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Abstract

The overarching goal of this thesis is to develop and demonstrate a robust experimental meth-
odology capable of unambiguously detecting and characterizing depth-dependent vector mag-
netization states in nanoscale multilayers. This goal is motivated by the crucial role that non-
collinear spin configurations play in existing and emerging spintronic technologies and the
longstanding challenge of resolving them experimentally. As such, this thesis addresses one of
today’s key challenges in magnetism, given that no universal methodology exists that can ad-
dress this characterization challenge, even though most relevant aspects of multilayer mag-
netism and associated technology rely on depth-dependent spin structures, which are, however,

almost never measured directly.

To establish a reliable foundation for this work, several key methodological steps were
undertaken. First, the reflection matrix R used in linear magneto-optics was experimentally
verified for arbitrary magnetization orientations of a collinear materials system, which is cru-
cially necessary to facilitate the utilization of experimental deviations from R in more complex
magnetic sample structures. Next, a linear superposition approach of the magneto-optical signal
of the individual layers was developed and verified, confirming that the total magneto-optical

signal in multilayers can be understood as a coherent sum of individual layer contributions.

With this solid methodological groundwork, the following key results were achieved.
Generalized magneto-optical ellipsometry was applied to detect non-collinear magnetic states in
carefully designed multilayer samples. The results demonstrate that the phase of the complex-
valued magneto-optical coefficients is highly sensitive to deviations from collinearity, allowing
for the unambiguous identification of non-collinear depth-dependent magnetization profiles.
Furthermore, full vector magnetometry was achieved on a layer-resolved basis for a two-layer
system, revealing the independent and field-dependent rotation of magnetization vectors in mul-
tilayers with tunable interlayer coupling. Additionally, an unexpected out-of-plane magneto-
optical signal was observed in nominally in-plane multilayer systems. This anomalous signal
could not be accounted for by bilinear or biquadratic coupling alone and could instead be at-

tributed to interlayer Dzyaloshinskii-Moriya interaction, as confirmed by simulations.



These results were made possible through extensive preparatory work, which included
the design and fabrication of epitaxial single-layer and multilayer thin films with precise control
over anisotropy, composition, and interlayer spacing and coupling. Structural characterizations
via x-ray diffraction confirmed the crystalline quality and epitaxial alignment of the films. Com-
plementing the experimental work, detailed simulations based on coupled macrospin models
were performed to interpret the complex magnetic behavior of such multilayers. These simula-
tions successfully reproduced the field evolution of vector magnetization states and explained

the emergence of out-of-plane signals driven by interlayer Dzyaloshinskii-Moriya interactions.

Altogether, this thesis establishes a comprehensive framework for layer-resolved vector

magnetometry and provides critical insights into the physics of magnetic multilayers.



Resumen

El objetivo central de esta tesis es desarrollar y demostrar experimentalmente una me-
todologia robusta capaz de detectar y caracterizar los estados del vector magnetizacion en fun-
cion de la profundidad en muestras constituidas por multicapas nanométricas. Este objetivo
estd motivado por el papel crucial que desempenan las configuraciones de espin no colineales en
las tecnologias espintrénicas existentes y emergentes, y por el reto que supone determinarlas
experimentalmente. En este sentido, esta tesis aborda uno de los aspectos actuales mas relevan-
tes en el campo del magnetismo, dado que no existe una metodologia universal que pueda
abordar este desafio de caracterizacién. Y es que, a pesar de que los factores mas relevantes del
magnetismo multicapa y la tecnologia asociada se basan en estructuras de espin dependientes

de la profundidad, estas casi nunca se miden directamente.

Para establecer una base fiable para este trabajo, se llevaron a cabo varios pasos meto-
dolégicos clave. En primer lugar, se verific experimentalmente la validez de la matriz de refle-
xién R utilizada en magnetodptica lineal, para orientaciones de magnetizacion arbitrarias de un
sistema colineal. Esto es crucial ya que permitira utilizar e interpretar las desviaciones experi-
mentales de R en estructuras magnéticas mas complejas. A continuacién, se desarrollaron y se
estudiaron las desviaciones de la aproximacion de superposicion lineal de la senal magnetooptica
de las capas individuales, confirmando que la senal magnetooptica total medida en muestras
constituidas por multicapas se puede entender como la suma de las contribuciones de las capas

individuales.

Con esta solida base metodolégica, se obtuvieron los siguientes resultados. Se aplico la
elipsometria magnetodptica generalizada (GME) para detectar estados magnéticos no-colineales
en muestras multicapa cuidadosamente disenadas. Los resultados demuestran que la fase de los
coeficientes magnetodpticos complejos es muy sensible a las desviaciones de la colinealidad, lo
que permite identificar sin ambigiiedad los perfiles de magnetizacion no colineales dependientes
de la profundidad. No solo se identificaron estos estados no-colineales, sino que también se
consiguieron cuantificar: se logré resolver el comportamiento vectorial de la magnetizaciéon de

cada capa en un sistema de dos capas. Es decir, se obtuvo, en funcién del campo magnético



aplicado, la rotaciéon de los vectores de magnetizacién de cada capa en multicapas con capas
magnéticas acopladas entre si de manera controlada y predisenada. Ademaés, se observé una
inesperada senal magnetodptica fuera del plano en sistemas multicapa nominalmente en el plano.
Esta senal anémala no puede explicarse solo por el acoplamiento bilineal o bicuadratico, sino
que puede atribuirse a la interaccién Dzyaloshinskii-Moriya entre capas, lo que ha sido confir-

mado mediante simulaciones.

Estos resultados fueron posibles gracias al exhaustivo y minucioso trabajo preparatorio,
que incluy6 el disefio y la fabricacion de peliculas delgadas epitaxiales mono- y multicapa con
un control preciso de la composicién, la anisotropia, el espaciado, y el acoplamiento entre capas.
Las caracterizaciones estructurales mediante difraccién de rayos x confirmaron la calidad cris-
talina y la alineacion epitaxial de las peliculas. Como complemento al trabajo experimental, se
realizaron simulaciones detalladas basadas en modelos macrospin acoplados para interpretar el
complejo comportamiento magnético de dichas multicapas. Estas simulaciones reprodujeron con
éxito la evolucion de los estados de magnetizacién vectorial en funcién del campo magnético
aplicado y explicaron la aparicion de senales fuera del plano impulsadas por las interacciones

Dzyaloshinskii-Moriya entre capas.

En conjunto, esta tesis establece un marco fundamental para la magnetometria vectorial
resuelta por capas en la nanoescala y proporciona nuevas herramientas e informacién sobre la

fisica de las multicapas magnéticas.



Table of contents

CHAPTER 1: INTRODUCTION....uiiiiiiiieinie ittt et eaesssae sasseasne sessne ssnsns sae

111

CRAPEET TEIETEIICES. .. ..t v e et et e et ettt e e e et e 0 1002000000 1 20 2000800 s 11 200 0 2080000 1 a0+

CHAPTER 2: FUNDAMENTAL ASPECTS: FERROMAGNETIC THIN FILMS

AND MAGNETO-OPTICAL PROPERTIES........cccetvviiiiinie e seee e e snee e
2.1 Overview of ferromagnetism and magnetic interactions...........ewc o e ceevevivecosess e
2.2 Magnetization reversal and macro-spin MOodel........oo oo
2.3 Light-matter interaction: principles of magneto-0pticS...... .. eveieeieeoeinesee e cevvveene

CRAPTET TOIETEIICES . vv s cee ettt e ettt s e ettt sss s s o0t st ses 00 21 200200200210 00 00 1 100 2002000000 01 2000

CHAPTER 3: EXPERIMENTAL METHODS......ccccceiviininirin ittt esenneseecensaees
3.1 Thin filim fADIICATION .. .ue e e e et e et e ettt ettt s
3.2 SErUCtUTAl CHATACTETIZATION .. .ot e e e s e e et et ettt ettt st
3.3 Conventional magnetic characteriZation......... ... i e ceeive e e s e e e st e
3.4 Generalized magneto-optical elliPpSOMETTY ... ... e eveieeiee e ettt s et e e e

CRAPTET TEIETEIICES . v e cee e et ettt s e ettt st s 0 000000 s 1 2002000800 20 01 100 20t 208000 20t e0s 000

CHAPTER 4: REFLECTION MATRIX VERIFICATION.....ccccceivrinnuinirineinnnnenenne
4.1 Introduction and MOTIVATION ... ... i oo ceeiee e e ettt s s et e et s e ettt es e 10 et s e
4.2 Sample design and fabrICAtION ... et ettt et e s st et s e e
4.3 RESUIES AN AISCUSSION .. s on et e e ettt e et et et ettt w0 0000000000008 00 000 e
4.4 Conclusions and OUELOOK . ... o v e oo coe ettt ettt es s s e s s s 00 100000 s 00 e

CRAPEET TOIETEIICES . vv s cee e ettt e ettt s s et s et st st s 1 o0t 0t ses 00 21 200200200200 0 00 1 10 20 2000000 00 2

CHAPTER 5: LAYER-RESOLVED VECTOR MAGNETOMETRY.....c.ccoeueueeee.
5.1 Introduction and MOBIVATION .. ...cv. ettt e e ettt e e ettt s e e e ettt e e
5.2 Sample design and fabriCaAtION .. ... e ettt e e s et e
5.3 ReSUltS and diSCUSSION .. covcvvceeen e oottt e ettt e et e s e et et e s s 1001022+ o0t e e
5.4 Conclusions and OUEIOOK ... oo v oo ceriee et ettt ettt et e s s s s s s s s s s s s e

CRAPEET TEIETEIICES. .. ... ee e st et e e ettt s et ees s sas 0 10 2000800 01 1 2002002080000 1 1 20t 0000 s e

CHAPTER 6: OTHER APPLICATIONS OF GME.......iiiniiienievcnenne.

