra for this film are displayed in Figure 5.9a and show the broad resonance
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moving towards larger fr with increasing field H . The hysteresis loops at 300, 150 and 5 K

measured with SQUID are displayed in Figure 5.9c. At 300 K, we measure the value 48±11

mT and at 5 K 269±11 mT. The saturation magnetization of bulk Co8Zn8Mn4 reported in the

literature at 2 K is between 12.5 and 12.7 µB /f.u. [57], while the film values measured here

exhibit 5.3±0.2 µB /f.u 5 (section 5.1). The literature suggests almost 2.4× higher value of Msat.

We attribute lower saturation magnetization in film to higher magnetic disorder due to the

inhomogeneous Mn atoms distribution.

We compare the saturation magnetization values extracted from the hysteresis loops with

the FC curve measured at the external field of 100 mT in Figure 5.9d. The data are fitted with

(Tc −T )β following the Landau theory [162] from which we obtain the Tc = 305±3 K6.

In the previous section we measured the lamella sample and we obtained a narrow resonance

peak moving from 2 to 12 GHz in the increasing magnetic field from 5 to 322 mT as shown by

color-coded spectra in Figure 5.9b. This lamella was prepared by FIB from a bulk crystal. The

bulk crystal was measured from +300 to -300 mT in the IP field configuration with BLS by Dr. J.

R. Soh (not shown).

The extracted resonance frequencies as a function of field for all three samples are compared

in Figure 5.9e. We observe a similar behaviour in fr (µ0H) for lamella and bulk sample, while

the resonance frequencies of the film are found at higher values. The laser penetration depth

in a metal is on the order of 10 nanometers, meaning SWs measured in bulk and lamella should

behave similarly. We fit these dependencies with Equation 2.17 and compare the extracted

effective magnetization values. We set a demagnetization factor Nz = 1 for the film and for

the lamella and bulk we use the previously stated values accounting for their specific shape

anisotropy. We also need to take into account an anisotropy field Ha in case of the film sample

which is seen from the non-zero fr at zero field (Equation 2.20). The gyromagnetic ratio was

set to the one obtained from the lamella γeff,lam = 31.8±0.4 GHz/T and the film saturation

magnetization to 48 mT as obtained from SQUID. We discover the anisotropy field value for the

film to be µ0Ha,film = 93±2 mT = 18 kerg/cm3. This value is in agreement with literature (3-55

kerg/cm3 [159]). For the effective magnetization of the lamella we obtained in subsection 5.2.1

µ0Meff,lam = 132±10 mT. The bulk crystal provides µ0Meff,bulk = 154±26 mT. The film value is

3 times smaller than the values obtained for the bulk and lamella at RT. Similar to the lamella,

this is due to the anisotropy dominating at low applied field.

We continue with the investigation of the damping. The film exhibits significantly larger

linewidth than the lamella. The damping coefficient for the lamella was extracted in the

previous section. The value is αlam = 0.063±0.008. The linewidth dependence on the reso-

nance frequency for the film is displayed in Figure 5.9f. We repeat the same analysis for values

measured above Ha,film
7 and obtain αfilm = 0.13±0.06. The film exhibits roughly a 2× larger

5The literature value expressed in µB /f.u. cannot be directly transformed into mT without exact sample volume.
6This field was enough to fully saturate the sample at 300 and 150 K, but not at 5 K. The data points below 70 K

when the Msat flattens are not taken into account in fit.
7Above µ0Ha,film = 93 mT, the Gilbert damping model is not appropriate due to a different (non-aligned)
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Figure 5.9 – Comparison of thermal magnon spectrum at RT for Co8Zn8Mn4 a) film and b)
thinned lamella. c) Hysteresis curves of the film measured via SQUID at 300, 150 and 5 K. d)
Saturation magnetization versus temperature for the film measured by SQUID during FC at
100 mT. The values extracted from the hysteresis from c) are shown. The fit of the FC curve
gives Tc = 305±3 K. e) Comparison of resonance frequencies for film, lamella and bulk crystal
and the fit with Kittel formula for γ= 31.8 GHz/T. f) Damping parameter fitting for the film.

value α. We attribute it to the different film morphology compared to lamella and bulk (see

section 5.1 for the discussion on the damping).

5.2.3 Cryogenic SW spectroscopy on Co8Zn8Mn4 film with OOP field

In this section we discuss the field and temperature dependencies of resonance frequencies

in the Co8Zn8Mn4 film. We were acquiring the Stokes signal (negative frequencies). The

temperature and field history we applied are the following. We started the measurements

at 293 K where we performed the field measurements from -31 to 572 mT. Then we focused

on measurements below this temperature (and TC ). We cooled down to 285, 280, 250 K

and repeated the magnetic field protocol at each temperature. After this we focused on

measurements above 293 K. We carried out the same magnetic field protocol at 300, 305, 320,

350, 370 and 390 K. Lastly SW spectra at 10 K were acquired.

Figure 5.10 displays the SW spectra measured with different OOP field at 293 K (a), 250 K (b)

and 370 K (c). The spectra at 293 K (Figure 5.10a) exhibit one broad resonance at approximately

-3 GHz at small field. There is a dependence of the resonance position fr on the field. The

peak is well defined in the field region from -31 to +138 mT. We observe a shift towards larger

frequencies from 2.8 to 3.5 GHz as the field passes from -31 through 10 to 112 mT. A further

regime.
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increase of the field to 138 mT leads to smaller fr = 3.2 GHz. The linewidth in this region

is between 2.7 to 3.1 GHz. Above 138 mT, the linewidth increases to 6 GHz and its signal

strength decreases. The resonance vanishes above 323 mT. A similar behavior is observed

below room temperature down to 250 K. The spectra taken at -31, 10 and 112 mT at 250 K

are shown in Figure 5.10b. We observe a resonance at 2.65 GHz at -31 mT shifting to a higher

value of 3.46 GHz with increasing field to 112 mT. Above room temperature the trend stays

the same until 370 K. Figure 5.10c depicts spectra obtained at 370 K from -31 to 112 mT. The

spectrum at -31 mT contains a band where two peaks at 3.8 and 3.0 GHz can be recognized.

The successive measurements at 10 mT and 112 mT do not exhibit any splitting of the band.

The resonance frequency increases with increasing field from 3.4 GHz (10 mT) to 3.7 GHz (112

mT). This interesting behaviour where the resonance occurs far above the extracted Tc of 305

K was already observed in other chiral magnets [163–165]. The authors reported on a non-

zero signal above Tc in MnSi, Mn1−x Fex Si and Mn1−x Cox Si corresponding to conventional

(ferromagnetic) paramagnons using SANS and spherical neutron polarimetry (SNP). They

argued the signal is detectable only on a time scale between 10−10 to 10−11 s and therefore

measurable only by dynamical techniques. The signals at 5.8 and below 2 GHz correspond to

a laser higher harmonic and the side peak of the elastically scattered light, respectively.

Figure 5.10 – Cryogenic measurements on Co8Zn8Mn4 with OOP field. a) SW spectra acquired
at 293 K(a), 250 K(b) and 370 K (c) at fields ranging from -31 to 572 mT.

We first look closer into the field dependence of the resonance frequency fr (µ0H) shown in

Figure 5.11a. We plot the extracted fr at -31, 10, 112, (138), 165 and 257 mT. Colours represent

temperatures ranging from 250 to 390 K. We observe the global tendency: the increase of fr

with increasing field at all temperatures. fr varies by 2 GHz through the 260 mT wide field

region. We compare the data above saturation field (48 mT from previous section) with the

Kittel formula using Equation 2.19 and uncover that the fit does not overlap with the measured

data (not shown). This suggests that between -31 and 194 mT the magnetization is not parallel

with the external field. We were not able to follow the resonance above 194 mT and validate

the Kittel formula in the larger field regime.
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Figure 5.11 – a) Resonance frequency dependence on the OOP field plotted for the tempera-
tures between 250 and 390 K. b) The linewidth dependence on the resonance the data obtained
at 250, 285, 290, 293, 370 and 390 K.

The resonance linewidth ∆ f dependence on resonance frequency fr for various temperatures

is displayed in Figure 5.11b. We observe larger ∆ f for larger fr for fr > 3 GHz. The damping

parameter was not extracted due to the small frequency regime.

Next, we investigate the temperature dependence of the resonance frequency at three fields.

Figure 5.12a-c corresponds to the SW spectra at -31, 10 and 112 mT, respectively. These curves

correspond to the same measurements described above but gathered together as function of

temperature. We compare fr (T ) from 250 to 390 K. We analysed the position and linewidth of

the resonance peak fitting the Lorentzian functions. The corresponding fr (T ) are extracted

in graphs Figure 5.12d-f) for -31, 10 and 112 mT, respectively. The linear regression at these

field values suggests the same trend: the increase of the resonance frequency with increasing

temperature. This trend is more pronounced in case of lower fields at 10 mT (Figure 5.12e)

and -31 mT (Figure 5.12d). For 112 mT in Figure 5.12f it is equal to zero within error bars.

This would be in contradiction with the expected decrease of fr with the temperature due to

decreasing Ms(T ). Considering our argument about the anisotropy-dominated regime in this

field range near RT, fr (T ) is expected to have a complex behaviour.

We further analysed the resonance linewidth dependence on the temperature. The data for

-31, 10 and 112 mT are plotted in Figure 5.12g-l, respectively. The extracted linewidth values

are in the range from 2 to 5 GHz. No trend with respect to the temperature is observed.

5.2.4 Conclusions

We measured the field and temperature dependent spin dynamics in Co8Zn8Mn4 by means of

BLS. We found one SW resonance at RT in the lamella with the IP field attributed to the FMR

in the field polarized state. The resonance frequency dependence on the field is in agreement

with the Kittel formula. We extract the damping for the lamella to be αlam = 0.063±0.008.

The higher damping measured in the film , αfilm = 0.133±0.060, is attributed to the different
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Figure 5.12 – a-c) Temperature dependent SW spectra at -31, 10 and 112 mT, respectively. d-f)
Temperature dependence of the resonance frequency for -31, 10 and 112 mT, respectively. g-i)
Linewidth versus temperature for -31, 10 and 112 mT, respectively.

film morphology. We obtain the saturation magnetization of the film to be µ0Ms,film = 48±11

from the SQUID hysteresis. The effective magnetization values for lamella and bulk are

determined to be µ0Meff,lam = 132 ± 10 and µ0Meff,bulk = 154 ± 26 mT. We argue that the

lower saturation magnetization in the film originates from a higher magnetic disorder due

to the inhomogeneous Mn atoms distribution. The film anisotropy field was evaluated to be

µ0Ha,film = 93±2 mT. In the last part of this chapter, we investigated the field and temperature

dependence of SWs in the film. We observed a broad resonance in a narrow frequency regime

around 3 GHz moving with the OOP from −31 to 257 mT field. The band splits into two peaks

at −31 mT and 370 K which is above the extracted TC of 305 K. The resonance frequency

exhibits an increasing trend with increasing temperature in this regime which needs further

investigation.
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6 FeGe thin film crystallization and
characterization

6.1 Temperature simulation of FeGe thin films upon flash anneal-

ing cycles

In this section we provide details on how we simulated the temperature evolution in FeGe film

on various substrates for FLA method using COMSOL Multiphysics software.

6.1.1 Motivation

For a metallic thin film, only a small amount of radiative energy can be absorbed given

its high reflectivity1. The maximum temperature that can be reached by FLA depends on

the absorption coefficient of the materials, their thickness as well as the heat capacity and

thermal conductance of the thin film and substrate. FLA on metallic thin films is often a low

temperature process well below 1000◦C. The colder back of the substrate acts as a heating sink

for the flash-heated film surface. This results in the sample not being heated uniformly. The

temperature profile needs to be thus studied by simulating the heat transfer.

The objective of this study was to determine the parameter space, specifically the energy den-

sity, the pulse time and the pre-heating temperature, to crystallize the cubic B20 FeGe phase.

The work involved mathematical modelling of the temperature evolution in Fe/Ge/substrate

multilayer. The modelling contains 2 parts. First, the radiative heat transfer to the multilayer

was studied using the transfer matrix method for the optical calculation with a code written

by us in python (following Byrnes [166]). Second, simulation on the thermal conduction and

further heat radiation was performed with the COMSOL Heat Transfer module.

6.1.2 Model

To simplify the calculation in our model, we assumed the following:

1The penetration depth of the flash spectrum is below 100 nm [136].
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1. The Xe flash lamp spectrum f (E , t ) is normalized and constant with time. This reduces

the integration to be done only with respect to time.

2. The material is described by refractive indices ñ = n + i k which are independent on

the temperature. This helps us to decouple the optics (python) from the heat transfer

calculation (COMSOL).

3. The angle dependence of the incoming light is ignored, and the system is laterally

homogeneous. Therefore the 1D approximation can be applied.

4. The absorption depth is larger than the substrate thickness, and flash lamp input can be

replaced by a sample surface heat source.

5. The phase transitions are not taken into account.

Following the assumption number 2, we decouple the heat equation from the light absorp-

tion/reflection process. This allows us to calculate the absorption profile in advance. We

wrote a python code using the transfer matrix method (TMM) to calculate the absorption

profile. The description of the used TMM method and the python package we used is in

Ref. [166]. In the code, we define the sample geometry of the system such as the sequence

of materials and the corresponding thicknesses. We specify the mesh for each layer. With

these input parameters we compute the absorbed power in different layers. Next we define a

pulse shape with the characteristic power spectrum for the given energy pulse and integrate it

with the absorbed power spectra a(E , t ,r) in order to obtain the normalised absorbed power

spectrum as function of depth. This provides us a source term Si (t ,r) describing the input

of energy to the system in form of a volumetric power density. The outputs are plotted in

graphs of Figure 6.1. Figure 6.1a shows the absorption profile as function of wavelength for

Fe/Ge/SiO2/Si/gap/dummy (Siinf stands for the dummy, vac for the vacuum representing the

power reflected at the interface). Figure 6.1b displays the absorbed power as function of depth

used as the heat source for COMSOL simulation.

Figure 6.1 – TMM calculation results for a) the absorbed power as function of wavelength for
Fe/Ge/SiO2/Si/gap/dummy and b) absorbed power as function of depth used as the heat
source for COMSOL simulation.
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The heat equation is written in a general form as

∂

∂t
(ρCp T ) =∇(κT ∇T )+Si −S0 (6.1)

where ρ is the mass density, Cp is the heat capacity, κT is the thermal conductivity and S0 is the

outflow of energy by dissipative processes, specifically convective heat transfer and thermal

radiation. Then we use the absorption profile generated for different sample geometries in 1D

approximation to simulate the temperature profiles via COMSOL Heat module. The globally

defined parameters are the thicknesses of all layers ti where i = Fe, Ge, SiO2, substrate, dummy,

the ambient temperature T0 and ambient pressure p0. We use the correction terms Rs and

Rc to take into account the reflectivity of the annealing chamber and of the dummy. The

pulse is defined as RLC pulse χ(t ) normalized for the given energy density ED per time pulse

tpul. We described the material with a temperature constant refractive indices n(T ) and k(T ),

temperature dependant isotropic thermal conductivity κiso(T ) and temperature dependant

isotropic heat capacity Cp,iso(T ). The values for Si, Ge, diamond and sapphire are listed in

Table 6.1. We select the maximal mesh size of 4 µm with the resolution 1 of the narrow regions

and with the maximum growth rate of 1.1. We use the heat transfer in solids module where we

apply a thermal insulation from the bottom of a dummy, the surface-to-ambient radiation

and downside convective heat transport for the top interface of the layer and the environment,

we load the heat source as previously defined pulse multiplied by pulse shape χ(t) and the

energy density ED

P = a(z)χ(t )ED (6.2)

6.1.3 Explored parameters

We performed simulations for different sample geometries to understand the effect of the FLA

annealing on the temperature profile and temporal evolution. We explored various substrates,

different Fe-Ge layer thicknesses and the influence of the capping layer. With regards to

FLA settings, we compared pulse shapes, pulse lengths, energy densities and pre-heating

temperatures. The FLA parameters were based on the capabilities of the Rovak Semi-line FLA

system at Lund University.