.11

12
18
21
.28

.31

.32
.38
43
45
23

57
58
61
65
a7
78

81
83
.84
92
108
110

111

6.1 Anomalous P-MOKE behavior in asymmetric Co/Tb multilayers that can be con-

sistently explained by topological MOKE..........cuii ittt e

112



6.2 Anomalous polar MOKE observation in ex-change-coupled uniaxial magnetic thin

CRADEET TOIETEIICES ..o cos ettt e ettt s e e ettt s e st 00 200 o0 000020 1 208208000010 1 e s
CHAPTER 7: CONCLUSIONS AND OUTLOOK.....cciiinnisiinieineinssecnnsaeaes
LIST OF ABBREVIATIONS......uoitituin ittt e sate casae e sstses sa s s sanaes s es sonsesaes
LIST OF VARIABLES.. ...ttt ittt e e st st sae s as s as sosses sasaes sueaes
LIST OF PUBLICATIONS ...ttt stieecnate s st e snsaeses sse e sossas en ssvses sonsne s

122
132

..135

141

... 142

145

147




Chapter 1

Introduction

One of today’s key challenges in nanoscale magnetism and spintronics is the experimental veri-
fication and exact knowledge of spatial magnetization or spin structures, especially in non-
homogeneous material systems. This is relevant because many phenomena, such as interlayer
exchange coupling [1], as well as high-tech devices like magnetic random access memory, are
crucially linked to the existence of specific nm-length scale spin structures, especially along the
depth of their structures. Examples of key technological devices, such as hard disk drive com-
ponents, rely on magnetization depth profile patterns [2]. Moreover, current scientific questions
are directly linked to the magnetization depth profile [3], such as transport-induced spin accu-
mulations, which are understood to occur in spintronic devices and facilitate their operation [4—
7]. However, in almost all experimental work, spin accumulation is simply assumed and inferred
from magneto-electronic characteristics, but not experimentally verified. Thus, much of the
accumulated scientific literature contains controversial results, given that the heart of the un-
derlying physics, i.e., transport-induced spin structures, is not actually measured. Therefore,
lateral and especially depth-resolved magnetometry is a crucial challenge within magnetism
research today, given that magnetic responses at different depths cannot simply be isolated in

all these so very relevant systems.

In this context, nanoscale magnetic multilayers have received enormous attention from
the research community in the last decades due to the wide range of phenomena they exhibit [8—
12], which differ from those of single-film systems. These unique properties are impacted by the
individual layer behavior, multilayer-generated interfaces, and their collective responses to ex-
ternal stimuli [10,13]. Moreover, aspects related to fabrication and characterization have sub-
stantially improved the growth quality and associated functionalities [10,14-17]. Prominent ex-
amples of nanoscale magnetic multilayer systems include giant magneto-resistive (GMR) and
tunneling magneto-resistive (TMR) sensors used in hard disk drives [18-20]. These technologies
have enabled a massive and continuing increase in data storage capacity, thereby playing a

central role in today’s information-driven society.



Chapter 1

Moreover, these next-generation technologies rely not only on nanoscale magnetic mul-
tilayer systems but on their depth-dependent magnetic configurations, where adjacent magnet-
ization vectors may not be aligned. Such non-collinear magnetic configurations arise from com-
peting anisotropies and interlayer exchange coupling [21-23] and are critical for enabling func-
tionalities in applications as racetrack memory, reconfigurable magnetic logic, and field-free
switching logic [24-29]. Figure 1.1 illustrates several cases where such depth-dependent collinear

and non-collinear configurations are technologically and scientifically relevant.
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Figure 1.1 Examples demonstrating the technological and scientific relevance of depth-dependent magnetic
configurations. (a) spin configuration determined from model calculations for Sm-Co/Fe (200 A) [30]. (b)
non-collinear coupling structures to improve device applications [23]. (¢) multilayer magnetic state for mi-
crowave amplification in a magnetic tunnel junction [31]. (d) schematic of synthetic antiferromagnets [21].

Conventional static magnetic properties, as hysteresis loops, of the whole multilayer
structure are generally determined by sensitive magnetometry measurements. Vibrating sample
magnetometry (VSM) or superconducting quantum interference devices (SQUID) provide only
volume-averaged measurements, lacking spatial resolution. However, it is often difficult to sep-
arate the magnetic contributions of all the involved ultrathin magnetic layers, while a clear
interpretation of the physical properties and functionalities of these nanoscale devices requires
such information. Despite their importance, the experimental characterization of such depth-
dependent, layer-resolved vector magnetization states remains a major challenge. This is the

key aspect to which my thesis is intended to make a meaningful contribution.

There are, nonetheless, some examples of analyzing the magnetic state of an individual

subsurface layer in magnetic multilayers and doing so very precisely. The most successful
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technique is hereby x-ray magnetic circular dichroism (XMCD) [32-35]. However, despite its
achievements, it has several limiting conditions: it is methodologically complex, needs large-
scale facilities and sufficient highly expensive and highly competitive beamtimes. Moreover, it
has elemental sensitivity and therefore layer-dependent magnetometry can only be achieved by
means of XMCD if the magnetic layers of the structure have different elemental compositions,
which is an additional limiting condition for many multilayer structures. Other x-ray-based
techniques, such as x-ray magneto-optical Kerr effect or x-ray magnetic reflectivity, are pres-
ently being developed to serve as powerful tools for investigating magnetization depth profiles
of specific magnetic elements in thin films and multilayers [35-37], given their potential to
achieve sub-nanometer depth resolution. However, these techniques have not yet demonstrated
their full potential, and furthermore, their data analysis will depend on magnetization depth
profile models. The same can be said for polarized neutron reflectometry, which can achieve
very good depth resolution but is also model-dependent, does not allow for a vector characteri-
zation of the magnetization, is generally time-consuming, and needs large-scale instru-
ments [38,39]. These limitations highlight the need for more accessible and less assumption-

dependent approaches.

Magneto-optical (MO) based techniques present a powerful and promising alternative.
These methods are inherently sensitive to magnetization vector orientation [40]. Moreover, un-
der appropriate conditions, they can distinguish layer-specific contributions [41-44]. MO-based
techniques are widely used in magnetism and materials science by the applied physics commu-
nity [41-43,45], as they are very sensitive to detect magnetism even in single atomic layers and
can do so by utilizing widely applicable and cost-effective experimental setups. They have
proven effective not only in simple ferromagnetic systems [46] but also in more complex mag-
netic order states [46-49]. Specifically, MO Kerr effect (MOKE) based techniques seem promis-
ing here due to their demonstrated ability to detect 3D vector magnetization [40], their sensi-
tivity down to atomic-layer thickness [50], and the previously reported capacity for layer-re-

solved analysis in magnetic multilayers [41,51].

Among the developed MOKE techniques, generalized magneto-optical ellipsometry
(GME) [40,52] is the most promising, given that it detects the full reflection matrix, i.e., the
complete information that can be measured in a light reflection experiment. Moreover, it is non-
destructive, contactless, applicable to a wide variety of material systems, does not have the
limitation of being an element-specific technique, and does not inherently rely on model-depend-
ent assumptions. Taking all of this into consideration, GME will be used in this study to further
explore the capabilities of MO techniques and to test their ability to achieve layer-resolved

vector magnetometry.
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In this regard, the first step is to experimentally verify the reflection matrix R formalism,
as it is the basis of the GME methodology and deviations from it would need appropriate
interpretations. This experimental verification of the reflection matrix description in linear mag-
neto-optics is done in Chapter 4. The reflection matrix is the result of rigorous albeit approxi-
mate theoretical derivations for numerous sample geometries and it has been extensively used,
although its complete experimental verification had not been achieved due to limitations in
simultaneous measurement of all matrix elements. By using a carefully designed and grown
macrospin-type sample and exploiting the capabilities of GME, this chapter presents the accu-
rate and precise verification of R for single layer magnetic films. This is crucially necessary to
facilitate the utilization of experimental deviations from R in more complex magnetic sample

structures for the purpose of developing and advancing MOKE characterization techniques.

Building on this foundation, Chapter 5 aims to achieve layer-resolved vector magnetom-
etry. Starting from showing how deviations from R are related with non-collinear magnetic
states in multilayers. Then, this non-collinear behavior is quantified for multilayer structures
with two ferromagnetic (FM) layers. By measuring all complex-valued coefficients of R and
applying a model of uncoupled (or partially coupled) macrospins, the angular evolution of the
individual magnetization vectors of the two FM layers is overdetermined. Future steps towards
disentangling the magnetization vectors of three FM layers in a multilayer system are also

stated at the end of this chapter.

Accordingly, sample design, sample fabrication, and structural and other basic charac-
terizations are a crucial part of this work as well, given that it provides the well-defined objects
for the purpose of studying the methodology and the capabilities of GME. The fundamental
aspects for the study of FM thin films and their MO properties are given in Chapter 2, and the

experimental techniques and set-ups, with a focus on the GME, are presented in Chapter 3.

Lastly, given the exceptional capabilities of GME, unexpected MO observations are in-
vestigated in detail. This is included in Chapter 6, illustrating how GME is able to uncover the
physical origin of emergent phenomena in multilayers related to topological MOKE observations

and anomalous out-of-plane MOKE signals explained by interlayer DMI.

Finally, Chapter 7 synthesizes the conclusions of the thesis, summarizing how the GME
methodology and the experimental characterization of depth-dependent, layer-resolved vector
magnetization states give a framework for advanced MO analysis in nanomagnetism. An outlook
is included with three different examples of complex magnetic systems started being studied

with the GME. Figure 1.2 shows a general scheme of the thesis structure.




Introduction

MOTIVATION ——— —— OBJECTIVE — TECHNIQUE —

Need of Magneto Optical (MO) based

Many phenomena, as well as high-tech devices techniques seem promising:

magnetization vector

are crucially linked to the existence of specific —_ J— .
nm-length scale spin structures, especially characterization ; 3D vector maggn.ct.,omony
along the depth of their structures. technique with depth Excellent sensitivity

v Resolve single layer in
multilayers

— Chapter 4: REFLECTION MATRIX VERIFICATION - Electromagnet
No experimental test yet of R accuracy

resolution

Dielectric tensor: Reflection matrix:
material’s characterization  accessible by measurements Cisé
1 iQm, —iQm, X i @+7
s . = - ~ =
&= N?| —iQm, 1 iQmy P\—a+7 1+ ohoto
lme —iQm, 1 detector

@By <11,

Chapter 5: LAYER RESOLVED VECTOR MAGNETOMETRY

gl sivEife . seillinas More than two FM
Lesson of the R verification: ¢z, ¢, ¢y = Quantify the detected non-collinear , 8 e
. ) b BGEs o SNFATLTER ayers: expand the
constant = single film magnetization bethIO.I. dfetelm.me the layer-resolved X Yy > I <‘ ]
magnetization with MO measurements experimenta
Collinear: ¢; = @ = @y —> Pa Pp constant overdeterminations
Non-collinear —————— ¢, ¢ NOT constant a = @, coS@, + a, cosg, of the data base:
B = Bysing; + B, sing, multiple
Pm, = Pm, —Ton wavelengths
2e Y 250
o, L Lo T
N 200 m CoRut
~
g ; G T, ',
~ ‘\ Cr20mm CoRu
§ 100 W K575 N""
) ’&# CoRu ¢ pmy
50 1 | == ¢, (Co) hae SN ClanRuy 20
~ ¢, (Co-Pt) ’
0 " N nm
£ Sam -500 -250 0 250 500 m
13 -1.2 -11 -1
bz (rac) H(mT)

Chapter 6: APPLICATIONS

) ) ) Anomalous polar MOKE = '
Topological MOKE in asymmetric . 20 L~
T 46 ’ observation in exchange-coupled | . %
iy TR nlsilagams uniaxial magnetic thin films 20 .
Ta3sy | t(nm)® 16® 18 @ 2.0] 1.05 2t “o 4‘ 2
~'" 1.02 j $10,100m e .
. | CooaRuy 035, E 0 "
e = " . S
Cot = 1.01 095 = co“"'%-tnm > = ) <
nm = — < N T 0 ! -
Pt1s nm - 09 = °°°5~""u|2.35nm 406 S .
Tas nm 7 = 1 0.85 c"mRuobnm = x
Si0, 200 nm’ Cr20nm,
y 0.99 0.8 W
Si(10) e
0 200 400 600 10 e '
HoH (mT)

70 8 9 100 110

@0 (deg)

Figure 1.2 Scheme of the thesis structure, with the motivation, objective, main experimental technique and

main results of the experimental chapters.




Chapter 1

Chapter references

[1]

P. Griinberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sowers, Layered Magnetic Structures:
Evidence for Antiferromagnetic Coupling of Fe Layers across Cr Interlayers, Phys. Rev. Lett. 57,
2442 (1986).

A. Berger, N. Supper, Y. Ikeda, B. Lengsfield, A. Moser, and E. E. Fullerton, Improved media
performance in optimally coupled exchange spring layer media, Appl. Phys. Lett. 93, 122502
(2008).

L. Fallarino, E. Lépez Rojo, M. Quintana, J. S. Salcedo Gallo, B. J. Kirby, and A. Berger,
Modifying Critical Exponents of Magnetic Phase Transitions via Nanoscale Materials Design,
Phys. Rev. Lett. 127, 147201 (2021).

A. Fert, Nobel lecture: Origin, development, and future of spintronics nobel lecture: Origin,
development, and future of spintronics, Rev. Mod. Phys. 80, 1517 (2008).

R. Wiesendanger, Nanoscale magnetic skyrmions in metallic films and multilayers: A new twist for
spintronics, Nat. Rev. Mater. 1, 16044 (2016).

A. Hirohata, K. Yamada, Y. Nakatani, L. Prejbeanu, B. Diény, P. Pirro, and B. Hillebrands,
Review on spintronics: Principles and device applications, J. Magn. Magn. Mater. 509, 166711
(2020).

A. Davidson, V. P. Amin, W. S. Aljuaid, P. M. Haney, and X. Fan, Perspectives of electrically
generated spin currents in ferromagnetic materials, Phys. Lett. Sect. A Gen. At. Solid State Phys.
384, 1 (2020).

A. R. Fert, Magnetic and Transport Properties of Metallic Multilayers, Mater. Sci. Forum 59-60,
439 (1991).

W. Jiang, G. Chen, K. Liu, J. Zang, S. G. E. te Velthuis, and A. Hoffmann, Skyrmions in
magnetic multilayers, Phys. Rep. 704, 1 (2017).

A. Sédenz-Trevizo and A. M. Hodge, Nanomaterials by design: A review of nanoscale metallic
multilayers, Nanotechnology 31, (2020).

J. A. Arregi, P. Riego, A. Berger, and E. Y. Vedmedenko, Large interlayer Dzyaloshinskii-Moriya
interactions across Ag-layers, Nat. Commun. 14, 6927 (2023).

R. Salikhov, F. Samad, S. Schneider, D. Pohl, B. Rellinghaus, B. Bohm, R. Ehrler, J. Lindner, N.
S. Kiselev, and O. Hellwig, Multilayer Metamaterials with Ferromagnetic Domains Separated by
Antiferromagnetic Domain Walls, Adv. Electron. Mater. 11, 1 (2025).

K. Stojak Repa, B. J. Kirby, and C. W. Miller, Tunable coupling in magnetic thin film
heterostructures with a magnetic phase transition, Sci. Rep. 13, 1 (2023).

D. Sander et al., The 2017 Magnetism Roadmap, J. Phys. D. Appl. Phys. 50, (2017).

E. Y. Vedmedenko et al.; The 2020 magnetism roadmap, J. Phys. D. Appl. Phys. 53, 453001
(2020).

F. J. Himpsel, J. E. Ortega, G. J. Mankey, and R. F. Willis, Magnetic nanostructures, Adv. Phys.
47, 511 (1998).

N. Lebbad, J. Voiron, B. Nguyen, and E. Chainet, Electrodeposition of metallic multilayers with
modulated electric regimes, Thin Solid Films 275, 216 (1996).