The substrate material determines how long the flash thermal energy is ‘kept’ in the film.

Graphene/SiO2(x)/Si(y), SiO2(x)/Si(y), pure Si, Ge, sapphire and diamond substrates and

capped film were compared in terms of material properties such as density ρ, specific heat

Cp , thermal conductivity κ, thermal diffusivity α, doping level (resistivity R) and the substrate

thickness d (see Table 6.1). x, y are the thicknesses ranging 0 ≤ x ≤ 600 nm and 275 ≤ y ≤
675 µm of the commercially available wafers. These values were used to calculate the substrate

maximal temperature Tcalc,subst using the following formula

Tcalc,subst = Tamb +
Ed

dρCp
. (6.3)
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Figure 6.2 – Typical temperature profile as function of time depicted for selected depths
corresponding to the top FeGe layer, top of the substrate, top and bottom of the dummy.

Regarding the FeGe film, we considered 2 to 6 layers of Fe and Ge with different sequences.

The total thickness of the film ranged between 30 and 180 nm.

For the FLA settings, there are six predefined recipes at energy densities from 3 to 48 J/cm2 in

the Semi-Line setup. We explored the pre-heating temperatures ranging from room temper-

ature to 400◦C. The sample chip sits on the 4 inch Si wafer which is here denominated as a

‘dummy’.

6.1.4 Results and discussion

A typical temperature profile as function of time and depth obtained from the simulation is

displayed in Figure 6.2. We compare the temperature profiles T (t ) at different depths ascribed

as dummy (bottom and top), substrate and FeGe. The typical curves reach first the maximal

value and then stabilizes at some equilibrium temperature. We are interested in the maximal

temperature reached in FeGe Tmax,FeGe and in substrate Tmax,subst, equilibrium temperature

Teq of the dummy and the substrate.

We start by analyzing the effect of the substrate configuration on the maximum temperature

reached by the FeGe layer. We analysed the following geometries:

Si Ge Diamond Sapphire
Graphene coating monolayer × × ×
Oxide coating thermal (300 nm) native × ×
ρ (kg/m3) 2329 5323 3515 3980
Cp (J/kg.K) 700 320 520 761
κ (W/(m·K)) 1300 580 2200 35
α (mm2/s) 80 34 120 1
R (Ω.cm) 1 - 10 > 30
d (µm) 525 510 1200 635

Table 6.1 – Substrate properties at room temperature.
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Figure 6.3 – a) Substrate influence, b) energy density influence on the temperature profile for
FeGe (30nm) on Ge (b) and on SiO2 (c).

• SiO2(30 nm)/Fe(10 nm)/Ge (20 nm)/SiO2(300 nm)/Si (525 µm)

• Fe(10 nm)/Ge (20 nm)/SiO2(300 nm)/Si (525 µm)

• Ge

• diamond

Our aim was to understand what annealing cycle can lead to reaching: 1) Tmax,FeGe ≈ Tmel t

or as highest as possible to achieve the melting and intermixing of the Fe and Ge layer, 2)

Tmax,subst,Teq<550 ◦C (optimized to grown B20 FeGe, given by the phase diagram). In this

simulation we used the RLC-shaped pulse length 10 ms with energy of 48 J/cm2. The results of

the simulation are displayed in Figure 6.3a.

Sapphire exhibits relatively low values of Tmax,FeGe = 154◦C and Tmax,subst,Teq < 51◦C. Capped

FeGe on oxidized Si led to temperatures Tmax,FeGe,Tmax,subst ≈ 330◦C of similar values while

Teq = 177◦C. The oxidized Si and graphene on oxidized Si revealed the same values. We read

Tmax,FeGe ≈ 480◦C, Tmax,subst ≈ 380◦C and Teq ≈ 250◦C. The diamond substrate is found to

have all 3 values at ≈ 90◦C. Finally the Ge substrate uncovered Tmax,FeGe ≈ 580 ◦C, Tmax,subst ≈
450◦C and Teq <600 ◦C. Ge exhibit the ideal profile we look for with the largest gap between

the of Tmax,FeGe and Tmax,subst reaching close to the melting temperature and to the B20

crystallization temperature, respectively, by adjusting the pre-heating temperature accordingly.

The oxidized Si and graphene on oxidized Si are also good candidates and require higher pre-

heating temperatures compared to Ge substrate. In case of capped FeGe on oxidized Si, the

Tmax,FeGe is lowered due to the reflection and absorption of the FLA energy by the capping

layer. The temperature profile of sapphire also meet the requirements but the pre-heating

temperature must be ≈ 500◦C for the highest energy pulse and even higher for the rest of the

recipes. Given the obtained temperature profile for diamond, this substrate is not suitable for

our purpose. The plotted values are listed in Table B.1.

We continue by analyzing the influence of the energy (pulse length) influence on Tmax,FeGe,
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Tmax,subst, Teq and Tcalc,subst for SiO2/Si and Ge substrate. Tcalc,subst was obtained using the

Equation 6.3 for the comparison. The pre-heating temperature is set to room temperature

(no pre-heating). We use the RLC shape of pulse for 0.3 and 0.77 ms pulses, and elongated

shape in case of 1.5, 2, 5 and 10 ms pulse. We start with the 30 nm FeGe on Ge substrate shown

in Figure 6.3b. The simulation results indicate 150 < Tmax,FeGe < 580 ◦C, 50 < Tmax,subst < 450
◦C and 50 < Teq < 280 ◦C. Tcalc,subst values range from ≈50 to 580 ◦C. These values overlap with

Tmax,subst well for low energy densities, but and increase discrepancy up to 120◦C is observed

for 48 J/cm2 pulse. We follow with the energy (pulse length) influence on temperature profile

for the SiO2(300 nm)/Si substrate. Figure 6.3b.

We explored different pre-heating temperatures to the system and we observed the linear

increase of Tmax,FeGe,Tmax,subst,Teq with increasing pre-heating temperatures. Following the

results from the Figure 6.3b-c, we set the new pre-heating temperatures for Ge and SiO2/Si sub-

strate in the manner so the maximal substrate temperature is equal to 550◦C. The temperature

values optimized for the experiment can be found in Table B.2 and Table B.3 where I sum-

marize the preheating temperature for a given recipe and substrate, together with expected

temperatures for FeGe film Tmax,FeGe, substrate Tmax,subst and the equilibrium temperature

Teq.
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6.2 Film morphology and crystal phase tuning with RTA and FLA

This section reports on the creation of FeGe thin films using rapid thermal and flash lamp

annealing (RTA, FLA). The experimental study of film morphology and crystal phase by tuning

the RTA and FLA parameters follows. We discuss parameters leading to the formation of cubic

B20 FeGe, hexagonal B35 FeGe, tetragonal Fe2Ge3, tetragonal and orthorhombic FeGe2 or iron

oxides such as magnetite and hematite. We also provide guidelines on how to fingerprint the

different phases that are formed.

6.2.1 From 3D islands to 2D discs via RTA

First we looked into the annealing of sputtered FeGe thin films on a Si substrate. RTA of 100

nm FeGe film on Si(111) at 550◦C with the wafer capping lead to an uneven film crystallization

with particle formation. The phase analysis with Raman spectroscopy and XRD suggested

the particles were constituted of hematite. The presence of B20 could not be excluded from

the Raman analysis. More details on these experiments can be found in subsection B.2.1.

In order to avoid the intermixing connected to the formation of strain at the interface, the

substrate with graphene buffer layer was further examined. RTA of FeGe films on graphene

substrates with wafer capping lead to explosive crystallization, typically observed in the

rapid crystallization of amorphous germanium thin films (EC). We observed large facetted

aggregations that were dominantly made of Fe on a Ge thin film, for more information see

subsection B.2.2. To prevent the EC process and obtain a FeGe film we changed the thin film

protection settings, by depositing a thin oxide capping or by combining the oxide thin film

with a wafer capping as illustrated here below.

Large particles formation via RTA with SiO2 film and wafer capping

In this part we focus on the RTA of Fe/Ge films on graphene with a SiO2 film capping. The SiO2

capping is introduced to avoid evaporation of the material and oxidation during the annealing

process. The combination of film and wafer capping is also explored. For capping, we used

a 1.5 µm thick layer of PECVD deposited SiO2 on FeGe film prior to annealing. The capping

layer was removed after annealing by wet etching with a HF solution.

The morphology, composition maps and Raman spectrum of FeGe after annealing are depicted

in Figure 6.4. The SEM micrographs in Figure 6.4a show the particles distributed randomly on

the graphene surface. A closer look in Figure 6.4b reveals the particles shape are spheres or

truncated spheres. The diameter ranges from 100 to 600 nm. SEM-EDS maps are shown in

Figure 6.4c for Fe, Ge, Si and O. The measurements confirm these islands are made of FeGe,

suggesting that the Fe and Ge layers could be intermixed. We observe that the particles are

slightly oxidized.

Further we look into Raman vibrational modes of FeGe. The experimental data are compared
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FeGe B20 FeGe B35 Ge Si Fe3O4 Fe2O3 GeO2 Fe0.85Ge0.15

142 124
187 160 168, 181
191 190 193 200

221, 227
226 224

242, 252 240
291 291

300 299 302
470 408, 493 444

519 610
560

659
814

Table 6.2 – Summary of Raman peaks used as reference. FeGe B20 and B35 calculated in [167]
(section 6.3), Ge [168], Fe3O4 [169], Fe2O3 [170], GeO2 [171] and Fe0.85Ge0.15 [172].

Figure 6.4 – RTA of FeGe on graphene/SiO2/Si(100) with the SiO2 capping. SEM micrographs
of a) particle formation and the homogeneous coverage reached on graphene and b) closer
view of particles. c) SEM-EDS composition maps revealing the particles are made of Fe and
Ge with slight amount of O. d) Raman spectrum measured on the assembly of these particles
compared to the reference data (bars). Scale bar in a) 5µm, b) 300 nm and c) 2.5 µm.

with the reference data from the literature or from first principles calculation. Lattice dynamics

calculations of cubic FeGe, hexagonal FeGe, tetragonal FeGe2 and tetragonal Fe2Ge3 are

introduced in detail in section 6.3. The modes are summarized in Table 6.2. The Raman

spectrum taken on ensemble of particles annealed with RTA with the capping is displayed in

Figure 6.4d. The spectrum contains 7 features. The peak positions determined from Lorentzian

fitting are the following: 219, 285, 399, 486, 520, 606, 653 and 818 cm−1. The positions overlap

with the hematite vibrational modes as well as with B20 and B35 FeGe.

We continue with the measurements of FeGe films on graphene capped with the SiO2 film

and an additional wafer on top. Figure 6.5 displays SEM images of typical structures as well

as the chemical composition deduced from SEM-EDS. We observe 4 different morphologies:

individual crystals on graphene (a), islands (b), discs (c) and crystals emerging from the disc

surface (d). The single crystals with visible facets from a) and d) are relatively rare. The crystal
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Figure 6.5 – RTA of FeGe on graphene/SiO2/Si(100) with the combined wafer and SiO2 capping.
SEM micrographs of 4 types of observed morphologies a) individual crystals, b) islands, c) disc
and d) crystals emerging from the disc surface. SEM-EDS composition measured for islands
(e) and f) discs. Scale bar in a, b, d) 300 nm, c) 500 nm.

size lays between 50 and 300 nm in diameter. The most common found structure is the

island type from b. We observe the diameters from approximately 200 nm to 1.2 µm. The

formation of the discs is observed only along the sample edges. The lateral size of disc ranges

approximately from 3 to 12 µm. The large disc formation could be due for example due to the

higher temperature reached at the sample edge, or due to the improved thermal contact with

the wafer capping (bending effect at the edge).

We now move to study the influence of the annealing temperature on the crystal phase

obtained. The phase diagram from Okamoto [116] suggests the transition between B20 and

B35 occurs at 580◦C assuming the 1:1 composition ratio. To this end, we annealed samples at

500, 550 and 600◦C. We investigated the crystal phase using Raman spectroscopy. The Raman

spectra of the discs obtained from 66 nm thick samples annealed for 2 min are shown in

Figure 6.6a2. The sample annealed at 500◦C (red) exhibits 4 peaks located at 138, 195, 295 and

519 cm−1. The 550◦C (blue) annealing led to 4 peaks at 139, 199, 299 and 519 cm−1. The last

sample annealed at 600◦C (yellow) reveals 2 peaks located at 301 and 519 cm−1. The peak at

519 cm−1 corresponds to the Si mode from the substrate. The peak around 300 cm−1 might be

assigned to pure Ge or B20 FeGe T mode. The peaks around 200 cm−1 and 139 coincide with

B20 and B35 FeGe T modes. The asymmetry in the base of the high-intensity peaks around

200 and 300 cm−1 could hint to the presence of other B20 modes at 187, 191, 221 and 227

cm−1. The B35 FeGe coincides with the peak at 195 cm−1 present in 500 and 550◦C annealing.

2Approximately 10 to 20 spectra were measured on each sample. These spectra are chosen as representative
ones of the majority for a given sample.
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Figure 6.6 – Raman spectra of RTA-processed FeGe on graphene/SiO2/Si(100) with the com-
bined wafer and SiO2 capping. a) Raman spectra comparison for annealing temperature 500
(red), 550 (blue) and 600◦C(yellow). b) Raman spectra comparison for annealing time of 1
(green), 2 (red), 3 (blue) and 5 min (yellow). c) SEM micrograph of a disc after 5 min annealing.
Scale bar 1 µm.

Following this assignment, we observe both B20 and B35 FeGe at 500 and 550◦C, but not at

600◦C. We see that the intensity of peaks at 139 and 200 cm−1 (B20, B35 FeGe) decreases while

the 300 cm−1 one gains intensity (Ge) with the increasing annealing temperature. At 600◦C,

the low-wavenumber modes vanish, and we observe only the 300 cm−1.

Further we look into the influence of the annealing time on the phase and morphology. We

compare 100 nm thick samples annealed for 1 to 5 min. The Raman and SEM data are

displayed in Figure 6.6b, c. Raman spectra correspond to samples annealed at 1, 2, 3 and 5

min at 500◦C. The Raman spectrum of the sample obtained with 1 min long annealing (green)

exhibits 3 peaks, one at 519 cm−1 and then 2 broad bands at 280 and 214 cm−1. The spectrum

of the sample annealed during 2 min (red) exhibits 1 peak located at 291 cm−1. The spectrum

of the sample annealed during 3 min (blue) shows 2 peaks, the 519 and 297 cm−1. Finally, the

spectrum of the sample annealed during 5 min (yellow) exhibits 3 peaks located at 519, 288

and 216 cm−1. The 519 cm−1 peak corresponds to Si. The B20 phase overlaps with the peaks

observed around 214 and 290 cm−1. The latter might be attributed also to pure Ge. Following

the peak assignments, we conclude the sample annealed at 1 min may contain the B20 phase,

while the samples annealed during 2 and 3 min contain more Ge. The long annealing at 5 min

leads to the mixture of B20 FeGe and Ge phases. The Raman peak widths are in the range from

12 to 29 cm−1. The sample annealed for 1 min exhibits broader peaks. For the 2- and 3-min

spectra the peaks are narrower. Finally for 5 min annealing we observe broadening of the 300

cm−1 peak. This leads to a conclusion that there is a specific range of annealing times giving

the best structural and morphological quality. Too short annealing time is not sufficient to fully

crystallize the sputtered layers, on the other hand too long thermal treatment is detrimental.

This is in agreement with the SEM of 5 min annealed sample shown in Figure 6.6c. We observe

the shape deterioration starting from the edges.

So far, we have analysed the crystal phase of the discs. The composition and phase of small

particles, islands and crystals, were examined by (S)TEM. The BF micrographs, SAED pattern
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Figure 6.7 – RTA-processed FeGe on graphene/SiO2/Si(100) with the combined wafer and SiO2

capping. The TEM BF micrographs, SAED patterns and STEM-EDS composition maps of an
individual crystal (a-d) matched with FeGe2 (ZA[512]), island (e-f) matched with FeGe B20
(ZA [102]) and disc (i-j)matched with FeGe B35 (ZA [-1-31]). Scale bars a, c, d) 50 nm, e, g ,h)
200 nm, i) 500 nm, b, f) 2 nm−1 and j) 5 nm−1.

and EDS compositional maps are shown in Figure 6.7. Most of the transferred structures were

the small individual crystals or islands. Figure 6.7a-d correspond to an individual crystal.

Figure 6.7a shows the micrograph uncovering the crystalline contrast in the central part of

the particle3. The diffraction pattern from Figure 6.7b confirms the single-crystalline nature.

The observed spot pattern matches with the FeGe2 phase taken from a [512] zone axis. The

compositional map for Fe and Ge element, displayed in Figure 6.7c-d, show the homogenous

Fe-Ge content through the crystal. The island structure is analyzed in Figure 6.7e-h. The

BF micrograph of ≈ 1µm large island in Figure 6.7e reveals a relatively smooth surface. The

SAED pattern in f) discloses the single crystal pattern (within the selected area aperture

with a diameter of 200 nm). We matched the pattern with the B20 FeGe from a zone axis

[102]. Figure 6.7i, j correspond to the disc structure cross-section prepared by Ga-FIB. The BF

micrograph in i) uncovers the thickness of 1.5 µm from the nominal 100 nm thick film. The

SAED pattern is found to be single-crystalline for the given SA aperture (diameter 200 nm)

and matches with B35 FeGe from a [-1-31] zone axis. We expect the BF contrast variation be a

consequence of the FIB etching process.

The diffraction patterns were analysed with JEMS software. 9 Fe-Ge crystal phases were

compared for each measured pattern: B20, B35, monoclinic FeGe, β-Fe1.67Ge, Fe1.715Ge0.975,

Fe3Ge, Fe2Ge3, tetragonal and orthorhombic FeGe2. The following criteria were used for

matching: angle error 1%, distance error 5% and the likelihood of 0.8 – 1.0. Several crystal

phases have been matched with one pattern within this error. It indicated the presence of all

three FeGe polymorphs, orthorhombic FeGe2 and Fe2Ge3. Comparison with the Raman data

suggests the grown structures are B20 and B35 FeGe with an oxidized layer.

To conclude this section, a capping layer of SiO2 deposited on the FeGe layers helps avoiding

desorption and allows for the growth of 3D structures on graphene. The combination of

3It shows the crystal is coated probably with graphene attached during the crystal transfer on the TEM grid.
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deposited SiO2 and a wafer capping results in the growth of large disc-shaped structures up

to 12 µm in diameter. We obtained 4 types of structures: individual crystals, larger islands,

discs and crystal emerging from the surface of discs. The islands exhibited B20, B35 FeGe and

hematite phase.

6.2.2 Crystallization in thin film form via ultra-fast pulses with FLA

In this section we investigate the use of flash annealing (FLA) with pulses in the millisecond

range to induce more transient heat flows. The idea is to have a more precise control on the

heating and cooling rate to ‘freeze’ crystal phases such as B20, stable at higher temperatures.

We also expected that faster annealing and subsequent cooling would conserve the thin film

morphology. For this, we studied the pulse lengths ranging from 150 µs to 13 ms with energy

densities from 3 to 48 J/cm2. We explored two configurations, the sample either sitting on a

heated stage or suspended heated with a single or multi-flash.

Thin film crystallization via sub-millisecond annealing of FeGe/graphene/SiO2/Si

In this part we report on the samples annealed with the PulseForge FLA setup. First, we

consider the suspended configuration. A sample was mounted on two quartz microscope

slides touching only two sample edges leaving a gap between the stage and the sample. The

motivation behind this configuration is to keep an elevated temperature after the annealing

longer in the sample since the stage (or any material in contact with the sample) would act

as a heat sink. The annealing was carried out in air at the closest distance of the stage and

FLA lamps. The second configuration is the sample annealed directly on a heated stage

kept at 300◦C. The sample chamber was evacuated and filled with Ar atmosphere prior the

annealing in this scenario. We annealed samples with nominal thicknesses 30, 60 and 90 nm

with the initial composition ratio Fe/Ge equal to 1. The samples were capped with 30 nm SiO2

deposited via PECVD or not being capped. We used single- and multi-flash option. In the

multi-flash configuration, we applied up to 20 pulses with the frequency of 4 Hz. The main

parameters determining the pulse energy in the PulseForge system are the pulse length and

the corresponding capacitor voltage. We studied the parameters between 590 V corresponding

to the longest pulse of 1.5 ms and 950 V with the pulse length of 0.15 ms.

First, we discuss the annealing on the suspended FeGe/graphene/SiO2/Si samples. The SEM,

TEM, EDS, Raman and XRD data are displayed in Figure 6.8. Figure 6.8a shows the SEM

micrograph of the 30 nm-thick sample annealed 20 × 1.5 ms at 590 V (yellow). The top view

reveals the FLA leads to film crystallization with distinguishable grains of approximately

300 nm in diameter. The closer look with the HRTEM, displayed in Figure 6.8b, reveals

the simultaneous presence of grain with different orientations. The characterization of the

composition is presented in the Figure 6.8c. The STEM-EDS maps for Fe and Ge element

uncover the inhomogeneous Fe distribution through the sample. The average Fe (Ge) content

acquired in the region of size ≈ 1×1µm2 is 46 (54) %. The point measurements reveal the
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highest Fe (Ge) content to 70 (67) % and lowest to 33 (30) %.

We compared this annealing recipe at 590 V with the following ones: 3× 0.2 ms at 940 V (red)

and 20 × 0.3 ms at 800 V (blue). Figure 6.8d, e present the SEM micrographs of these two

samples, respectively. The sample surface morphology in d) reveals the nanocrystalline film

formation with a grain size of 20±2 nm. In Figure 6.8e we observe a surface free of separated

nanoscale grains, but still with some corrugation.

The Raman spectra of these samples are compared in Figure 6.8f. The sample annealed with

590 V exhibits 1 main peak and 9 low-intensity ones. The intense peak is located at 296

cm−1 and we assign it to the pure Ge. The low-intensity peaks are located at 196, 223, 240,

289, 405, 519, 554, 606 and 654 cm−1. The B20 phase overlaps with 196, 223, 240 and 289

cm−1 peaks. The 196 cm−1 peak can also be attributed to B35. The peaks at 223, 240, 289,

405, 554, 606 and 654 cm−1 overlaps with the Fe2O3. The 519 cm−1 peak corresponds to the Si

substrate. We conclude that this recipe led to mostly formation of Ge with sign of hematite,

B20 and possibly B35 FeGe. The spectrum of sample annealed with 940 V contains 2 main

peaks at 217 and 281 cm−1 and 5 low-intensity bands at 394, 486, 519, 595 and 640 cm−1. This

is a clear match with Fe2O3 and Si substrate. The last spectrum of sample annealed with 800

V exhibits 3 main peaks at positions 186, 292, 519 cm−1 and 3 smaller ones at 345, 540 and

699 cm−1. The peak at 186 can be assigned to B35. We observe the peak from the Si substrate

at 519cm−1 and from the magnetite Fe3O4 at 292, 540 699cm−1. The peak at 345 cm−1 stays

unassigned.

This phase assignment can be compared with the XRD data shown in Figure 6.8g (same

colour code used). We observe the sample annealed with 590 V exhibits 2 peaks, one broad

at 2θ = 56.7◦ and one narrow at 60.2◦. The samples annealed with 940 V and 800 V exhibit 3

features located 45.0◦, 56.7◦and 60.2◦. The peak at 45.0◦ overlaps with tetragonal Ge, α-Fe

and Fe3Ge or B35 FeGe. The broad band at 56.7◦ might correspond to Fe3O4, B35, B20 or

Fe3Ge. The narrow peak at 60.2◦ overlaps with GeO2. From the EDS and XRD we conclude the

samples exhibits pure Fe and Ge signatures. We can also see the presence of oxides such as

GeO2 and Fe3O4 or Fe2O3. Raman data suggests Fe2O3 dominates at low voltage annealing

(lasting 25 s), while Fe3O4 and B35 FeGe dominates at higher 800 V annealing (4.5 s). This is

in agreement with the phase diagram, where we expect to evaporate more Fe during longer

annealing. This is the case for the surface layer. Deeper in the film, we observe from the XRD

data a build-up of Ge phase ascribed to 45◦. There are signatures of B20, B35 FeGe and Fe3Ge.

FLA-annealing on a 300◦C-heated stage in the vacuum condition was carried out for similar

annealing recipes. This configuration did not lead to any crystallization of the layers.

The determination of the exact temperature during the FLA process is not straightforward. It

depends on the material properties and sample and chamber geometry. The corresponding

temperatures and energy densities were calculated using the SimPulse software available with

the PulseForge system. We considered the on-stage and suspended sample configuration, and

the application of either 10 or 20 pulses. Data for two selected recipes are displayed: 1.5 ms at
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Figure 6.8 – FLA of FeGe film on graphene/SiO2/Si. a) SEM micrograph, b) HRTEM and c)
STEM-EDS composition maps for Fe and Ge of the 30 nm-thick sample annealed 20 × 1.5 ms
at 590 V (yellow). d) SEM micrographs of samples annealed at 3×0.2 at 940 V and (red) e) at 20
× 0.3 ms at 800 V (blue). f) Raman spectra and g) GIXRD pattern comparison of 3 samples.
Scale bars in a, d, e) 200 nm, b) 5 nm, c) 20 nm.

600 V and 0.15 ms at 950 V. We see that for both cases the maximal temperature does not go

over 500◦C. While the length of the pulses is in the range of milliseconds, the total length time

for multi-flash of 20 pulses is 24 s (for 1.5 ms single flash). The annealing recipe (given by the

pulse length and the voltage) and the corresponding (calibrated) energy density are listed in

Table 6.3.

To summarize, we performed sub-millisecond single- and multi-flash annealing with two

sample configurations: suspended and on a 300◦C-heated stage. We achieved the film crys-

tallization with the multi-flash thermal treatment of a suspended sample. The low voltage

settings led to the mixture of Ge, hematite and low content of FeGe B20 or B35. The high

capacitor voltage settings and short pulse length led to the formation of magnetite with B35

FeGe content. The thermal treatment of samples on 300◦C-heated stage did not lead to

crystallization.

FeGe thin film crystallization via combination of FLA and RTA

The samples previously annealed with FLA that were not yet crystallized were further processed

with RTA. Here we present results on the 30 nm-thick samples FLA-processed with a recipe

constituted of 1.5 ms at 600 V and 8 × 0.15 ms at 950 V (corresponding cumulative energy

density of 36 kJ/cm2). The FLA-annealed sample was cleaved into smaller chips (≈ 1×1 cm2)

and annealed for 1 to 3 min at 500◦C. The capping of 30 nm thick SiO2 was also examined. We
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FLA parameters on-stage suspended
20 × 10 × 20 ×

1.5 ms at 600 V

Tmax (◦C) 450 450 480
ttot (s) 24 12 24
Etot (J/cm2) 172 86 172
Ptot (kW/cm2) 160 80 160
E/t (J/cm2/s) 7.2 7.2 7.2

0.15 ms at 950 V

Tmax (◦C) 500 425 -
ttot (s) 4.8 2.3 -
Etot (J/cm2) 62 31 -
Ptot (kW/cm2) 640 31 -
E/t (J/cm2/s) 13 13 -

Table 6.3 – SimPulse results for PulseForge annealing.

compare the use or absence of capping, and the annealing time.

(S)TEM and Raman data are shown in Figure 6.9. First, we compare the microstructure with

and without the capping layer during the post-annealing via (S)TEM. Figure 6.9a-c represent

the HAADF, HRTEM and SAED micrographs of a sample without the capping. We observe a

granular structure composed of nanocrystals with size of approximately 30 nm. The diffraction

in Figure 6.9c exhibits a ring pattern as expected for a nanocrystalline film. On the other hand,

we have the sample annealed with a capping layer shown in Figure 6.9d-f. HAADF micrographs

in Figure 6.9d reveals the large grains were formed compared to uncapped sample. A closer

look in HAADF in Figure 6.9e uncovers a flake with diameter of ≈ 300 nm with the 1:1 Fe:Ge

atomic ratio. The corresponding SAED pattern in Figure 6.9f confirms the B20 FeGe phase

(zone axis [412]).

The Raman spectra can be found in Figure 6.9g. The solid line represents the full-scale spectra,

the dashed line the zoom and the scatter symbol the reference. We compare the influence

in the capping by comparing the spectra post-annealed at 1 min for no uncapped (red) and

capped film (blue). The uncapped sample exhibits 1 main peak at 297 cm−1 and 10 minor

peaks located at 141, 162, 195, 225, 243, 289, 404, 519, 564 and 662 cm−1 as seen clearer from

the zoomed spectrum. The main peak can be assigned to the pure Ge. The minor peaks

overlap with B20 FeGe (141, 195, 225, 243, 289 cm−1), B35 FeGe (195 cm−1), magnetite (160,

195, 225, 297, 564 and 662 cm−1) and hematite (225, 243, 289, 404 cm−1) vibrational modes.

512 cm−1 peak corresponds to the substrate. The capped sample (blue) annealed for the

identical time exhibits a new main peak and 7 peaks with lower intensity. The main peak

can be assigned to B35 FeGe. The presence of peaks at 139, 160, 197, 220, 295, 519 and 664

cm−1 leads to the mixture of B20 FeGe and magnetite. This means that the capping layer

keeps more Fe present for crystallization. Next we compare Raman spectra for different

annealing time of capped films: 1 min (blue) and 3 min (yellow) shown in Figure 6.9g. We

saw in the previous paragraph, the 1 min annealing of capped FeGe film led to the formation

of dominantly B35 with some content of B20 and magnetite. The long annealing of 3 min
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(yellow) led to 2 main peaks and 6 minor peaks. The main peaks are located at 197 and 296

cm−1. As seen previously, we attribute them to B35 and Ge phase. The minor peaks at 139,

160, 287, 519, 551 and 663 cm−1 can be assigned to the mixture of B20 FeGe and hematite. The

comparison of the Raman peak intensity between the spectra suggests the abundance of a

Ge phase for uncapped film or in case of long annealing with a capping. This is in agreement

with assumption of Fe desorption during the process. We obtained higher FeGe (B20 and B35)

content for 1 min annealing with a capping.