J. Daughton, J. Brown, E. Chen, R. Beech, A. Pohm, and W. Kude, Magnetic Field Sensors Using
GMR Multilayer, IEEE Trans. Magn. 30, 4608 (1994).

C. Reig, M. D. Cubells-Beltran, and D. R. Munoz, Magnetic field sensors based on Giant
Magnetoresistance (GMR) technology: Applications in electrical current sensing, Sensors 9, 7919
(2009).

T. Nakatani, Z. Gao, and K. Hono, Read sensor technology for ultrahigh density magnetic
recording, MRS Bull. 43, 106 (2018).

R. A. Duine, K. J. Lee, S. S. P. Parkin, and M. D. Stiles, Synthetic antiferromagnetic spintronics,




Introduction

[28]

[29]
[30]

[31]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Nat. Phys. 14, 217 (2018).

X. Xie, X. Wang, W. Wang, X. Zhao, L. Bai, Y. Chen, Y. Tian, and S. Yan, Engineering Spin
Configurations of Synthetic Antiferromagnet by Controlling Long-Range Oscillatory Interlayer
Coupling and Neighboring Ferrimagnetic Coupling, Adv. Mater. 35, 1 (2023).

Z. R. Nunn, C. Abert, D. Suess, and E. Girt, Control of the noncollinear interlayer exchange
coupling, Sci. Adv. 6, eabd8861 (2020).

S. S. P. Parkin, M. Hayashi, and L. Thomas, Magnetic Domain-Wall Racetrack Memory, Science
(80-. ). 320, 190 (2008).

W. He et al., Field-Free Spin-Orbit Torque Switching Enabled by the Interlayer Dzyaloshinskii-
Moriya Interaction, Nano Lett. 22, 6857 (2022).

Z. Wang et al., Field-free spin-orbit torque switching of synthetic antiferromagnet through
interlayer Dzyaloshinskii-Moriya interactions, Cell Reports Phys. Sci. 4, 101334 (2023).

Y. C. Li, Y. H. Huang, C. C. Huang, Y. T. Liu, and C. F. Pai, Field-Free Switching in Symmetry-
Breaking Multilayers: The Critical Role of Interlayer Chiral Exchange, Phys. Rev. Appl. 20, 1
(2023).

C.Y. Lin, P. C. Wang, Y. H. Huang, W. B. Liao, M. Y. Song, X. Bao, and C. F. Pai, Field-Free
Spin-Orbit Torque Switching via Oscillatory Interlayer Dzyaloshinskii-Moriya Interaction for
Advanced Memory Applications, ACS Mater. Lett. 6, 400 (2024).

R. Lavrijsen, J. H. Lee, A. Ferndndez-Pacheco, D. C. M. C. Petit, R. Mansell, and R. P. Cowburn,
Magnetic ratchet for three-dimensional spintronic memory and logic, Nature 493, 647 (2013).

E. E. Fullerton, J. S. Jiang, M. Grimsditch, C. H. Sowers, and S. D. Bader, Exchange-spring
behavior in epitaxial hard / soft magnetic bilayers, 58, 193 (1998).

M. Goto, Y. Wakatake, U. K. Oji, S. Miwa, N. Strelkov, B. Dieny, H. Kubota, K. Yakushiji, A.
Fukushima, and S. Yuasa, Microwave amplification in a magnetic tunnel junction induced by heat-
to-spin conversion at the nanoscale, Nat. Nanotechnol. 14, 3 (2019).

G. Schiitz, R. Wienke, W. Wilhelm, and E. Al., Spin-dependent x-ray absorption in Co / Pt
multilayers and Co 50 Pt 50 alloy, J. Appl. Phys. 67, 4456 (1990).

P. Fischer and H. Ohldag, X-rays and magnetism, (n.d.).

C. Donnelly and V. Scagnoli, Imaging three-dimensional magnetic systems with x-rays, J. Phys.
Condens. Matter 32, (2020).

V. Bansal, J. M. Tonnerre, E. Mossang, L. Ortega, F. Fettar, J. Chatterjee, S. Auffret, I. L.
Prejbeanu, and B. Dieny, Depth-resolved magnetization profile of MgO/CoFeB/W perpendicular
half magnetic tunnel junctions, AIP Adv. 12, 035129 (2022).

V. Chardonnet et al., Toward ultrafast magnetic depth profiling using time-resolved x-ray resonant
magnetic reflectivity, Struct. Dyn. 8, 034305 (2021).

M. Hennecke et al., Ultrafast element- and depth-resolved magnetization dynamics probed by
transverse magneto-optical Kerr effect spectroscopy in the soft x-ray range, Phys. Rev. Res. 4,
L022062 (2022).

G. P. Felcher, Polarized neutron reflectometry - a historical perspective, Phys. B 267268, 154
(1999).

L. Fallarino, B. J. Kirby, M. Pancaldi, P. Riego, A. L. Balk, C. W. Miller, P. Vavassori, and A.
Berger, Magnetic properties of epitaxial CoCr films with depth-dependent exchange-coupling
profiles, Phys. Rev. B 95, 134445 (2017).

A. Berger and M. R. Pufall, Quantitative vector magnetometry using generalized magneto-optical
ellipsometry, J. Appl. Phys. 85, 4583 (1999).

C. Martin Valderrama, M. Quintana, A. Martinez-De-Guerenu, T. Yamauchi, Y. Hamada, Y.
Kurokawa, H. Yuasa, and A. Berger, Insertion layer magnetism detection and analysis using
transverse magneto-optical Kerr effect (T-MOKE) ellipsometry, J. Phys. D. Appl. Phys. 54,
435002 (2021).

Z. Q. Qiu and S. D. Bader, Surface magneto-optic Kerr effect (SMOKE), J. Magn. Magn. Mater.




Chapter 1

200, 664 (1999).

A. Berger, S. Knappmann, and H. P. Oepen, Magneto-optical Kerr effect study of ac
susceptibilities in ultrathin cobalt films, J. Appl. Phys. 75, 5598 (1994).

E. Oblak, P. Riego, L. Fallarino, A. Martinez-De-Guerenu, F. Arizti, and A. Berger, Ultrasensitive
transverse magneto-optical Kerr effect measurements by means of effective polarization change
detection, J. Phys. D. Appl. Phys. 50, 23LT01 (2017).

P. Riego, S. Tomita, K. Murakami, T. Kodama, N. Hosoito, H. Yanagi, and A. Berger, Enhanced
magneto-optical Kerr effects in Py/Ag/Bi trilayers, J. Phys. D. Appl. Phys. 50, 19LT01 (2017).
A. Kimel, A. Zvezdin, S. Sharma, S. Shallcross, N. de Sousa, and A. Garcia-Martin, The 2022
magneto-optics roadmap, J. Phys. D. Appl. Phys. 55, 463003 (2022).

T. Higo et al., Large magneto-optical Kerr effect and imaging of magnetic octupole domains in an
antiferromagnetic metal, Nat. Photonics 12, 73 (2018).

T. Uchimura et al., Observation of domain structure in non-collinear antiferromagnetic Mn3Sn
thin films by magneto-optical Kerr effect, Appl. Phys. Lett. 120, (2022).

S. Tomita, T. Suwa, P. Riego, A. Berger, N. Hosoito, and H. Yanagi, Enhanced Magneto-Optical
Activities of Modulated Fe - Pt Multilayer Metamaterials, Phys. Rev. Appl. 11, (2019).

E. R. Moog and S. D. Bader, Smoke signals from ferromagnetic monolayers: p(1x1) Fe/Au(100),
Superlattices Microstruct. 1, 543 (1985).

R. Weber, C. Martin Valderrama, L. Fallarino, and A. Berger, Dependence of the magneto-optical
signal on the Co layer thickness asymmetry in Co/Pt/Co films, Phys. Rev. B 102, 214434 (2020).
A. Berger and M. R. Pufall, Generalized magneto-optical ellipsometry, Appl. Phys. Lett. 71, 965
(1997).

10



Chapter 2
Fundamental aspects:
Ferromagnetic thin films and

magneto-optical properties

This chapter provides the fundamental aspects for the study of ferromagnetic (FM) thin films
and their magneto-optical (MO) properties, as they will be referred to throughout this thesis.
Important concepts are presented to establish a common understanding and provide context for
the thesis, as well as for the establishment of a precise nomenclature; more detailed explanations
are available in the cited literature.

This chapter is divided into three sections. Section 2.1 consists of an overview of ferro-
magnetism and magnetic interactions, including the key energy contributions and microscopic
models governing the magnetic state. In Section 2.2 the process of magnetization reversal is
explained, together with the magnetization behavior in the context of the macrospin model.
Finally, the principles of light-matter interaction that give rise to MO effects are described in
Section 2.3.



Chapter 2

2.1 Overview of ferromagnetism and magnetic

interactions

Magnetism has intrigued humankind for centuries. Already in ancient Greece, early knowledge
of magnetism was present, as they knew a type of stone that could attract iron. Later, in
China, but still a thousand years ago, magnetism was already applied in their technology, as
in compasses. After quite some years, in the nineteenth century, the discovery of the relation
between electricity and magnetism launched the electromagnetic revolution. Coming to the
recent times, the most advanced applications of magnetism are closely related to the technol-
ogy underlying magnetic storage and memory, which require well-controlled ultrathin metallic
thin film structures. Today, there exists a fairly good knowledge about magnetism, but many

open questions still remain [1,2].

The phenomenon of magnetism originates from the intrinsic (spin) and orbital angular
momentum of electrons. The moments associated with each type of angular momentum have
to be summed according to the rules of quantum mechanics. This gives rise to microscopic
magnetic moments i '. Atoms with filled electronic shells lead to i equal to zero in the absence
of an external field. In this case, an external magnetic field would induce a magnetic moment
in the opposite direction. This is known as diamagnetism, an effect displayed in all materials,
although not all materials are diamagnetic because other processes can overcome diamag-
netism. It is reasoned by the classical electrodynamical effect that a magnetic field causes a
circular current with itself that produces a magnetic field which is opposed to the inducing
one. On the other hand, atoms with partially filled shells possess a non-zero fi. Now, when an
external magnetic field His applied, [i tries to align parallel to it to minimize the energy, an

effect called paramagnetism [1,3].

Macroscopically in solids, the net magnetic behavior depends on the interactions
among these individual magnetic moments. The magnetic moment per unit volume is known
as magnetization M , which is the most used quantity to describe magnetic behavior in mate-
rials. There are two other magnetic field vectors that are used to describe magnetic-related
effects, which are the magnetic field H and the magnetic induction B. All three are related

according to

B = uo(H + M) (2.1)

with p, being the permeability of free space.

How a material reacts to an external magnetic field H allows to classify it, as repre-

sented in Fig. 2.1. In diamagnetic materials, the individual magnetic moments are zero and

! Although protons and neutrons also have nuclear magnetic moments, these are significantly weaker in
magnitude and are typically neglected in the context of solid-state magnetism.
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M is zero for H=10. In paramagnetic materials, the individual magnetic moments are ran-
domly oriented and also lead to M = 0 in the absence of a field. The presence of an external

magnetic field H , leads generally to a linear response of M as,

M= yH, (2.2)

where x represents the magnetic susceptibility. For diamagnetic materials y < 0, and for par-
amagnetic materials y > 0, and therefore the magnetization being antiparallel or parallel to

H, respectively as illustrated in Fig. 2.1 [4,5].

Diamagnetism Paramagnetism Ferromagnetism Antiferromagnetism Ferrimagnetism
oo wo wh we (06880 60408 bidad
o0 <<« woo o 006803 06 ¢ o ¢ & 0
o 0w« $u ®e 5665686 606086 b be s

Figure 2.1. Types of magnetic order including diamagnetism, paramagnetism, ferromagnetism, antiferro-
magnetism, and ferrimagnetism, with the arrows representing the individual magnetic moments of the
atoms.

In other types of materials, the atomic magnetic moments can interact with each other
more strongly through the exchange interaction, leading to long-range magnetic ordering. Such
ordering results in a non-linear relationship between M and H, which is characteristic of fer-
romagnetism (see Fig. 2.1) and M can be non-zero even without external field H. This partic-
ular M vs H relation is known as hysteresis loop. However, such long-range ordering of mag-
netic moments occurs only below a specific material-dependent temperature constant, known
as Curie temperature T,. When the temperature T exceeds T, the magnetic order is lost and

M = 0 in absence of H , leading to a phase transition to a paramagnetic phase.

Antiferromagnets possess strongly interacting permanent magnetic moments generally
oriented oppositely to their neighbors, such that the net magnetization is zero (see Fig. 2.1).
Alignment of the magnetic moments can often be achieved at sufficiently large applied fields.
If heated above the Neel temperature Ty of the antiferromagnet, it undergoes a phase transi-

tion to a paramagnetic phase.

In ferrimagnetic materials, sublattices of spins are antiparallel, as in antiferromagnetic
materials, but unequal in magnitude, resulting in a net magnetization and therefore behaving

similar as ferromagnets (see Fig 2.1).

Although this work focuses on ferromagnetic thin films and multilayers, it is important
to note that additional interactions—such as the Dzyaloshinskii-Moriya interaction (DMI)—

have to be taken into account and are responsible for more exotic types of magnetic order,

13



Chapter 2

including chiral and non-collinear spin textures [5]. Some of these interactions will be described

in the next section and they will be addressed throughout the thesis.

2.1.1 Energy contributions in ferromagnetic materials

The primary mechanism behind ferromagnetism is the exchange interaction, a quantum me-
chanical effect resulting from the interplay between electrostatic (Coulomb) repulsion and the
Pauli exclusion principle. The exchange interaction between the spins inside an atom is known
as intra-atomic exchange and it determines the size of the atomic magnetic moments. Inter-
atomic exchange between atomic magnetic moments ensures long-range magnetic order and

determines the ordering (Curie or Néel) temperature.

The exchange interaction is the strongest magnetic interaction and is responsible for
the alignment of the spin system. The effective exchange energy in the simplest case of a two
electron system is given by Hyijinear = —/ (§ 1° §2), where J is the exchange constant and S 1
and §2 are the unit vectors of the spins ascribed to atoms 1 and 2. The sign of | determines
whether the ground state is ferromagnetic (J > 0) or antiferromagnetic (J < 0) [5]. More gen-
erally, in extended lattices, this is generalized to the bilinear component of the Heisenberg
Hamiltonian Hyjinear = — X¢i,j)Jij (§i .S i), where the sum runs over interacting pairs and Jj; is
the exchange integral between spins at sites i and j [1,5]. In multilayered systems, the exchange
interaction can propagate across non-magnetic spacer layers, a phenomenon known as interlayer
exchange coupling. This is well described by the Ruderman-Kittel-Kasuya—Yosida (RKKY)
model [4-6], in which conduction electrons mediate an oscillatory interaction between magnetic
layers. Depending on spacer thickness and material, this can yield ferromagnetic or antiferro-
magnetic coupling between layers. Thus, by modifying the interlayer thickness in the nanometer

scale, the coupling can be finely tuned.

Additional to this bilinear exchange interaction, there is a non-collinear exchange known
as biquadratic interaction that favors a perpendicular magnetization configuration, generally

attributed to higher-order spin correlations. This energy contribution is expressed (for a two-

- - 2
electron system) as Hyiquadratic = —J2 (51 . 52) , with J, < 0.

Another exchange mechanism, particularly in systems with strong spin—orbit coupling
and broken inversion symmetry, is the DMI antisymmetric exchange [6,7], which is described
as Hpmy = —512 .S 1 X S 2. This interaction induces a chirality, because S 1 X S 2 depends on the
sign of the angle formed by the two spins, and thus clockwise or counterclockwise rotations are
not identical and one of them will be energetically favored depending on the DMI vector 512.
DMI promotes canted spin configurations and can stabilize non-collinear spin textures, such as
skyrmions, which are of significant interest for both fundamental studies and spintronic appli-
cations. Moreover, in recent years, ultrathin magnetic film systems have drawn considerable

attention, as interfacial spins can also couple through the DMI mechanism when mediated by
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atoms with strong spin-orbit coupling in an adjacent metallic layer, a phenomenon known as
“interfacial DMI”.

Therefore, the exchange energy of many (multilayer) systems can be expressed as the
sum of bilinear, biquadratic and DMI contributions. For a system of two spins S ; and S 2, the

exchange Hamiltonian can be written as

%ex = %bilinear + }[biquadratic + %DMI =

I I - . 2.3
=_](51'52)_]2(51'52)2—D12'51><52- (23)

In addition to exchange, other key energy contributions determine magnetic behavior:

(i) Dipolar (magnetostatic) interactions, which originate from the magnetic field
generated by one magnetic moment acting on another. Within the framework of classical elec-

tromagnetic theory, the corresponding dipolar Hamiltonian can be expressed as

HUo S =dip
_7 .ui'Hij 5
i#j

}(dip = (2.4)

where I?I)Sip is the dipolar field at the position of fi;, produced by fi;. This field Ijl)g.ip is given
by

- - - - 2
gaw _ 13 7y (i - )~ iy (2.5)
l] 47-[ |T'ij|5 ’

with 7; = 7, — 7 being the vector connecting the i and j moments in two different lattice
points. From Eq. (2.5), one can observe that dipole-dipole interactions are long-range in con-
trast to exchange interactions, although they are too weak to account for the ordering of most

magnetic materials.