We further looked into the sample composition using the STEM-EDS. The atomic content for

Fe:Ge:Si:O is listed in Table 6.4. The values were obtained from 200×200 nm2 large region

by using the Cliff-Lorimer method [173] with following parameters: thickness 30 nm, density

8.4 g/cm3. We took into account and deconvoluted Cu and C. We measured average values

of 14:17:21:48 for 1 min and 17:20:20:43 for 3 min annealing. We observe a decrease of O for

longer annealing suggesting less Fe oxide formation (or lower content of magnetite and higher

of hematite). The Fe:Ge ratio does not vary. In case of annealing without the capping, we

observe a higher 54% amount of O, the Fe:Ge content is close to 1:1 composition ratio. This

is in agreement with Raman data exhibiting low intensity peak below 200 cm−1, but higher

intensity for the peak around 400 cm−1.

At. content (%) Fe Ge Si O
1 min, no capping 20 25 1 54
1 min, capping 14 17 21 48
3 min, capping 17 20 20 43

Table 6.4 – Composition measured by EDS in samples annealed via combination of FLA and
RTA.

Figure 6.9 – FLA and RTA annealed FeGe (30 nm) samples on graphene/SiO2/Si comparison.
a-c) TEM, HRTEM and SAED micrographs of a sample without a capping (red). d-f ) HAADF
and SAED micrographs of a sample with a 30 nm SiO2 capping layer (yellow). SAED pattern
matches with the B20 FeGe (ZA [412]). g) Raman spectra comparison for 2 annealing times (1
and 3 min) and with or without capping. Scale bar in a, d) 200 nm, b) 10 nm, c, f) 5 nm-1, d)
200 nm, e) 50 nm.

To summarize, we were able to obtain crystalline films with the RTA post-processing of FLA
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single-flash annealed films. We found that the grain size increase from approximately 30 to

300 nm in diameter by using thin film SiO2 capping. We observe the oxide amount decreases

with longer annealing time and use of capping layer. The Fe:Ge composition is close to desired

1:1 ratio. The Raman data analysis confirms the mixture of B20, B35 FeGe, Ge and hematite

phase. The highest FeGe content (B20 and B35) was identified in capped film post-annealed

at 500◦C for 1 min.

FLA of FeGe/graphene/SiO2/Si with adjusted pre-heating temperature

In this section we explore FLA processes with higher energy densities and longer pulses. The

following thermal treatments were carried out in Semi-line system from Rovak. We explored

the energy densities (pulse lengths) in the range from 15 (1.1 ms) to 48 J/cm2 (13 ms). The

pre-heating temperature was chosen between 100 and 400 ◦C following the results from

the heat transfer simulation (section 6.1). The following sample parameters were used: the

thicknesses of 30, 60, 90 and 180 nm, composition ratios (in terms of the initial thickness ratio)

0.5, 0.55, 0.58 and 0.6. We studied the influence of the energy density on the morphology, final

composition and crystal phase. We further looked into the initial thickness ratio influence on

the final composition.

We start by analysing the influence of the energy density on the crystallinity of the layers.

Representative TEM data of 4 samples annealed at energy density 15, 21, 48 and 96 J/cm2 (2 ×
48 J/cm2) are shown in Figure 6.10c-f. For comparison we also include the previous samples

from FLA and RTA combined processing at 3.2 and 9.9 J/cm2 in Figure 6.10a-b. We observe

grains of diameter in the range of 20 - 300 nm. The comparison between different energies

does not reveal any radical changes in the microstructure.

Next we looked into the after-annealing composition as function of energy density. Since

these films were not capped in order to maximize the temperature reached in the top layer,

possible desorption may have occurred. The STEM-EDS data are displayed in Figure 6.10g. We

used the Cliff-Lorimer method as described previously and had the Si, C, O and Cu elements

deconvoluted. The Fe and Ge values were extracted as an average from the area of 500 ×
500 nm2 size. We uncover that the values for Fe (Ge) content are moving from 45 (55) to 46

(54) % with increasing energy. Next, we studied the crystal phase by Raman spectroscopy. A

representative spectrum obtained from the 30 nm-thick sample annealed at 2×13 ms at 48

J/cm2 with 400 ◦C pre-heating temperature is shown in Figure 6.10h. The spectrum contains

3 main peaks and 7 minor peaks. The main peaks are located at 202, 301 and 520 cm−1. We

assigned them to B35 FeGe, pure Ge and Si, respectively. The low-intensity peaks at positions

136, 165, 221, 252, 289, 543 and 669 cm−1 are ascribed to the B20 FeGe and magnetite. Further

we studied the influence of the annealing energy on the phases. The Raman data are displayed

in Figure 6.10i. We compare spectra of 30 nm thick samples (initial thickness ratio 0.5) and

the energy densities ranging from 3 (red) to 2 × 48 J/cm2 (grey). The pre-heating temperature

was set to 400◦C. The anneals led to 3 main peaks situated at 202, 301 and 519 cm−1. As

discussed above, they correspond to B35 FeGe, pure Ge and Si substrate. 7 minor peaks can be

81



Chapter 6. FeGe thin film crystallization and characterization

Figure 6.10 – Energy density comparison of FLA processed FeGe samples on graphene/SiO2/Si
with 400◦C pre-heating temperature. a-b) TEM BF micrographs of FLA and RTA annealed
samples from the previous section at 3.2 and 9.9 J/cm2 and 3 min at 500◦C. c-f) TEM BF
micrographs of FLA annealed samples for annealing energy densities from 3.2 to 2 ×48 J/cm2.
g) STEM-EDS composition of films annealed as function of energy density. h) Raman spec-
trum of the 30 nm-thick sample annealed at 2 × 13 ms at 48 J/cm2 with 400◦C pre-heating
temperature. i) Raman spectra comparison for the annealing energy densities from 3 (red) to
2 × 48 J/cm2 (grey).

distinguished at 136, 165, 221, 252, 289, 543 and 669 cm−1 for all the energies. We assign them

as previously to the low content of B20 and magnetite. The peak intensities change with the

annealing energy. For higher energy densities above 10 J/cm2 (blue) we observe decreased

intensity of the peak at 301cm−1 and also at 165 and 669cm−1 assigned to Ge and magnetite.

The peaks intensities at 136, 165, 202, 221 cm−1 (assigned to B20 and B35 FeGe) do not vary.

We ascribe the lower content of Ge and magnetite at higher energy densities to the increased

Fe and Ge layer intermixing, and desorption of the native oxide from the top layer.

Lastly, we analysed the thickness ratio influence on the final composition. The thickness ratio

of 0.5, 0.55, 0.58 and 0.6 were compared. The samples with following parameters: 30 nm

thickness, FLA recipe 3 ms at 24 J/cm2 with 400◦C pre-heating were examined. The Fe:Ge

values obtained from the STEM-EDS using the Cliff-Lorimer method are shown in Table 6.5.

The Si, C, O and Cu elements were accounted for and deconvoluted during the operation. We

measured the Fe (Ge) content 44 (56), 43 (57), 44 (56) and 48 (52) % for 0.5, 0.55, 0.58 and

0.6, respectively. The observed increase of Fe content with the initial increase of the Fe layer

thickness was confirmed.

In this section, we showed the film crystallization on graphene/SiO2/Si substrate with the
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single-flash annealing using the elevated pre-heating temperature up to 400◦C. We uncovered

a granular smooth film formation (without the capping layer) with the grain size between 20

– 300 nm. We accounted for the possible desorption by varying the initial Fe layer thickness.

We conducted an annealing energy series study which revealed the presence of the B20, B35,

Ge and hematite phases for the energies below 10 J/cm2. The B20 and most likely B35 FeGe

phases were present at elevated annealing energies 10 - 96 J/cm2.

FLA of FeGe/Ge with adjusted pre-heating temperature

The last section describes the FLA of FeGe films on Ge substrate. Here, we explored the

crystallization of FeGe film thicknesses between 30 and 180 nm on Ge substrate with the

composition ratios (initial thickness ratios) of 0.5, 0.55, 0.58 and 0.6. We applied the FLA pulses

of energy densities ranging from 3 (0.3 ms) to 48 J/cm2 (13 ms). The pre-heating temperatures

were chosen between 100 to 400 ◦C following the simulation optimized to obtain B20 FeGe

phase. The values are listed in Table B.2.

We study the morphology and phase of films on Ge substrate and the comparison with films

obtained on graphene/SiO2/Si. We first discuss the morphology and obtained phases with

various annealing energy densities. We focus on samples with 30 and 90 nm thickness. The

SEM micrographs and Raman spectra of 30 nm thick samples are shown in Figure 6.11. We

compare the surface morphology for samples annealed at 3, 7.2, 13, 20, 29 and 48 J/cm2 in

Figure 6.11a-f. We observe nanocrystalline surface with larger grain formation along prefer-

ential lines at higher energies in d) 20 and e) 29 J/cm2. The Raman comparison is plotted in

the graph of Figure 6.11g. The spectrum at 3 J/cm2 reveals 1 narrow peak at 300 cm−1. The

spectrum for 7.2 J/cm2 shows the 300 cm−1 narrow peak and 2 broad bands located at 171 and

271 cm−1. At increased energies, the spectra at 13, 20 and 29 J/cm2 exhibit 2 narrow peaks at

300 and 201 cm−1, one broad band at 271 cm−1 and a low intensity peak around 140 cm−1. At

the largest energy, the spectrum contains 2 broad bands at 171 and 271 cm−1 and the narrow

peak at 300 cm−1. The peak at 300cm−1 corresponds to the Ge vibrational mode. We expect

that the Ge peak comes from the substrate and the broad band at 271 cm−1 comes from the

amorphous Ge layer. We attribute the peak at 201 cm−1 to the B35 FeGe. The presence of the

peak around 140 cm−1 suggests also the presence of B20 FeGe phase with the contribution to

the peak around 200 cm−1. We expect the source of the signal is the Fe/Ge interface where the

crystallization started. We conclude that the B35 and B20 FeGe phases were crystallized. How-

Thickness ratio Fe/Ge 0.5 0.55 0.58 0.6
Atomic ratio Fe/Ge (%) 1 1.1 1.14 1.21
Fe 44 43 44 48
Ge 56 57 56 52

Table 6.5 – Post-annealing composition as function of initial composition measured with
STEM-EDS on FeGe/graphene/SiO2/Si samples annealed with FLA with 400◦C pre-heating
temperature.
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ever the millisecond single-flash pulses in the explored pre-heating temperature and energy

density range are not enough to fully intermix the Fe/Ge layers and create a homogeneous

film.

Figure 6.11 – a-f) SEM micrographs comparison and g) Raman spectra comparison for anneal-
ing energies from 3 to 48 J/cm2 for FeGe (30 nm) samples FLA-annealed without the capping
layer. Scale bar in a-f) 200 nm.

Figure 6.12 – a-f ) SEM micrographs comparison and g) Raman spectra comparison for anneal-
ing energies from 3 to 48 J/cm2 for FeGe (90 nm) samples FLA-annealed without the capping
layer. Scale bar in a-f) 200 nm.

In the second part, we analyse morphology and phase of 90 nm thick samples. These films

contain 6 sputtered layers. We expect that more Fe/Ge interfaces facilitate the nucleation

process and leads to higher film homogeneity. The SEM and Raman data of the 6 samples

with 90 nm thickness are displayed in Figure 6.12. We compare samples annealed with the

same recipes as in the previous paragraph with the energies from 3 to 48 J/cm2. The surface

morphology, shown in Figure 6.12a-f, reveals granular films with holes. The grain size is

approximately in the range of 100 – 300 nm. The morphology does not exhibit any important

variation as function of the annealing energy. The Raman spectra are plotted in the graph of

Figure 6.12g. We compare the features as a function of annealing energy. The spectrum at

3 J/cm2 exhibits 4 peaks located at 140, 201, 275 and 286 cm−1. The spectrum at 7.2 J/cm2

contains only 2 broad bands at 171 and 272 cm−1. At 13 J/cm2 the 2 broad bands remain

and a narrow peak at 201 cm−1 appears. With increased energy to 20 J/cm2, 3 broad peaks at

141, 202 and 299 cm−1 are revealed and one low-intensity broad band at 272 cm−1. Further

increase of the temperature leads again to 2 broad bands at 171 and 272 cm−1, the broad peak

at 201 cm−1 remains. Finally at the highest temperature of 48 J/cm2, the narrow peak at 201

cm−1 is still there plus 2 broad bands at 171 and 272 cm−1. The narrow peaks at 140, 201
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and 286 cm−1 overlap with the B20 FeGe phase. The other peaks expected from this phase

might be not visible due to the broad band around 270 cm−1. We attribute this band to the

amorphous Ge. The peak around 200 cm−1 might also correspond to B35 FeGe. The broad

peak around 171 cm−1 might come from amorphized Fe. Since we observed the Fe being

nanocrystalline after the deposition prior to annealing, this band might result from reaching

very high temperatures during the FLA process and amorphizing the Fe layer. To summarize

this part, with 90 nm thick films we were able to obtain crystalline film for 20 J/cm2 recipe

containing B20 and B35 FeGe.

In the following we focus on the imaging of the cross-section of the layers for 30 and for

90 nm films at 48 or 20 J/cm2 annealing energy. The TEM BF micrographs and STEM-EDS

composition maps are shown in Figure 6.13. Figure 6.13a-b corresponds to the 30 nm thick film

annealed at 48 and 20 J/cm2, respectively. We can distinguish the vertical contrast ascribed to

Fe and Ge layer in both of BF images resembling to the contrast observed prior to annealing.

The composition maps of 48 J/cm2 confirm the poor intermixing and an oxidation of the

surface. The intermixing is more efficient for the 20 J/cm2 maps in Figure 6.13b. Surface

oxidation is also found. Figure 6.13c-d represent the 90 nm film annealed at 48 and 20 J/cm2,

respectively. The BF micrograph in Figure 6.13c uncovers the vertical contrast of Fe and Ge

rich layers. The composition maps show insufficient intermixing. We notice the intermixing is

more pronounced in the upper layers, while first Fe layer on Ge substrate is spatially confined.

This can be a consequence of either lower temperature achieved at the film bottom or to the

easier Fe diffusion into amorphous Ge than into the crystalline one. Figure 6.13d with the film

annealed at 20 J/cm2 exhibits a micrograph with relatively smooth contrast from the layers.

The composition maps confirm the higher degree of intermixing. Comparing both of the film

thicknesses we conclude that the intermixing is more efficient for multilayered system with

an optimized annealing recipe of 2 ms at 20 J/cm2 with the pre-heating at 340◦C. This is in

agreement with the Raman analysis.

Lastly, we mention that for the FLA single-pulse annealing we observed a strong edge effect

on the crystallization quality. The SEM and Raman data are displayed in Figure 6.14. We

analyzed 4 spots located 3 (yellow), 8 (green), 20 (red) and 40 µm (blue) from the sample

edge. The micrographs are displayed in Figure 6.14a-e. We see that the contrast changes with

the distance. The corresponding Raman spectra are shown in Figure 6.14f. The spectrum

acquired closest to the edge (yellow) exhibits 7 peaks at 141, 162, 201, 219, 246, 288 and 299

cm−1. For the spectra measured further from the edge we observe a build-up of the band at

270 cm−1 and 170 cm−1. The observed narrow peaks can be attributed to the mixture of B20,

B35 and possibly Ge phase.