Given Egs. (2.4)-(2.5), this magnetostatic energy is minimized when magnetic moments
align parallel to the vectors connecting them. Thus, dipolar interactions tend to demagnetize
any given structure, which is the reason why dipolar fields are referred to as demagnetizing

fields as well.

In order to minimize both #y;, and H,, at the same time, FM structures usually have
magnetic domains separated by domain walls. In a uniformly magnetized structure, dipolar
interactions are relatively large and favor the creation of separate domains with different
magnetization vector orientations. But each domain created costs energy because of the do-

main wall, where the magnetic moments change from one direction to the other. So the
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formation of magnetic domains and the size of a domain wall is a balance between the dipolar

energy and the exchange energy [1].

Dipolar interactions can also responsible for the formation of shape anisotropies. For
example, in thin films, where the thickness is orders of magnitude smaller than the other two
lateral dimensions, dipolar interactions favor the magnetic moments to align in the plane of
the film. This specific fact is of particular relevance to this thesis, where thin films are of main
importance, so having a single magnetic domain enables simple interpretations and magnetic

characterizations of their properties.

(ii) Magneto-crystalline anisotropy, where the orientation of magnetic moments in
a crystal is influenced by the crystal lattice itself. The spin—orbit interaction creates orbital
magnetism and couples the spin system to the lattice, allowing energy and angular momentum
exchange. The spin—orbit interaction is the very origin of magnetic anisotropy since the ex-
change interaction itself is isotropic and only the coupling of the spin to the lattice can “lock
in” a macroscopic magnetization, making certain crystallographic directions energetically fa-
vorable for the alignment of magnetic moments, termed as easy axes (EA). Directions where
the magnetization orientation is harder to orient or saturate are known as hard axes (HA) of
the material. The crystal symmetry of the structure of the material can turn into uniaxial,
biaxial or triaxial anisotropy, among others. A notable example that will be used in this thesis
is hexagonal close-packed (hcp) Co, which shows a unique preferential magnetization along

[0001] (c axis) and whose magnetization orientation dependence can be expressed as:

N

5o Z (K1 (1 e é)Z) + K, (1 — (5, é)z)z + K, (1 —(S; - é)Z)s)

=1 (2.6)

L=
N
= (K, sin?(go = @) + Ky 5in* (90 = @) + K 5in(g = @)
i=1

where € is the unit vector of the uniaxial anisotropy axis, ¢, and ¢,, are the angles of € and
§i with respect to the applied field direction. In Fig 2.2(a) these angles are defined for a thin
films with in-plane anisotropy; K;, K, and K5 are the first-, second- and third-order anisotropy
constants [5,8], with units of energy. Only even terms are present in the expression because

odd terms vanish due to time-inversion symmetry.

(iii) Zeeman interaction, which describes the interaction of magnetic moments with

external magnetic fields. Its associated Hamiltonian is

Hy, = —Hozﬁi - Hj, (2.7)
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Even though exchange interaction is the main energy contributor in ferromagnetic
materials, the dipolar, magneto-crystalline anisotropy and Zeeman energy terms do also con-
tribute to the magnetization direction, domain structure, and dynamic response to external
stimuli. The interplay between all these contributions governs phenomena such as hysteresis,

coercivity, and magnetization reversal, all of which will be mentioned in subsequent sections.
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2.2 Magnetization reversal and macro-spin model

Considering the energy contributions discussed earlier, the full Hamiltonian for a ferromag-
netic thin film can be expressed as the sum of exchange H,,, dipolar #;,, anisotropy Hy and

Zeeman contributions H

Further interactions can affect the magnetic state of a material, but are not considered
for the purpose of this thesis. The equilibrium configuration of the system corresponds to a
(local) minimum of the energy. Due to the presence of various competing energy contributions,

the magnetic energy landscape is highly complex, often featuring many local minima.

y
(a) (b) (c) —
1 0 30
/
H
il Py
EA !
.I
H H

Figure 2.2 (a) Schematic of a FM thin film with in-plane EA (blue dashed line). The applied field H and

the magnetization vector m = —M/MS are indicated, as well as the angles @, and @, of the EA and mag-

netization direction with respect to the applied field. (b) Representation of the projection of the magneti-

zation on the applied field direction, a typical M(H) hysteresis loop, of a FM material with the relevant

quantities indicated: the saturation magnetization Mg, the remanent magnetization M,., the coercive field

H. and the closure field Hgy. (¢) Exemplary hysteresis loops within the Stoner-Wohlfarth model for differ-
ent orientations of the EA with respect to H, namely @, = 0,30,60, and 90 deg.

A typical magnetization characterization technique of a ferromagnetic material is the
measurement of its field response to a cyclical magnetic field, which generally leads to the
acquisition of M vs. H curves that exhibit hysteresis due to the existence of multiple energy
minima, especially in the field range close to H = 0, where a ferromagnetic system undergoes
a first order phase transition [1,4,5]. Figure 2.2(b) includes a hysteresis loop, representing the
projection of M along the direction of an applied field H as a function of the field strength.
When H is sufficiently large, the system reaches the saturation magnetization Mg, with all
magnetic moments aligned with the field. Reducing the field to zero, a finite remanent mag-
netization M, persists, reflecting the system's intrinsic magnetic order. Further increasing the

field in the opposite direction, the magnetization undergoes a first order phase transition to
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the opposite orientation. This occurs at the coercive field H,, and ultimately, the hysteresis

loop closes at the closure field H,; before reaching saturation again at negative large H values.

The hysteresis loop is fundamentally a manifestation of energy dissipation and the sys-
tem's transition from metastable to stable states. Time-reversal symmetry of a FM requires
that M;,.(H) = —My,.(—H), which implies that the hysteresis loop must be antisymmetric
with respect to H and centered at zero field. Multiple microscopic mechanisms are commonly
involved in the non-equilibrium process that is called magnetization reversal. They include
domain nucleation, domain wall motion, domain annihilation and coherent rotation [9-11].
The dominant mechanism depends on the relative strength and geometry of the energy terms,
sample dimensions, temperature and external applied fields. Ultimately, all these processes

determine the shape of the hysteresis loop.

A simplified framework often used to describe the magnetization dynamics of ferromag-
netic systems is the macrospin model, also known as the Stoner-Wohlfarth model [12]. Sim-
plifications are made for the total Hamiltonian of Eq. (2.8) and a free energy F expression is
proposed. This model assumes that the exchange interaction is sufficiently strong to maintain
a uniform magnetization throughout the entire magnetic volume. Exchange interaction is thus
a constant that does not modify the magnetization orientation dependence of F and is ignored
in the model. As a result, the system can be modeled as a single, collective magnetic moment—
called macrospin—with fixed magnitude |ﬁ |, whose orientation varies coherently under the
influence of anisotropy and external fields. Therefore, it is only valid for samples with negligi-
ble magnetostatic energy, as the thin film samples fabricated and studied in this thesis. There-
fore, for thin films with in-plane anisotropy (characterized by an in-plane easy axis, EA), and
under the assumption that both H and M lie in the film plane, the free energy density F/V

of a macrospin is given by

T =~ HoMoH cos(@n) + kisin® (9o — @) + kysin* (9o — @), (2.9)
where ¢,, is the angle between M and H , and @, is the angle between the EA and H. Here,

M, is the saturation magnetization, and k, and k, are the anisotropy energy densities.

Minimization of F with respect to ¢, determines the equilibrium orientation of the
magnetization M. In order to better understand the mechanism of the SW model, Fig 2.2(c)
shows four angles (¢, = 0, 30, 60 and 90 deg) that represent three different reversal behaviors,

which are now being reviewed in more detail one by one:

Easy axis alignment with the field direction (¢, = 0 deg). In this configuration,
the anisotropy and Zeeman energies compete in such a way that the magnetization is energet-

ically confined to lie along the EA: only two stable or meta-stable magnetization orientations
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exist (parallel and antiparallel to the field). Reversal occurs abruptly via switching when the
energy barrier vanishes, and the system can transition from the local metastable energy min-
imum (which vanishes at this point) into the global energy minimum yielding a rectangular

hysteresis loop with coercivity set by the anisotropy field.

Easy axis perpendicular to field direction (¢, = 90 deg). The magnetization lies
along the EA at zero field, with no net projection along the field direction. As the field in-
creases, the Zeeman energy gradually forces M to rotate continuously toward the field direc-
tion, leading to a gradual increase in the projection of M along H, until at a sufficiently high
field, where the magnetization becomes parallel to H. The process is smooth and reversible,

with the critical field at which full alignment occurs known as the anisotropy field H.