To summarize the crystallization of FeGe on Ge, we successfully crystallized films with recipes

of 2 ms at 20 J/cm2 with 340◦C pre-heating. The Raman and EDS analysis reveal that the

intermediate annealing energy seems to be the most efficient in layer intermixing. We also ob-

serve the multi-layered system leads to higher crystallization quality given multiple interfaces

facilitating the nucleation.
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Figure 6.13 – TEM BF micrographs and STEM-EDS composition maps for Ge, Fe, O and the
2 combined view of a) 30 nm FeGe sample annealed at 48 J/cm2 , b) 30nm FeGe sample
annealed at 20 J/cm2, c) 90 nm FeGe sample annealed at 48 J/cm2, d) 90 nm FeGe sample
annealed at 20 J/cm2. Scale bar in a-b) 50 nm, c-d) 100 nm.

6.2.3 Conclusions

We explored FeGe film formation on Si, graphene/SiO2/Si and Ge substrates with annealing

from sub-millisecond up to 5 min time range. From long RTA processes down to single-flash

thermal treatments we successfully optimized the particle morphology from 3D islands and

discs to the smooth polycrystalline thin film with grain size up to 300 nm in diameter. The

islands, discs and films contain the mixture of B20, B35 FeGe, Ge and iron oxides. We showed

how the optimization of the pre-heating temperature, chosen from the COMSOL simulation,

and the length of the annealing led to the lower level of oxides, full intermixing of the layers,

and therefore less Ge, and large FeGe (B20, B35) grains.
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Figure 6.14 – Edge effect of FLA annealing. a-e) SEM micrographs at 3 µm (yellow), 8 µm
(green), 20 µm (red) and 40 µm (blue) from the sample edge. f) Raman spectra comparison for
each spot from b-e). Scale bar a) 2 µm, b-e) 200 nm.

Figure 6.15 – Summary of FeGe annealing morphologies and phases.
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Abstract

There is currently an emerging drive to computational materials design and fabrication of the

predicted novel materials. One of the keys for developing appropriate fabrication methods is

determination of the composition and phase. Here we explore the FeGe system and estab-

lish reference Raman signatures for the distinction between the FeGe hexagonal and cubic

structures, as well as FeGe2 and Fe2Ge3 phases. The experimental results are substantiated by

first principles lattice dynamics calculations as well as by complementary structural charac-

terizations such as transmission electron microscopy and X-Ray diffraction, along with the

magnetic measurements.

6.3.1 Introduction

Fe-Ge compounds have been raising interest for their enticing magnetic and thermoelectric

properties. Thanks to the particular crystal symmetry of the cubic B20 phase, FeGe can

host topologically protected spin structures such as skyrmions. As a consequence, B20 FeGe

structures exhibit a great potential as a building block for logic or data storage devices [11, 52,

174–178]. The hexagonal (B35) FeGe phase is a uniaxial antiferromagnet along the c axis [64].

On the other hand, monoclinic FeGe phase possesses a complex magnetic structure with an

overall antiferromagnetic behaviour [66]. Most of the iron-rich compounds with hexagonal

(B82) β or η-Fex Ge (1.32 < x < 1.67) structure exhibit a ferromagnetic nature [119, 123, 179].
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Apart from interesting magnetic properties [180, 181], Fe2Ge3 has been studied for its high

thermoelectric performance [117]. In addition, FeGe nanparticles confined in an iron oxide

matrix have shown storage potential in Li-ion batteries [172].

FeGe thin films fabrication methods reported in the literature are molecular beam epitaxy

(MBE), sputter beam epitaxy and magnetron sputtering on Si, Ge and MgO substrates. The

growth on Si(111) led to the formation of epitaxial B20 thin films exhibiting 0.05% lattice mis-

match when grown by MBE[120] and a compressive strain of 0.32% along the (111) direction

(out-of-plane) and a tensile strain of 0.8% in the plane when co-sputtered in ultrahigh vacuum

(UHV) [85]. The sputtering on Si(111) was shown to lead to the phase-pure epitaxial B20 films

[41, 52] with less than 0.5% impurity phases. The magnetron sputtering of FeGe on MgO(001)

substrates led to B20 thin films with a compressive strain of 1.1% [19]. The phase-pure epitaxial

B20 FeGe films grown on a Ge(111) substrate through sputter beam epitaxy exhibited ∼4%

tensile strain [18]. Various composition single crystal growth on Ge (001) by electron beam

evaporator in an UHV chamber revealed coexistance of monoclinic and hexagonal phases

of Fex Ge for 1 < x < 1.2 due to the small lattice mismatch with the substrate regardless the

growth temperature or time [123].

While X-ray diffraction (XRD) patterns have been established for the majority of Fe-Ge phases,

their vibrational characterization has been limited. Raman spectroscopy, besides being a

widely used tool for structural characterization, may also serve as a powerful technique for

phase identification at micro-scale, with shorter acquisition times when compared to other

techniques. This is a major advantage over XRD characterization, especially in cases where

probed phases have similar structures, leading to overlap of XRD peaks and rendering phase

identification difficult.

The phonon structure of Fe-Ge compounds has not been widely explored. Vibrational modes

have been theoretically studied for a FeGe (B20) monolayer by Bhuyan et al. [182], where

lattice dynamics calculations have identified phonon modes at 102, 127, 147, 240 and 280

cm−1. Theoretical and experimental studies on other cubic B20 structures such as MnSi

(also a chiral magnet [183]), FeSi, CoSi, RuSi, have reported similar phonon modes with the

most prominent Raman peaks at 190 and 310 cm−1 [184, 185]. Still, detailed studies on the

vibrational properties of many FeGe phases are still missing.

In this work we perform detailed structural and vibrational characterization of cubic, hexago-

nal and tetragonal FeGex phases (x = 1, 1.5, 2). Lattice dynamics calculations based on the

density functional theory (DFT) in correlation with the Raman measurements have been per-

formed in order to provide reference Raman mode positions of these phases and enable their

easier identification. Fe-Ge thin films with [Fe]/([Fe]+[Ge]) compositions in the range from

0.35 to 0.50 have been prepared. Structural characterization and initial phase identification

have been done using XRD in various geometries, such as grazing incidence X-ray diffrac-

tion (GIXRD), wide angle grazing incidence X-ray scattering (GIWAXS) and Bragg-Brentano

geometry (θ-2θ). This has enabled differentiation of phases present in the surface and bulk
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Figure 6.16 – Fe-Ge temperature-composition phase diagram. Adapted from Ref. [116].

of the films. These results were supported by morphological and compositional assessment

performed by transmission electron microscopy (TEM) and energy dispersive X-ray (EDX)

analysis. Finally, the magnetization of thin films has been measured and discussed in terms of

phases present.

6.3.2 Phase diagram of Fe-Ge

Fe-Ge exhibits a rich phase diagram. The region for x (Ge composition) = 0.2 – 0.8 is dis-

played in Figure 6.16. Many binary compounds between Fe and Ge have been reported,

especially in the region from 35 to 50 at.% Ge. These include the existence of Fe3Ge (P63/mmc

(194) and Fm-3m (225)) [186], Fe2Ge (P63/mmc (194)) [186], Fe7Ge5 (P63/mmc (194)) [186],

Fe1.67Ge (P63/mmc (194)) [187], Fe5Ge3 (P63/mmc (194)) [188], Fe13Ge8 (P63/mmc (194))

[186], Fe3.2Ge2 (P63/mmc (194)) [187], Fe0.615Ge0.385 (P63/mmc (194)) [187], Fe3Ge2 (P63/mmc

(194)) [186], Fe1.4Ge (P63/mmc (194)) [187], Fe6Ge5 (C2/m (12)) [186], FeGe (hexagonal B35)

(P6/mmm (191)) [186], FeGe (cubic B20) (P213 (198)) [186], FeGe2 (I4/mcm (140)) [186], Fe2Ge3

(P-4c2 (116)) [189], and Fe90Ge10 (Im-3m (229)) [172].

FeGe at 1:1 composition ratio crystallizes in three polymorphs with monoclinic, hexagonal

and cubic structures. The cubic B20 structure is stable at temperatures below 580◦C. Above

this temperature the hexagonal and monoclinic phases have been identified [190]. On the
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Figure 6.17 – Layer sequences of the annealed samples and schematics of the experiment.

Fe-rich side of the phase diagram one finds Fe6Ge5. On the Ge-rich side, tetragonal Fe2Ge3

is stable below 600◦C and FeGe2 is stable above this temperature. These iron-containing

phases exhibit different critical temperatures TC for magnetic phase transitions. It was shown

in the literature that the hexagonal FeGe enters an antiferromagnetic (AFM) phase below a

temperature of Tc,hex = 410 K [64]. Two magnetic anomalies were observed in hexagonal FeGe

single crystals at 30 K and 60 K [65]. For cubic FeGe, the critical temperature is Tc,cub = 271

K [41]. These values should be compared to critical temperatures known for Fe-containing

oxides. For magnetite Fe3O4, a TC of 830 K was reported [191, 192]. Further oxides have

smaller TC such as 743 K in case of γ-Fe2O3 [193], 585 K in case of ε-Fe2O3 [194] and 264 K in

case of hematite α-Fe2O3 [195].

6.3.3 Methods

Sample preparation

Fe and Ge multilayer thin films were deposited by magnetron sputtering (Alliance Concept

DP-650) at room temperature with the background pressure of 1×10−6 mbar from 99.999 %

purity targets. 30 sccm of Ar working gas was introduced prior to sputtering (measured by

the mass flow controller) increasing the pressure in the chamber to 5×10−2 mbar for Fe and

5×10−3 mbar for Ge deposition. We used an RF source of 300 W and DC source of 200 W for

Fe and Ge, respectively.

The samples were subsequently crystallized by ultra-fast flash-lamp annealing (FLA). We

used a FLA Rovak Semi-line system delivering the energy density (pulse length) between 0.3

Sample Substrate nlayers d (nm) dFe (nm) dGe (nm) At. ratio E (J/cm2) t (ms) Tpre-heat

#186 Ge (100) 2 31.2 11.8 19.4 1.2 20 2 340
#192 Ge (100) 6 94.1 10.5 20.9 1 20 2 340
#240 g/SiO2/Si(100) 2 31.4 10.5 20.9 1 29 5 200

Table 6.6 – Parameters of FeGe samples: substrate (g - graphene), number of layers nlayers,
total nominal thickness d , Fe (Ge) layer thickness dFe ( dGe ) nominal atomic ratio Fe/Ge, FLA
energy density E , pulse length t and pre-heating temperature Tpre-heat.
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J/cm2 (0.3 ms) and 48 J/cm2 (10 ms). We varied the multilayer sequences and individual layer

thicknesses (as schematically indicated in Figure 6.17) as well as the annealing cycles. Two

different nominal total thicknesses of 30 and 90 nm were explored. To vary the heat sink during

the FLA process, two different substrates were used: germanium and graphene on oxidized

silicon. Table 6.6 summarizes the sample characteristics and annealing cycles presented here.

Prior to the flash annealing, the samples were heated to a pre-heating temperature Tpre−heat

of 200 or 340◦C , as indicated in Table 1, to facilitate the crystallization process.

Lattice Dynamics Calculations

First principle lattice dynamics calculations based on DFT of FeGex phases with x = 1, 1.5, 2

were performed within the generalized gradient approximation using the modified Perdew–

Burke–Ernzerhof local functional PBESol [196], as implemented in the CASTEP code [197].

Norm-conserving pseudopotentials were used. The cut-off energy for the plane wave basis

was set to 800 eV. A self-consistent-field (SCF) tolerance better than 10−7 eV per atom and the

phonon SCF threshold of 10−12 eV per atom were imposed. Prior to performing calculations,

the structures were relaxed so that forces on atoms in the equilibrium position did not exceed

3 meV A−1 and the residual stress was below 5×10−3 GPa.

Characterization

TEM and EDX data were obtained using the FEI Tecnai Osiris TEM. We prepared cross-sections

with focused ion beam (FIB) using Ga ions. The sample deposited on graphene was peeled off

and directly transferred to a TEM grid (Figure C.6 in Supplementary Information).

GIXRD patterns were recorded with a Malvern Panalytical Empyrean XRD diffractometer

with the monochromatic Cu source at incidence angle of 5◦ with a 1D detector. GIWAXS

measurements were performed on D8 Discover Plus TXS (Bruker) with monochromatic Cu

source at incidence angles of 1.0, 2.5 and 4.0◦. Bragg-Brentano measurements were performed

on D8 Discover Vario (Bruker) instrument equipped with Johansson Kα1 monochromator.

The Raman spectra were acquired with a confocal Raman spectroscope (Renishaw inVia) using

488 nm excitation. The excitation power density of about 50 W/cm2 was utilized to inhibit

thermal effects or damaging of the investigated materials.

The magnetization of the films was measured via vibrating sample magnetometry (VSM). We

recorded the magnetic hysteresis loops M(H) and the temperature scans using a Physical

Property Measurement System (PPMS) from Quantum Design. The samples were cleaved into

chips of approximately 4 × 1.5 mm2 area. The external field H was applied in the plane of the

films along the long edge of the chips, i.e., along the easy axis direction attributed to their

shape. The hysteresis data were taken in the range of -150 and +150 mT during the zero-field

warming (ZFW) at 5, 50, 100, 150, 200, 250, 300 and 400 K. The temperature warming rate was

set to 50 K/min, we used the field sweep rate of 0.5 mT/s (3 mT/min) and averaged during
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Figure 6.18 – Crystal structure representations of cubic FeGe, hexagonal FeGe, tetragonal
Fe2Ge3 and tetragonal FeGe2. Visualized with Vesta [198] with the crystallographic files from
Ref. [117, 199–201].

10 s per measurement. We acquired the temperature scans applying the field cooling (FC)

protocol from 400 K to 5 K using different in-plane field values between +90 and – 90 mT. The

sample was saturated at +200 mT at 400 K before every scan. The temperature sweep rate was

5 K/min.

6.3.4 Crystal structures and lattice dynamics calculation of Fe-Ge system

Lattice dynamics calculations of FeGex phases with x = 1, 1.5, 2 (cubic FeGe, hexagonal

FeGe, tetragonal FeGe2 and tetragonal Fe2Ge3) were performed. The optimized crystal lat-

tice parameters were found to be in agreement with the experimentally determined ones

[117, 199–201]. Vibrational properties of these structures were further evaluated by finite

displacement method, using appropriate supercell. Figure 6.18 illustrates the crystal structure

representations of cubic FeGe (B20), hexagonal FeGe, tetragonal FeGe2 and tetragonal Fe2Ge3,

along with Fe and Ge coordination in each compound.

Cubic FeGe (B20) crystallizes in the space group 198 or P213 symmetry. The Fe atom is bonded

in a 7-coordinate geometry to 7 Ge atoms. There is a variation in Fe–Ge bond lengths ranging

from 2.38 – 2.62 Å. Ge is bonded in a 7-coordinate geometry to 7 Fe atoms. The hexagonal
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FeGe has space group 191 or P6/mmm. The Fe is bonded in a 10-coordinate geometry to 4

equivalent Fe and 6 Ge atoms. All Fe–Fe bond lengths are 2.49 Å. There are four shorter (2.48

Å) and two longer (2.49 Å) Fe–Ge bond lengths since there are two inequivalent Ge sites. In

the first Ge site, Ge is bonded in a 6-coordinate geometry to 6 Fe atoms. In the second, Ge is

bonded in a hexagonal planar geometry to 6 Fe atoms. The tetragonal Fe2Ge3 has Nowotny

chimney ladder (NCL) phase with space group 116 or P-4c2. In the first Fe site, Fe is bonded in

a 8-coordinate geometry to eight Ge atoms. There are 4 shorter (2.41 Å) and 4 longer (2.63 Å)

Fe–Ge bond lengths. In the second Fe site, Fe is bonded in a 6-coordinate geometry to 6 Ge

atoms. There Fe–Ge bond distances are between 2.33–2.51 Å. In the third Fe site, Fe is bonded

in a 6-coordinate geometry to 6 Ge atoms. There are four shorter (2.31 Å) and two longer (2.55

Å) Fe–Ge bond lengths. There are two inequivalent Ge sites. In the first Ge site, Ge is bonded in

a 5-coordinate geometry to 5 Fe atoms. In the second Ge site, Ge is bonded in a 4-coordinate

geometry to four Fe atoms. Tetragonal FeGe2 crystallizes in the space group 140 or I4/mcm,

the prototypical Al2Cu structure. Fe is bonded in a 10-coordinate geometry to 2 Fe and 8 Ge

atoms. Both Fe–Fe bond are 2.47 Å long. The Fe–Ge bond lengths are 2.55 Å. Ge is bonded in a

5-coordinate geometry to 4 Fe and one Ge atom. The Ge–Ge bond is 2.63 Å long.

Group theory analysis predicts the following set of Raman active modes based on the irre-

ducible representations for the four Fe-Ge structures at the Γ point of the Brillouin zone:

FeGe (B20, P213): Γ = 2A + 2E + 5T,

FeGe (hex, P6/mmm): Γ = E2g ,

Fe2Ge3 (P-4c2): Γ = 5A1 + 5B1 +7B2 + 16E,

FeGe2 (I4/mcm): Γ = A1g +B1g +B2g +2Eg .

It should be noted that A and B modes are non-degenerate, E modes are doubly degenerate,

and T modes are triply degenerate.

Table 6.7 presents the theoretically calculated frequencies and symmetry of the Raman active

modes expected in these four phases. Atomic displacements of the Raman modes were addi-

tionally calculated to provide the visualization of the corresponding atom motions. Figure 6.19

shows representative vibrational patterns of several modes within each Fe-Ge structure. In

case of cubic FeGe (B20) structure, total of 9 Raman active modes are expected in the region

from 130 to 300 cm−1. In most cases the vibrational patterns correspond to motion of both Ge

and Fe, as represented in Figure 6.19a. In difference to this, hexagonal structure is character-

ized by only 1 Raman active mode, which corresponds to purely Ge-vibrations expected at

190 cm−1 (Figure 6.19b). This motion consists of two Ge atoms positioned on the top of two

tetrahedra with Fe base, that symmetrically stretch along the diagonal.

Tetragonal FeGe2 structure exhibits 5 Raman-active modes expected in the range between 102

and 170 cm−1. Figure 6.19c displays 3 modes: the B1g mode at 102 cm−1, the A1g mode at 170
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Figure 6.19 – Representative atomic displacements of the calculated vibrational modes corre-
sponding to a) cubic FeGe phonons at 291, 221 and 187 cm−1, b) hexagonal FeGe phonon at
190 cm−1, c) FeGe2 phonons at 170, 153 and 102 cm−1 and d) Fe2Ge3 phonons at 338, 319,
311 and 206 cm−1. The arrows indicate the direction of displacement, their sizes illustrate the
relative amplitudes of the atomic motions.

cm−1 and the Eg mode at 153 cm−1. The B1g and Eg modes are characterized by combined

vibrations of Fe and Ge atoms. The A1g at 170 cm−1 is purely Ge atoms vibration in the xz

and x y plane.

Tetragonal Fe2Ge3 phase is characterized with 33 Raman active modes, covering the region

from 50 to 340 cm−1, which representative vibrational patterns are given in Figure 6.19d. We

visualize the E mode at 338 cm−1, A2 mode at 319 cm−1, A1 mode at 311 cm−1 and A1 mode at

206 cm−1. These modes come from a combined vibrational motion of Fe and Ge atoms. The

atomic displacements are more pronounced for low frequency modes when compared to high

frequency ones. The lower frequency modes are characterized by in-plane 2D motions, while

high frequency modes are more complex and represented by vibrations in 3D.

6.3.5 Experimental results and Discussion

Film morphology and composition maps

We start by presenting the analysis of the crystal structure and composition of the annealed

films performed by TEM. Figure 6.20 presents representative TEM micrographs, EDX compo-

sition maps as well as the corresponding compositions as line scans.

Data on sample #192 are shown in Figure 6.20a-c. Figure 6.20a corresponds to the bright field

(BF) TEM image of the layer. We observe a slight horizontal contrast, reminding the original

layered configuration before annealing. The EDX map in Figure 6.20b confirms compositional

variation across the sample thickness. The line scan in Figure 6.20c provides quantitative
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Cubic FeGe Hex. FeGe Fe2Ge3 FeGe2

(P213) (P6/mmm) (P-4c2) (I4/mcm)
E 133, 242 E2g 190

E

57, 89, 114, B1g 102

T
142, 191, 227, 126, 167, 168, B2g 122

252, 291 182, 186, 210, Eg 153, 167
A 187, 221 232, 253, 270, A1g 170

281, 288, 327,
338

A1
311, 206, 196,

149, 82

B1
279, 218, 198,

171, 152

B2

287, 213, 194,
171, 149, 132,

129

Table 6.7 – DFT calculated Raman modes (symmetry and wavenumber) for cubic FeGe, hexag-
onal FeGe, tetragonal Fe2Ge3 and tetragonal FeGe2.

information on the variation. The Ge (Fe) content varies between 41 (59) and 64 (36) %.

This indicates that the elements mixed during the annealing process. The mixing was not

completely homogeneous. The layered nature of the sample was still apparent in the contrast

and composition (linescan), as some layers exhibited higher Ge content than others. The

elemental mapping indicated that the surface was oxidized. We did not detect a significant

oxygen content in the core of the sample. The average atomic Fe composition in the central

region is 47 ± 2 %. This was quantified using the Cliff-Lorimer method assuming a thickness

of 50 nm and an atomic density of 8 g/cm3.

Figure 6.20d-f depicts data obtained on sample #186. Figure 6.20d shows the bright field

(BF) TEM. Similar to the previous sample, we distinguish a slight contrast variation in growth

direction. The EDX map in Figure 6.20e shows the Fe-Ge intermixing and oxygen layer. The

line scan in Figure 6.20f reveals that the Ge (Fe) atomic composition lies between 45 (55) and

78 (22) %. The average atomic Fe composition in the centre is 39 ± 2 % which is lower than in

case of the thicker #192 sample with several interfaces.

The data of sample #240 are displayed in Figure 6.20g-i. The BF TEM image in Figure 6.20g

shows a clear contrast variation in growth direction suggesting a lower level of intermixing

compared to the two previous samples. The EDX map in Figure 6.20h confirms the Fe- and

Ge-rich regions. The line scan in Figure 6.20i reveals that the layers are intermixed only in a 10

nm thick region. The Ge (Fe) content varies from 0 (90) to 98 (0) %. The average Fe atomic

composition in this film is 37 ± 2 %. All the average compositions are listed in Table 6.8. A

HRTEM micrograph indicates that the Ge is amorphous and Fe nanocrystalline (Figure C.7),

supported by the electron diffraction (Figure C.6b).
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Sample #192 #186 #240
Avg. at. Fe content (%) 47±2 39±2 37±2

Table 6.8 – Average atomic composition measured by STEM-EDX in the areas depicted by
black rectangles in the Figure 6.20c, f, i.

It should be mentioned that the observed limited intermixing of layers at the back of the

samples is due to the short penetration depth of the light during the FLA treatment, resulting

in mostly superficial heating.

Phase identification by X-Ray diffraction and Raman spectroscopy

Phase identification of the synthesised thin films was performed using Raman spectroscopy

and XRD measurements in various configurations, including GIXRD, GIWAXS and Bragg-

Brentano geometry (θ-2θ). By varying the incidence angle during the XRD measurements,

we were able to perform an in-depth characterization of the films. Lower values of incidence

angles allow investigating the surface region of the thin films, while higher angles correspond

Figure 6.20 – TEM, EDX and composition (from top to bottom) of FeGe samples a-c) #192,
d-f) #186 and g-i) #240. Scale bars represent a) 20 nm, d) 10 nm, g) 10 nm, b, e, h) 50 nm. The
compositions (line scans in c, f, i) were evaluated along the vertical yellow lines shown in the
central row. The uneven interfaces in d) are a consequence of the ion beam etching during the
lamella preparation.
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more to characterization of the bulk. Finally, the Bragg-Brentano geometry (θ-2θ) allows

characterization of the complete sample, including the thin film and substrate layers. The

experimental XRD data were compared with the calculated XRD patterns obtained from the

Crystallography Open Database [202].

Figure 6.21 presents the XRD patterns from the three investigated samples which were mea-

sured in various configurations, along with the phase identification.

Sample #186 exhibit relatively simple XRD pattern with appearance of 2-3 peaks depending on

the measuring configuration. According to the GIWAXS measurements withαi = 1.0 and 4◦, the

surface and subsurface regions of the sample are characterized by presence of Fe-rich phases,

Fe3Ge5 and Fe0.85Ge0.15/Fe3Ge2 phases. Note that the XRD patterns of Fe0.85Ge0.15 and Fe3Ge2

are very similar, making it difficult to differentiate at the level of our measurements. Besides

these phases, contributions from Fe3O4 and unreacted Ge and Fe have also been observed.

GIXRD measurements with αi = 5.0◦ and Bragg-Brentano measurements reveal mostly the

presence of Fe0.85Ge0.15/Fe3Ge2 in the bulk of the film, along with the unreacted Fe and Ge

contributions from the substrate.

Sample #192 presents a more complex pattern with higher number of contributions. The

surface of the sample corresponding to GIWAXS measurements with αi = 1.0 and 2.5◦ is

mostly dominated by unreacted Ge and Fe3O4. Iron rich Fe0.85Ge0.15/Fe3Ge2 is the major

phase present in this region, with smaller contributions of cubic FeGe (B20) and hexagonal

FeGe. These last two phases become dominant in the bulk of the sample as observed with

higher intensity peaks corresponding to FeGe (B20) and hexagonal FeGe phases in patterns

obtained from GIWAXS and GIXRD measurements with αi = 4.0 and 5.0◦, respectively. Small

contribution of unreacted Fe to the reflection at 2θ = 45◦ is expected for all grazing incidence

measurements. The Bragg-Brentano measurements are mostly characterized with Ge peaks

belonging to the substrate.

GIWAXS measurements with αi = 1.0◦ show that the surface region of sample #240 is charac-

terized by the presence of Fe0.85Ge0.15/Fe3Ge2 along with contributions from unreacted Fe

and Ge, along with GeO2 and graphene from the substrate. Fe3Ge5 is the dominating phase in

the subsurface region corresponding to GIWAXS measurements with αi = 4.0◦, while presence

of hexagonal FeGe phase is observed in the bulk of the film (GIXRD measurements with αi

= 5.0◦). The Bragg-Brentano measurements reveal mostly contributions from Si belonging

to the substrate. The GIXRD of the substrate can be found in the Supporting Information

(Figure C.9).

Raman spectra of the three samples are shown in Figure 6.22, along with phase identification

of peaks (enlarged features of the low-intensity peaks are presented in Figure C.10 in the

Supporting Information). Sample #186 exhibits 9 features in the measured region of 100

– 600 cm−1. The most prominent peaks are located at 200 and 300 cm−1, while the other

low-intensity peaks are at 139, 163, 221, 244, 290, 467 and 560 cm−1. The peak at 300 cm−1 is

typical of Ge-vibrations [168] and can be assigned to unreacted Ge that is observed in the
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Figure 6.21 – XRD patterns of (a) #186, (b) #192 and (c) #240 samples measured in GIWAXS
(incidence angles αi = 1.0, 2.5 and 4◦), GIXRD (incidence angle αi = 5.0◦) and Bragg-Brentano
(θ-2θ) configuration, along with the identification of peaks corresponding to different phases.
Note that the patterns corresponding to Bragg-Brentano configuration are presented on the
logarithmic scale (pointed with the arrow).

surface region by XRD and EDX measurements or from the substrate. The other dominating

peak at 200 cm−1 is probably due to Fe-rich Fe0.85Ge0.15 phase according to Wang et al. [172]
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Figure 6.22 – Raman spectra of #186, #192 and #240 thin films and the comparison with the
reference values.

who have observed a similar Raman contribution in their Fe-Ge nanoparticles. This peak

can be also assigned to hexagonal FeGe and cubic FeGe (B20) phases. Hexagonal FeGe and

FeGe (B20) have not been observed in the XRD measurements for this sample, in difference to

Fe0.85Ge0.15 phase. However, this does not exclude their presence, as Raman spectroscopy

is a microscopic technique which can detected nanometric traces of materials, in difference

to XRD which is macroscopic, and requires significant amount of a material in order to show

presence in the patterns. Furthermore, the lower intensity peaks at 139, 163, 221, 244 and 290

cm−1 agree quite well with the expected Raman peaks for cubic FeGe (B20) phase based on

the calculations, as shown in Table 6.7. Contribution from Fe3O4 phase is seen in the presence

of Raman peaks at 467 and 560 cm−1, as well as in minor contributions to peaks at 163, 200

and 221 cm−1, all of which agree with the XRD results.

Raman spectrum of sample #192 also contains 9 features. Similarly, to sample #186, the

most prominent features are located at 201 and 299 cm−1, while lower intensity peaks are

located at 141, 162, 222, 244, 288, 467 and 560 cm−1. As discussed previously, the peak at 300

cm−1 is assigned to unreacted Ge observed in the surface of the sample from XRD and EDX

measurements or from the substrate. The peak at 201 cm−1 is due to Fe0.85Ge0.15 , hexagonal

FeGe and FeGe (B20) all of which have been observed in the XRD patterns. Lower intensity

peaks at 141, 162, 222, 244 and 288 cm−1 are typical of the cubic FeGe (B20) phase. The peaks
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Experimental Identified Calculated (this work) Literature
(wavenumber) phases (wavenumber, symmetry) (wavenumber)

#186 #240 #192 Cubic FeGe Hex. FeGe Ge Si Fe3O4 GeO2 Fe0.85Ge0.15

139 138 141 Cubic FeGe 142 T 124
163 162 Cubic FeGe, 187 A 160 168, 181

Fe3O4

200 201 201 Cubic FeGe, 191 T 190 E2g 193 200
Hex.FeGe,

Fe0.85Ge0.15,
Fe3O4

221 222 Cubic FeGe, 221, 227 A, T
Fe3O4 226

244 244 Cubic FeGe 242, 252 E, T
290 288 Cubic FeGe 291 T
300 299 Ge 300 302
467 467 Fe3O4 470 444

519 Si 519
560 560 Fe3O4 560

Table 6.9 – Summary of observed peaks in Raman spectra of #186, #240, #192 samples and the
phase assignment according to DFT calculations (cubic and hexagonal FeGe) in this work and
literature (Ge [168], Si, Fe3O4 [169] and GeO2 [171], Fe0.85Ge0.15 [172]).

at 467 and 560 cm−1, as well as minor contributions at 162, 201, and 222 cm−1 are attributed

to Fe3O4 which presence is additionally confirmed by XRD measurements.