Intermediate orientation (@, # 0,90 deg). In these cases, the magnetization rever-
sal combines continuous rotation and abrupt switching. The exact nature of the reversal de-
pends on the interplay between the Zeeman and anisotropy energies, which leads to more

complex hysteresis behavior.

Despite its simplicity, the macrospin model provides valuable insights into the funda-
mental principles governing ferromagnetic reversal processes and serves as a starting point for
more complex, multi-domain analyses. In general, this model and its extensions to multiple
grains are useful, if a large part of the magnetic hysteresis loop is determined by a uniform
magnetization state, so that large parts of associated data sets can be understood using these

simple macrospin or macrospin array models.
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2.3 Light-matter interaction:

principles of magneto-optics

Magneto-optics describes how light interacts with magnetized materials, leading to a change in
its intensity or polarization state [13,14]. In ferromagnetic systems, spin-orbit coupling causes
the dielectric tensor to become magnetization dependent, as we will see later in this section.
This magnetization sensitivity is exploited in MO based techniques, which provide a non-inva-
sive means of probing magnetic states, phenomena and dynamics at the nanoscale.

The first observation of a MO effect dates back to 1845, when Michael Faraday found
that linearly polarized light passing through a magnetized glass rod experienced a rotation in
its polarization state [15,16]. This phenomenon, known as Faraday effect, constituted the first
experimental confirmation of the electromagnetic nature of light and had a large influence in
the subsequent development of the electromagnetic theory. About 30 years later, John Kerr
observed the corresponding effect in reflection: when a polarized beam reflects off a magnetized
surface, its polarization state changes [17-19]. This phenomenon was termed as the MO Kerr
effect (MOKE). The origin of both effects is the same, and will be addressed in the following
subsections, although I will focus on the reflection geometry (MOKE), as it will be the one used

in this thesis.

As illustrated in Fig 2.3, when an incident linearly polarized light beam is reflected from
a medium, the resulting reflected light has a modified polarization state, being generally ellipti-
cally polarized 2. This change in the polarization of light in any medium (even when the sample
is not magnetized) is due to pure optical effects [13]. This is represented in Fig 2.3 by E; as a
blue arrow and by E,. as a blue ellipse. Now, if the sample is magnetized, there is an additional
small modification in the polarization state of the light reflected, that is dependent on the
magnetization of the sample itself. The yellow solid ellipse represents this additional change in
the polarization due to the sample having a magnetization M (yellow solid arrow); as the mod-
ification of the polarization state depends on the magnetization state, when it inverts to —M
(yellow dashed arrow), the additional change in the polarization of the reflected light is modified,
as represented by the yellow dashed ellipse. Even though this change is very small *, the M
dependence allows to clearly differentiate it from the pure optical polarization change. The
changes in polarization due to MOKE are typically quantified through the Kerr rotation angle
(Ogerr) and ellipticity (Egerr)-

2 If the light is not s- or p-polarized, and if the Fresnell coefficients have a phase difference.
3 For ultrathin films, the rotation of the polarization is typically of the order of tens of millidegrees only.
Yet, they have been proven to provide a versatile and very sensitive measure of the magnetization using a

variety of experimental schemes.
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Figure 2.3 Scheme of the MOKE with the beam of light represented by the red arrows and the important

concepts illustrated.

Besides the change in polarization, MOKE can also affect the intensity of the reflected

light, under certain geometries. By analyzing how polarization and intensity change with the

magnetization state of the sample * | detailed insights into its magnetic and magneto-optical

properties can be extracted. Indeed, today, MOKE is a widely used tool for investigating the

magnetic properties in FM and ferrimagnetic samples. It offers several advantages compared to

other techniques [20]:

- High sensitivity: MOKE is extremely sensitive, making it competitive with the best
magnetometries, particularly for studying the magnetism of ultrathin films. It can detect

the magnetization of a fraction of an atomic layer of the FM material [21].

- Fast measurements: MOKE allows for rapid measurements, and because of the short
duration of light-matter interaction, it enables time-resolved assessments of magnetiza-
tion. Using a femtosecond pulsed laser, time resolutions as short as 100 femtoseconds
have been achieved [22,23].

- Good lateral resolution: MOKE provides a lateral resolution of up to 0.2 pum, making
it possible to observe magnetic domains and study the spatial distribution of magneti-
zation in wedge samples or nanostructures, such as FM wires, patterned magnetic arrays,

and self-organized magnetic structures [24].

- Depth sensitivity: MOKE can provide independent information on the magnetic states

of several FM layers in a multilayer structure [25,26]. It probes samples at a depth equal

* How it changes with the applied magnetic field H, which is the quantity one can externally control and

considering the linear relationship between H and M.
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to the penetration depth of light, which is approximately 20 nm for metallic multilayer
structures. Compared to integral techniques like superconducting quantum interference
devices (SQUID) or vibrating sample magnetometry (VSM), MOKE is considered a
surface-sensitive technique, often referred to as surface MOKE (SMOKE) [27,28]. How-
ever, in contrast to electron-based methods (e.g., spin-polarized LEED, STM, or photo-
emission), which are sensitive only to a few atomic layers at the surface, MOKE has to
be considered as a magnetic in-depth sensitive technique allowing to study buried FM

layers.

- Ease of use and cost-effectiveness: MOKE measurements are relatively easy and cheap
to do. Furthermore, it is possible to investigate samples located at a “long distance”
from the light source and the detector. This explains why MOKE is so popular to study
thin film magnetism inside vacuum chambers or under extreme conditions (field, tem-

perature, etc.).

2.3.1 Origin of MOKE and the dielectric tensor

The fundamental mechanism behind light—matter interaction upon reflection in solids is photon

absorption (and subsequent photon emission) by electrons via electric dipole transitions. In FM

materials, the initial electronic states are modified by magnetization: exchange interactions and

spin-orbit coupling (SOC) cause a splitting of electronic energy levels [13,15]:

The exchange interaction splits the energy levels of the electronic d-states having up or
down spins (exchange is neglected for p-states). Assuming a FM material magnetized
along the “up” direction, the up-spins electrons have lower energy than the down-spins
electrons. In the example presented in Fig. 2.4(a), one can see the energy difference of
d-state electrons having “up” (1) and “down” (|) spin orientation. In the notation |l m),
lis the orbital number (I = 1 for p-states and [ = 2 for d-states) and m stands for the
magnetic number which takes integer values in the interval (=1, 1).

The SOC breaks the degeneracy of both p or d states. Note that for up-spins, the energy

increases with m, although the situation is reversed for down-spins (see Fig. 2.4(a)).

The combination of both splitting leads to different optical absorptions for left and right

circularly polarized light (CPL), as illustrated in Fig. 2.4(b). Since linearly polarized light can

be decomposed into equal components of left and right CPL, when it is reflected by a system

with exchange and SOC splitting, the difference in absorption for right and left CPL and the

associated phase shift results in the rotated elliptically polarized reflected light. This basic prin-

ciple is depicted in Fig. 2.4(c).
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Figure 2.4 (a) Electronic states and electric dipole transitions (arrows) induced by left (purple) and right

(orange) circularly polarized light. (b) indicates the absorption spectra to [1,0> stales (continuous arrows

in (a)), for opposite circular polarizations. (¢) Basic principle of MOKE: in a magnetized material, left-

and right-handed circularly polarized light have a different index of refraction, this causes that linearly po-

larized light experiences a rotation and becomes elliptic after reflection from a magnetized sample. Images
adapted from [20,29,30].

Macroscopically, MOKE is generally described by the reflection matrix, but to calculate
the reflection matrix, one needs first the description of the electromagnetic wave inside a ferro-
magnetic material, for which the dielectric tensor is needed. In optically isotropic materials, for

non-magnetic materials, the dielectric tensor & has the following description

1.0 0
£=N2<O 1 0),N=n-—ix, (2.10)
00 1

with N being the refractive index of the medium, and n and k the corresponding real and

imaginary parts.

However, for a magnetized material, the interaction of light with magnetization modifies
the optical properties of the material, as already explained. This is captured by a modified
dielectric tensor, which describes how the material responds to the electric field of the incident
light. For an optically and magneto-optically isotropic material and under linear optics approx-

imation, the dielectric tensor is

1 iQm, —iQm,,
e=N?| —iQm, 1 iQm, |, (2.11)
iQm, —iQm, 1
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with @ being the MO coupling constant and (m,,m,, m,) the cartesian components of the
magnetization vector. Both N and Q are wavelength dependent complex quantities and the
modifications of the dielectric tensor are limited to terms linear in the magnetization compo-

nents.