The Raman spectrum of sample #240 exhibits 3 peaks at 138, 201 and 519 cm−1. The peak at

519 cm−1 is assigned to Si substrate, while the contribution at 201 cm−1 is due to presence of

Fe0.85Ge0.15 and hexagonal FeGe, both of which have been observed in XRD measurements.

The peak at 138 cm−1, along with small contribution to 201 cm−1 signals the presence of the

nanometric FeGe (B20) phase, which was not detected in the XRD measurements. It should be

noted that while GeO2 has been observed in the XRD measurements, no clear contributions

are seen in the Raman spectra of this sample.

Table 6.9 summarises the peak positions observed in the Raman spectra of the three samples,

as well as their assignment to different phases.

Magnetic properties

Magnetization data are shown in Figure 6.23. The top graphs in Figure 6.23a-c display hystere-

sis loops M(H) obtained at different temperatures T and the bottom graphs in Figure 6.23d-f

the temperature-dependent magnetization M measured at different fixed field values. The

values are expressed in emu/cm3 units, where for the volume we considered the area of the

film multiplied by a thickness from the EDX line scans containing Fe.

It is instructive to first discuss the magnetic properties of sample #240 for which Fe and Ge

intermixed in a narrow transition region only (Figure 6.20i). Figure 6.23a shows the hysteresis

loops of the sample. The saturation magnetization Ms does not vary significantly with the
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Figure 6.23 – Magnetic hysteresis curves (a-c) and field-cooling temperature scans (d-f) of
samples #240 (left), #192 (center), and #186 (right) in in-plane magnetic fields.

temperature. We extract a value of 995 emu/cm3 at 300 K and 998 emu/cm3 at 5 K. The

coercive field Hc (T ) varies slightly with the temperature. µ0Hc increases from 11.2 mT (300

K) to 20.6 mT (5 K). The nearly temperature-independent hysteresis loops in Figure 6.23a are

consistent with a ferromagnet exhibiting a critical temperature above room temperature such

as Fe. We attribute the detected magnetic behavior hence mainly to Fe which did not intermix

with Ge. Figure 6.23b depicts the hysteresis of sample #192. We observe that Ms increases with

decreasing temperature from 930 (300 K) to 200 emu/cm3 (5 K). The low-temperature value

is smaller by a factor of 5 compared to Figure 6.23a, consistent with better intermixing of Fe

with Ge. For Hc (T) we obtain µ0Hc = 10.1 mT at 300 K and 62.2 mT at 5 K. Below 200 K, the

recorded hysteresis loops show a change in the slope below (after) the coercive fields. For 150

K the change in slope occurs at 40 mT. For higher T , this feature is not observed.

The hysteresis loop of sample #186 is shown in Figure 6.23c. Ms increases from the 190

emu/cm3 (300 K) to 260 emu/cm3 (5 K). We attribute the slight paramagnetic (PM) behaviour

to the used sample holder. We observe an increase of µ0Hc with decreasing temperature from

9.7 mT (300 K) to 46.8 mT (5 K). The hysteresis loops obtained below 200 K exhibit changes in

the slope slightly above (before) the relevant coercive field. These features occur around 10

mT for loops taken at T = 5, 50 and 100 K., i.e., at smaller fields compared to sample #192.

The temperature dependence of the absolute value of magnetization M(T ) measured at 5

mT on sample #240 is displayed in Figure 6.23d. The absolute value of M changes slightly

from 840 to 770 emu/cm3 in the temperature regime from 5 to 400 K. Absolute values of the

magnetization M(T ) of sample #192 are shown in Figure 6.22e. The graph contains the curves

measured during the field-cooled (FC) protocol at 90, 50, 30, 0, -30, -50 and -90 mT. Depending

on the field value the curves are shifted to different absolute values. For +90 and -90 mT M(T )
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Sample
Msat Hc

(emu/cm3) (mT) (mT)
T = 300 K T = 5 K T = 300 K T = 5 K T = 300 K T = 5 K

#192 93 ± 4 200 ± 9 117 ± 5 246 ± 11 10.1 ± 0.5 62 ± 3
#186 190 ± 9 260 ± 12 239 ± 11 325 ± 15 9.7 ± 0.4 47 ± 2
#240 995 ± 45 998 ± 45 125 ± 6 125 ± 6 11.2 ± 0.5 20.6 ± 0.9

Table 6.10 – Magnetic properties of FeGe films of sample #192, #186 and #240 extracted from
the hysteresis and temperature scans in Figure 6.22. Saturation magnetization measured at
300 K and 5 K, coercive field at 300 K and 5 K after applying the in-plane field.

decreases by a factor of about two between 5 K and 400 K, i.e., the magnetization varies with

T much more significantly than sample #240 (Figure 6.23d) for which Fe and Ge layers were

well separated. We measure a non-zero magnetization at 400 K suggesting the TC of the film

is above this temperature. We identify two kinks in the M(T ) curves (marked with upward

arrows), one near 230 K and one at 70 K. We note here that a low temperature kink is seen

also in Figure 6.23d.

Figure 6.23f depicts the M(T ) curves of sample #186 obtained by means of the FC protocol

at different fields. Their temperature dependencies and the appearance of kinks are similar

to Figure 6.22e. Still at low temperature the values of M are larger by a factor of up to two

compared to sample #192. The TC of the film is also above the measured region of 400 K. The

obtained values are summarized in Table 6.10.

Figure 6.24 – Comparison of the hysteresis loops for samples #240, #186 and #192 with a
non-annealed sample at T = 100 K. The non-annealed sample contain nanocrystalline Fe (11.8
nm) layer and amorphous Ge (19.4 nm) layer.

In Figure 6.24 we compare hysteresis loops obtained on the three samples #240, #192, and

#186 at one and the same temperature of 100 K with a sample containing an Fe and a Ge layer

which was not annealed. The non-annealed sample exhibits Msat of 1040 emu/cm3 (after

subtraction of the paramagnetic background). The coercive field µ0Hc amounts to 4 mT. Given

the non-annealed sample is constituted of sputtered Fe and Ge on a Ge substrate, we would

expect the magnetic behaviour of the sample to be similar to the one of pure Fe. Considering
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the difference in Msat,Fe ≈ 1630 emu/cm3 in comparison to 1040 emu/cm3 measured here,

we conclude that the non-annealed sample contains both Fe and Fe3O4. We observe similar

saturation magnetization values of the non-annealed and #240 sample. This indicates a

similarity between the samples’ morphology and the lack of pronounced intermixing of Fe

and Ge.

The samples #186 and #192 exhibit a change in slope in their hysteresis loops at low tempera-

tures. We attribute this behaviour to the appearance of a second low-temperature magnetic

phase which coexists with the high-temperature magnetic phase detected around room tem-

perature. This hypothesis is in agreement with the presence of three Fe-Ge crystal phases, the

Fe0.85Ge0.15, the hexagonal and cubic FeGe. If we compare the coercive field values µ0Hc of

the non-annealed sample and of sample #240 with sample #186, we suggest that the high-

temperature phase can be attributed to the phase present in the non-annealed sample, i.e,

oxidized Fe.

For the two other samples we observe two kinks in M(T ) near 230 K and 60 K. These values

are close to the critical temperature of cubic FeGe and a magnetic anomaly in hexagonal FeGe,

respectively. These observations support the mixture of hexagonal and cubic FeGe phases in

annealed samples consistent with the structural and Raman spectroscopy investigations. The

low-temperature kink in sample #240 might reflect the intermixing of Fe and Ge in the 10 nm

wide transition region identified in Figure 6.20i. The non-zero magnetization at 400 K can be

attributed to the presence of an Fe-rich compound or Fe-containing oxides. The compound

Fe3.34Ge2 exhibits e.g. a high critical temperature of TC 470 K [203]. The measured differences

between the magnetic characteristics of samples #192 and #186 on the one hand side and

#240 and a non-annealed sample on the other hand side indicates the successful application

of FLA leading to Fe-Ge intermixing and crystallization of FeGe phases.

6.3.6 Conclusions

A series of layered FeGex thin films, subjected to flash-lamp annealing, which was used to in-

tentionally induce intermixing and crystallization of FeGe phases, was studied experimentally

by Raman spectroscopy, X-ray diffraction, and substantiated by magnetic measurements. First

principle lattice dynamics calculations of Raman modes for cubic and hexagonal FeGe, as well

as tetragonal Fe2Ge3 and FeGe2 have been performed and compared with the experimental

data. It is shown that depending on the layer design the films contain primary cubic and

hexagonal FeGe polymorphs along with Fe-rich phases and pure Ge and Fe. One way to

improve the formation of high-quality crystal phases might be by co-sputtering of Fe and Ge,

leading to a better intermixing of materials before the FLA treatment. Performed vibrational

mode assignments for four distinct FeGex compounds opens up a way for fast and local phase

determination in thin FeGe films by means of Raman spectroscopy measurements.
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In this thesis we demonstrated the fabrication of FeGe and CoZnMn thin films on a van der

Waals substrate, in particular on graphene on oxidized silicon. We studied the structural,

compositional and magnetic properties of these films to provide the comparison in terms of

microstructure, saturation magnetization, coercive fields, spin resonance frequency, Gilbert

damping and gyromagnetic ratio with the bulk crystal properties reported in the literature.

First, micro/nanocrystalline FeGe thin films and 3D structures were fabricated through the

combination of magnetron sputtering, rapid thermal and flash lamp annealing. We studied the

FeGe crystallization on Si, graphene/SiO2/Si and Ge substrates via annealing from sub-second

up to 5 min time length range at temperatures up to 1150◦C. We showed how the optimization

of the pre-heating temperature (chosen from the COMSOL simulation), annealing pulse

energy and its length led to the full intermixing and crystallization of polycrystalline thin

films from careful design of a Fe-Ge multilayer. We found conditions to obtain particles

with varied morphology, ranging from 3D islands and discs. We also found the annealing

conditions leading to polycrystalline thin films with grain size up to 300 nm in diameter.

This was achieved by shortening the annealing time. The morphology and structure were

characterized respectively by scanning and transmission electron microscopy. The different

FeGe polymorphs were identified by means of Raman spectroscopy and x-ray diffractometry.

In collaboration with Prof. Litvinchuk we provided the Raman mode assignments for four

Fe-Ge phases (cubic FeGe, hexagonal FeGe, tetragonal FeGe2 and Fe2Ge3), which to the best

of our knowledge had not been reported in the literature before. The phase identification was

complemented by magnetic measurements of selected FeGe samples by vibrating sample

magnetometry. For future studies, one should perform further magnetic characterization to

determine if the large FeGe B20 grains can host skyrmions. If this would be the case, one could

think of performing local magnetic mapping to study the magnetic phases for example by

Lorentz TEM or nitrogen vacancy center magnetometry. Finally, we believe one could perform

further optimization of the flash-lamp annealing process to obtain pure cubic FeGe thin films.

Multi-flash annealing in sub-second regime with sufficiently long waiting time between pulses

at optimized pre-heating temperature could be explored.
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Second, we demonstrated van der Waals growth of Co10−x Zn10−x Mnx+y thin films on graphene

on oxidized silicon through molecular beam epitaxy. The precise control of growth condi-

tions, notably substrate temperature and growth rate, led to β-Mn phase formation of various

stoichiometries. We showed how the graphene microstructure influenced the growth mecha-

nisms and morphology of the thin films which started from 3D islands and to 2D layers. We

encountered a strong composition dependence as a function of the substrate coverage, which

was attributed to relatively low Zn adsorption coefficient on graphene compared to Mn and

Co. This led to compositional grading in the thin films.

We studied the static and dynamic magnetic properties of samples in the stoichiometry range

of 0 < x, y < 3, which in the literature are proven to host skyrmions in the bulk form. We showed

the thin films exhibited lower saturation magnetization and larger coercive fields compared

to the bulk samples. AC magnetometry results hinted a phase transition in Co8Zn8Mn4 close

to room temperature. The field and temperature dependent spin dynamics was studied in

Co8Zn8Mn4 for different sample morphologies and sample shapes via BLS. We measured

up to three SW resonances at room temperature in an in-plane field. The comparison of

resonance frequency and linewidth in islands, columns and merged film exhibited similar

spin dynamics behaviour with slightly higher quality in columns, as shown by a smaller Gilbert

damping. We compared the thermal magnons detected by microfocus BLS in the thin film to

the ones in a lamella of comparable thickness prepared from a Co8Zn8Mn4 bulk crystal. In

the lamella we measured a prominent SW resonance over a wide regime of in-plane magnetic

fields which we attributed to the FMR in the field polarized state. For the thin film, we observed

a two times higher Gilbert damping and a lower saturation magnetization than in the lamella.

Despite this, the thin-film resonance frequencies were larger at small magnetic field pointing

towards a magnetic anisotropy. The higher damping is argued to originate from the different

and heterogeneous morphology of the thin film. The Co8Zn8Mn4 film exhibited a broad SW

resonance in a narrow frequency regime around 3 GHz in an out-of-plane magnetic field. The

resonance frequency was found to increase slightly with increasing temperature up to 400 K

which needs further investigation.

For the successful application of CoZnMn thin films into skyrmionic devices, the composi-

tional homogeneity of thin films should be further optimized. To achieve a homogeneous

Zn distribution through the sample thickness, one should compensate for the different Zn

adatom adsorption as a function of the graphene coverage. We think the solution would be a a

two or multiple-step growth process in which the growth conditions would depend on the

coverage of the graphene substrate

It would be instructive to compare the growth on hereby used chemical vapour deposited

graphene to the growth of films on the epitaxial graphene on SiC, as the latter does not exhibit

as many defects as the commercial graphene used here. This would provide further insight in

the role of defects in the growth mechanisms. Supplementary magnetic studies addressing the

imaging of the skyrmions (by e.g. LTEM) in different morphologies are needed in parallel to the

microstructure optimization. The SW dynamics measurements addressing the temperature
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dependence in an in-plane field are needed to provide the full picture on the presence and

behaviour of skyrmions in CoZnMn thin films.

Finally, we think that the methodology provided here can be applied to other material systems

lacking a lattice-matched substrate such as MnSi, Fex Mn1−x Ge and Fe1−x Cox Si.
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A Device fabrication for BLS measure-
ments

Here we describe the steps for the fabrication of the metallic coplanar waveguide (CPW) via

combination of photolithography and electron beam lithography (EBL) on Si3N4 membrane

on Si (Figure A.1-1a).

We start with the fabrication of the markers used for the alignment with Si3N4 membrane

windows for the EBL (1). In this step we first deposit the LOR and AZ1512 photoresists via

spinning (1b). Second, we evaporate 10 nm thick Ti and 120 nm thick Au (1c). Then we strip

the resist with the remover 1165 (1d). We continue with the second step, the CPW fabrication

(2). First, we spin-coat 320 nm thick MMA and 100 nm thick PMMA (2a). We follow with

EBL (2b) and utilize the design of the CPW shown in Figure A.2a. After the EBL, we clean the

device with O2 plasma for 10 s. 10 nm thick Ti and 120 nm thick Au film are evaporated on the

prepared pattern (2c). Finally, we strip the MMA and PMMA leaving us with the final design of

the device (2d).

Figure A.1 – Process flow for the CPW fabrication.

Then we prepare the Co8Zn8Mn4 lamella and transfer it on the signal line in two configurations.

The measurements from Section 6.2 are performed on a 250±50 nm lamella thinned with

a FIB process using the Ga ions. The lateral dimensions of final lamella are 4.6×7.4 µm2.

The long and short edges of the lamella correspond to the [110] and [1-10] crystal directions,

respectively. The lamella transfer to the CPW is performed with a manipulator inside of the

FIB system. The final device is pictured in Fig. Figure A.2b. The FIB process flow with the used

milling and imaging current are displayed in Figure A.3.
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Appendix A. Device fabrication for BLS measurements

Figure A.2 – a) The optical micrograph of the Ti/Au CPW device after the fabrication process
with the Si3N4 window in the centre. b) The SEM micrograph of the central part with the
lamella.

Figure A.3 – The FIB process flow with the used milling and imaging current values. i-iii) steps
for the lamella preparation for TEM imaging, iv) ∗ additional step in case of device fabrication
for BLS measurement.

112



B FeGe thin film crystallization

B.1 Temperature simulation in FeGe film on various substrates for

FLA via COMSOL

Substrate Tmax,FeGe (K) Tmax,subst (K) Teq (K)
Sapphire 427 324 316
Capped SiO2/Si 610 600 450
SiO2/Si 750 650 520
graphene/SiO2/Si 750 650 520
Diamond 371 367 352
Ge 850 720 550

Table B.1 – Substrates comparison for the calculation of the maximal energy in FeGe film, of
substrate and the equilibrium temperature upon FLA.

t (ms) E (J/cm2) Tpre-heat (K) Tmax,FeGe (K) Tmax,subst (K) Teq (K) Teq,calc (K)
0.3 3 293 430 330 320 328
0.77 7.2 293 530 360 350 376
1.5 13 293 - 430 370 443
2 20 293 740 480 410 523
5 28.9 293 - 580 480 626
10 48 293 850 720 550 846
0.3 3 780 917 817 807 487
0.77 7.2 750 987 817 807 457
1.5 13 680 - 817 777 387
2 20 630 1077 817 747 337
5 28.9 530 - 817 697 237
10 48 390 947 817 647 97

Table B.2 – The COMSOL simulation results for FeGe(30nm) on Ge substrate.
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Appendix B. FeGe thin film crystallization

t (ms) E (J/cm2) Tpre-heat (K) Tmax,FeGe (K) Tmax,subst (K) Teq (K) Teq,calc (K)
0.3 3 293 367 324 321 328
0.77 7.2 293 422 381 360 377
1.5 13 293 469 443 415 445
2 20 293 541 499 478 527
5 28.9 293 562 577 549 631
10 48 293 681 686 645 854
0.3 3 790 864 821 818 497
0.77 7.2 750 879 838 817 457
1.5 13 690 866 840 812 397
2 20 630 878 836 815 337
5 28.9 560 829 844 816 267
10 48 460 848 853 812 167

Table B.3 – The COMSOL simulation results for FeGe(30nm) on SiO2/Si substrate.
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B.2. Preliminary FeGe growth on Si and graphene

B.2 Preliminary FeGe growth on Si and graphene

B.2.1 RTA of FeGe/Si(111) with wafer capping

This section contains the annealing of FeGe film on Si(111) substrate. The film thickness is

100 nm deposited in 2 layers, Ge by sputtering and Fe by evaporation. We applied a two-step

thermal cycle: 1 s at 1150◦C and 2 min at 550◦C. The sample was capped with an oxidized Si 4

in wafer.

The morphology and crystal phase were analysed using SEM, GIXRD and Raman spectroscopy.

The data are displayed in Figure B.1. The SEM micrograph in Figure B.1a shows inhomoge-

neous nucleation leading to particle formation. The particle shape is rather spherical, but

elongated shapes can be found too. The diameter is approximately 5 µm. Figure B.1b depicts

the XRD pattern with 4 peaks located at 37.6◦, 47.6◦ and 48.9◦ and 70.5◦. We compare the

measured positions with the literature and assign them to hematite, Ge and B20 and/or B35

FeGe mixture. The highest intensity peak overlaps with the hematite peak at 47.6◦. B35 FeGe

has also its highest intensity peak at 47.8◦ from the (201) plane. The peaks at and 37.6◦ and

70.5◦ do not perfectly overlap the reference pattern but might correspond to all three phases

which exhibit peaks in close proximity. The Raman spectrum of the sample displayed in

Figure B.1c . We observe 8 peaks with positions at 227, 246, 293, 300, 411, 498, 612 and 646

cm−1. There is a correspondence with the hematite modes for all 8 peaks. However, the peaks

positions might be also interpreted as mixture of B20 FeGe, Ge, SiGe, Si and SiO2. The first 3

modes positions overlap with B20 FeGe modes, but we do not observe any vibrations at low

wavenumbers below 220 cm−1 as expected from B20 structure. The 300 cm−1 peak might

contain contribution from pure Ge, the peak at 411 cm−1 might come from the Si substrate

and Ge film intermixing. The broad low-intensity peak at 498 cm−1 could come from the

strained Si film formed on the interface with Ge. The broad peaks above 520 cm−1 can be

attributed to SiO2.

To summarize, RTA of Fe/Ge film on Si(111) at 550◦C with the wafer capping leads to an

uneven film crystallization with particles formation. The Raman and XRD suggest the particles

are constituted of hematite. This might be due to the large initial Fe content in the top layer

and the air exposure prior to the annealing. The presence of B20 cannot be excluded from the

Raman analysis if we consider the Ge layer and Si substrate intermixing. In order to avoid the

intermixing connected to the formation of strain at the interface, the substrate with graphene

buffer layer is further examined. The Fe and Ge layers will be deposited with adjusted initial

Fe content and in a multi-layered trend.

Sample Substrate t (nm) nlayers dFe (nm) dGe (nm) dFe/dGe Tcryst (◦C) tcryst (min)
#292 Si(111) 100 2 50 50 1 550 2

Table B.4 – The sample FeGe/Si information: the substrate, the film thickness, the number of
Fe/Ge layers n, the thickness of Fe and Ge, the thickness ratio and the RTA parameters.
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Appendix B. FeGe thin film crystallization

Figure B.1 – a) SEM micrograph b) XRD pattern and c) Raman spectrum of RTA annealed FeGe
film on Si(111) with wafer capping. Scale bar in a) 5 µm.

B.2.2 Explosive crystallization of FeGe crystals on graphene via RTA with wafer
capping

In this section we report on 66 nm Fe/Ge films on graphene/SiO2/Si(100) substrate. The films

were crystallized with the following two-step thermal cycle: 1 s at 1150◦C and 2 – 6 min at

500◦C. We were interested in the morphology and crystal phase and how they are influenced

by crystallization time tcryst.

Figure B.2 – Explosive crystallization observed after RTA process with the wafer capping of
FeGe/graphene/SiO2/Si(100). SEM micrographs of a) one EC centre, b) zoomed EC boundary
and c) crystals formed on the graphene substrate. d) Raman spectra comparison for different
annealing times.

First, we report on the morphology we obtained with the wafer capping on substrate with

graphene. Figure B.2 shows SEM micrographs of a film annealed for 2 min. We observe

the explosive crystallization (EC). EC is a thermal process where the heat released at the

crystallization front serves to drive the reaction from an amorphous to a crystalline phase [204].

On the interface between the amorphous and crystalline phases, a thin melted layer appears.

The propagation of an EC front is possible for a specific range of substrate temperatures and

film thicknesses [205].

The micrograph in Figure B.2a depicts a structure that we attribute to an EC centre and a grain

formed around it. The typical grain size is approximately 200 µm in diameter. In Figure B.2b
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B.2. Preliminary FeGe growth on Si and graphene

we observe aggregations with an elongated shape formed in the direction of the explosion.

The aggregation exhibits facets and it is made dominantly by Fe. SEM-EDX analysis gives the

values 97 : 03 (± 3) atomic percentage Fe/Ge ratio. The Ge is homogeneously distributed on

the sample surface. Individual small crystals are also observed. Figure B.2c depicts crystals of

size up to ≈ 300 nm in diameter.

Experiment Literature
#292 B20 FeGe B35 FeGe Ge SiGe Si [206] α-Fe2O3 [170] *[207]

142 T
187 A
191 T
221 A

227 227 T 224
246 242 E 244

252 T
293 291 T 290 T 291
300 300 299*
411 400 408
498 480* 493

519
612 610
646 659

814

Table B.5 – Raman vibrational modes measured in FeGe film RTA-annealed on Si(111) and the
reference values of the vibrations and symmetries from the DFT calculations or experiments
from literature.

The crystal structure was studied via GIXRD and Raman spectroscopy. Raman spectra are

displayed in Figure B.2d for 3 annealing temperatures of 2, 4 and 6 min. The most pronounced

peaks appear after 6 min annealing. The Raman spectrum exhibits 8 peaks located at 225,

244, 292, 300, 407, 496, 608 and 666 cm−1. Similar to the FeGe/Si sample, these peak positions

coincide with Fe2O3 reported values. The absence of the B20 peak below 220 cm−1 suggests

there is no contribution from B20 FeGe. The Raman peak positions of the other 2 samples

annealed for 4 and 2 min reveal the same peak positions plus the Si substrate peak at 519 cm−1.

The intensity of the peaks below 500 cm−1 increases with the annealing time. We compare

the intensity of peaks at 225 and 292 cm−1 with the Si substrate peak at 519 cm−1. We observe

the intensity ratio increases by 2 orders of magnitude from 0.3 to 60 for I225/519 and from 0.33

to 48 for I292/519. The measured Raman peak positions, the phase and symmetry assignments

are listed in Table B.7.

In conclusion, we argue that the formation of the melted film occurs between the deposited

top Fe film and the capping wafer. The relatively large gap between the film and the wafer

(compared to physically deposited capping layer) allows Fe to aggregate. The RTA of FeGe films

on graphene and oxidized silicon with the wafer capping leads to the explosive crystallization.
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Appendix B. FeGe thin film crystallization

Sample Substrate t (nm) nlayers dFe (nm) dGe (nm) dFe/dGe Tcryst (◦C) tcryst (min)
#459 g/SiO2/Si(100) 66 4 2 x 10 2 x 23.8 0.42 500 2
#461 g/SiO2/Si(100) 66 4 2 x 10 2 x 23.8 0.42 500 4
#460 g/SiO2/Si(100) 66 4 2 x 10 2 x 23.8 0.42 500 6

Table B.6 – Description of FeGe/graphene/SiO2/Si(100) sample parameters used for the RTA
process with the wafer capping.

We observe formation of hematite aggregates, individual nanocrystals and Ge layer. To prevent

the EC process and obtain a FeGe film we look further into a physically deposited capping in

section 5.3.

Experiment Literature
#459 #461 #460 B20 FeGe B35 FeGe Ge SiGe Si*[206] α-Fe2O3 [170] *[207]

142 T
187 A
191 T

218 221 A
224 226 225 227 T 224
244 244 242 E 244

252 T
291 289 292 291 T 290 T 291
299 299 300 300 299*
408 407 407 400 408

496 480* 493
519 519 519

610 610
659
814

Table B.7 – Raman vibrational modes measured in FeGe film RTA-annealed on
graphene/SiO2/Si(100) and the reference values of the vibrations and symmetries from the
DFT calculations or experiments from literature.
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C Supporting Information

C.1 Pub. I: van der Waals epitaxy of Co10−xZn10−y Mnx+y thin films:

chemical composition engineering and magnetic properties

Supporting Information for van der Waals epitaxy of Co10−x Zn10−y Mnx+y thin films: Chemical

composition engineering and magnetic properties.

A. Kúkol’ová, S. Escobar Steinval, R. Paul, J. B. Leran, P. Che, M. Hamdi, A. Mucchietto, D.

Grundler, A. Fontcuberta i Morral

Figure C.1 – The Raman spectra of monolayer graphene on SiO2(300nm)/Si. Comparison of
defected and defect-free graphene.The G (graphite) band at 1582 cm−1 and the G’ band at
about 2700 cm−1 using laser of 488 nm wavelength. For a defected sample, we can also see
the disorder-induced D band and the D’ band.
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Appendix C. Supporting Information

Figure C.2 – HRTEM of Co8Zn8Mn4 lamella with no dislocations.

Figure C.3 – SAED micrographs and simulation of the patterns using JEMS [139]. (a) SAED of
Co8Zn8Mn4, (b) simulation result for Co8Zn8Mn4 with the matching pattern for the zone axis
652, (c) SAED of Co7Zn7Mn6, and (d) SAED of Co9Zn9Mn2.
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C.1. Pub. II: van der Waals epitaxy of Co10−x Zn10−y Mnx+y thin films

Figure C.4 – Space resolved BLS measurements performed on Co8Zn8Mn4 at 90 mT exploring
different positions 1A, 2A, 1B, 2B, etc. as sketched on the top. The vertical and horizontal step
was 50 nm. The laser spot diameter was approximately 250 nm. The exact position of the
scanned region on the film was not identified with the AFM. We assumed the laser spot to be
focused on granular or merged film regions. The greyed area corresponds to the elastically
scattered laser light.
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Appendix C. Supporting Information

Figure C.5 – (a) and (b) Detailed AFM investigations of Co8Zn8Mn4 to identify three regions of
different morphology (columns, granular and merged film regions) for the region-specific BLS
study. (c) Optical images from the BLS microscope with the identified regions corresponding
to i) columns, ii) granular and iii) merged film. For the placement of the laser spot in BLS we
calculated the specific x, y coordinates using the identical structural features seen in the center
of the AFM image (a) and the bottom corners of BLS microscope images (c) as the origins of
the two coordinate systems in the scanning stages of AFM and BLS.
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C.2. Pub. II: Cubic, hexagonal and tetragonal FeGex phases (x = 1, 1.5, 2): Raman
spectroscopy and magnetic properties

C.2 Pub. II: Cubic, hexagonal and tetragonal FeGex phases (x = 1,

1.5, 2): Raman spectroscopy and magnetic properties

Supporting Information for Cubic, hexagonal and tetragonal FeGex phases (x = 1,1.5,2): Ra-

man spectroscopy and magnetic properties.

A. Kúkol’ová, M. Dimitrievska, A. P. Litvinchuk, S.P. Ramandandan, N. Tappy, H. Menon, M.

Borg, D. Grundler, A. Fontcuberta i Morral

Figure C.6 – a-b) TEM data on FeGe sample #240 prepared by peeling of the film from the
graphene substrate. The bright field TEM top view in a) and the SAED ring pattern matching
the Fe phase. c) SAED pattern of FeGe sample #94 on graphene annealed at 20 J/cm2 with the
400◦C pre-heating. The pattern match the tetragonal Fe2Ge3 phase.

Figure C.7 – a) HRTEM of cross-section from sample #240 with the nanocrystalline Fe layer on
the top, and amorphous Ge layer at the bottom. HAADF micrographs of sample b) #240, c)
#186 and d) #192. Scale bar in b-d) 20 nm.
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Appendix C. Supporting Information

Figure C.8 – XRD patterns for cubic FeGe (B20), hexagonal FeGe, Fe0.85Ge0.15, Fe5Ge3, Fe2Ge3,
FeGe2.

Figure C.9 – GIXRD of the graphene/SiO2/Si and Ge substrate.
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C.2. Pub. I: Raman signatures of cubic, hexagonal and tetragonal FeGex phases

Figure C.10 – Raman spectra of #186, #192 and #240 thin films and the comparison with the
reference values.
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