For multilayer structures, the bulk N and Q parameters are considered valid for thin
films [32]. Thus, a multilayer can be considered as a stack of homogeneous layers separated by
sharp interfaces, such that the depth profile of the optical properties is step-like. Within this
framework, the reflection matrix R of the entire multilayer structure can be calculated via the
“4 x 4 transfer matrix” formalism [31], and it is indeed this reflection matrix R of a sample the

experimentally accessible information by means of optical measurements.

2.3.2 Reflection matrix

While optical and magneto-optical characterization can allow one to determine the dielectric
tensor, experimental observations typically provide direct access to the reflection matrix only.
The reflection matrix is a mathematical representation that describes how the polarization state

of light changes upon reflection [13]. For an optically isotropic sample, one can express it as
s, 0
R= (0 N ) (2.12)

Ncos Q —cos Q' cos Q — Ncos Q'

Ncos Q + cos Q"' and Ts = with Q)

with 7, and 75 being the Fresnell coefficients, r, = —,
cos Q)+ Ncos Q

and Q" being the incident and refracted light angles. The subindexes p and s are associated to
p- and s-polarization states of light, as defined in Fig 2.5 (a). For a magneto-optically active
sample, limited to linear MO effects and under the assumption that Q << N, the reflection
includes additional terms [14,32-34]:

R=(2 ) (2.13)
Tos  Tpp/’
with

Ers cosQ—Ncos Q"'

toii=|—w)=—
5 (Ei,s> cos Q+N cos '’ (2.14)
r. = Ers) _ iNQ cos Q (cos Q''m,+sinQ''m,) 015
sp Eip ~ cos Q" (N cos Q+cos Q') (cos Q+N cos Q'')’ ( . )
r. = Erp\ _ iNQ cos Q (cos Q''m,—sin Q''m,) 016
ps Eis T cosQ/(NcosQ+cos Q') (cos Q+N cos Q') ( . )
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_ (Erp\ _ NcosQ-cos Q' 2iNQcosQsinQ’
Top = (El-,p) = NcosQtcos’ | NcosQtcosq! W <2'17)
And the reflection matrix can be written as
R (7:95 Tsp) ( Ts a+ V) ( T a+ 7)
= = =71 ~ | =
Tos  Top —a+y n+B)" P\-a+7 1+p
‘F' do m + )70 m
=n( * s ), (2.18)
—Qp My + Yo M, 1+ﬁo'my

with a, f and y being the MO coefficients related with each cartesian magnetization component
m,, m,, and m,. These coefficients correspond to the three different Kerr geometries: longitu-
dinal (L-MOKE), transverse (T-MOKE) and polar (P-MOKE). These three different configu-
rations are defined by the orientation of the magnetization vector relative to the sample surface

and the light plane of incidence, as illustrated in Fig 2.5.

ﬁ

(b) polar (c) longitudinal (d) transverse

Figure 2.5 (a) Definition of s- and p-polarization. (b-d) three configurations of MOKE; (b) polar, (c) lon-
gitudinal and (d) transverse configuration. The red arrow represents the light path and the blue arrow the

magnetization vector.

The relation between the experimentally determined quantities @&, f, # and 7, of the
sample and the material quantities N and Q for each layer of a multilayer sample can be deter-
mined utilizing the transfer matrix method [35]. This method focuses on the adequate descrip-
tion of the evolution of an electromagnetic wave in a multilayer stack, where boundary condi-
tions in addition to Maxwell equations need to be fulfilled. A stack of layers can then be repre-
sented as a matrix system, which is defined altogether as a product of matrices belonging to
each of the distinct layers composing the multilayer stack [31,35,36]. The knowledge of the
system’s “transfer matrix” allows recovering the reflection and transmission matrices that are
accessible in an experimental setting. In this thesis I will focus on the parameters of the reflection
matrix. Given that my primary focus is on magnetization vector characterization by means of

MOKE, it is not necessary to extend the analysis to the actual dielectric tensor. Already the
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reflection matrix, Eq. 2.18., has sufficient vector component dependency and information, so
that an analysis on the level of the dielectric tensor does not provide additional information as

far as magnetization vector information is concerned.
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Chapter 3

Experimental methods

This chapter provides a brief overview of the main experimental techniques employed in this
thesis. It is divided into four sections, beginning with a description of the sample fabrication
method used for thin films: the sputter deposition technique. The next two sections review
structural characterization via x-ray techniques and magnetic characterization via vibrating
sample magnetometry (VSM). The final section focuses on the magneto-optical (MO)
characterization methodology central to this thesis, the generalized MO ellipsometry (GME).
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3.1 Thin film fabrication

All the thin films and multilayers fabricated in this work have thicknesses on the nanometer
scale. The design and fabrication of our epitaxial multilayer samples, with homogeneous and
pre-designed inhomogeneous compositions layers, were devised and done for the purpose to have
specific structural and magnetic properties. Due to its versatility and precision, sputter
deposition is the technique used in this work to grow all the samples of this thesis.

3.1.1 Sputter deposition

Sputter deposition is a physical vapor deposition technique extensively used in nanotechnology
and materials science due to its versatility, reproducibility, and ability to produce high-quality
thin films with nanometric precision. Specifically, magnetron sputtering was selected as the
method to fabricate metallic, insulating, and alloyed thin films, which will form multilayer
structures with well-controlled thickness, composition, and magnetic properties [1-3].

The principle behind the sputter deposition process involves bombarding a solid target
material with energetic ions generated in a plasma, resulting in the ejection of atoms from the
target which are then deposited onto a substrate. A schematic representation of the mechanism
can be observed in Fig. 3.1. This process is generally conducted in an ultra-high vacuum (UHV)
chamber to prevent contamination and oxidation during film growth.

|—| Sample holder

Sample Substrate
holder Film

Target
Cathode

Magnets

Figure 3.1 Schematic of the sputter deposition system and procedure, with the elements indicated. It
shows the plasma composed of Ar+ ions and free electrons, the guns with material targets and shutters and

the substrate in the rotating sample holder.

To initialize the process, a suitable pressure of an appropriate gas is introduced into the
UHV chamber. In this work, the inert gas argon (Ar) is used in order to avoid unwanted
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chemical reactions with either the targets or the growing films. Once a suitable argon pressure
is established in the UHV chamber (typically 3 mTorr in our experiments), a high voltage is
applied between the cathode (material target) and anode (chamber wall), moving the ions to
the target and the electrons away from the target. These movements then create a large and
stable number of ions in a plasma, which maintains the process and makes the sputtering
approach efficient.

Under these plasma conditions, the generated Ar+ ions are accelerated towards the
negatively charged target, mechanically eroding it and causing atoms to be ejected from the
target surface. These atoms travel away from the target and coat an appropriately positioned
substrate. The deposition rates depend primarily on the number of ions colliding with the target,
the cohesion energy of the target material, the atomic mass of the target atoms and the pressure
(because the mean free path of the ejected atoms depends strongly on it).

Additionally, a set of permanent magnets behind the target generates a magnetic field
parallel to the target surface (see Fig. 3.1, right side). The crossed electric and magnetic fields
trap electrons in closed helical paths, increasing their path length and collision probability,
thereby sustaining the high-density plasma and enhancing deposition efficiency [4].

Depending on the electrical conductivity of the target, sputtering can be performed using
either direct current (DC) or radio-frequency (RF) power supplies. DC sputtering is effective
for conductive targets. For insulating materials, DC power would result in charge accumulation
and plasma extinction. Instead, RF sputtering is required, as it prevents charge buildup on the
target surface by periodically reversing the field direction. Under RF conditions, Ar+ ions
impact the target surface during the negative half-cycle of the RF signal, resulting in generally
lower deposition rates. For this reason, RF power is also used for metals when precise, low-rate
deposition is needed, as for ultrathin layers. All thin films presented in this work were deposited
using an ATC Series UHV sputtering system from AJA International, Inc. In Fig. 3.2 we can
see an image of the sputtering tool as well as an image from the inside of the main chamber.
The system features:

- A load-lock chamber for substrate introduction, and a main deposition chamber,
separated by a gate valve to maintain base pressure below 108 Torr, where the
sputtering process is performed.

- Seven sputtering guns (with four DC and two RF power supplies), allowing the
deposition of multiple materials without breaking the vacuum. Moreover, simultaneous
co-sputtering of up to six materials is possible, a feature particularly useful for the
fabrication of alloys. All guns have adjustable tilt angles, to optimize deposition
geometry and enabling the creation of complex multilayer structures, and motorized
shutters, enabling plasma ignition without deposition. Pre-sputtering with the shutters
closed is routinely performed to remove surface oxides from targets.

- A rotating substrate holder to ensure uniform film thickness across the sample and avoid
lateral non-uniformities.

- Heating system up to 850°C prior, during or after the sample is grown, although this
key feature is not used for the work presented in this thesis.
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- Complete electronic control via PHASE II software, enabling programmable recipes with
precise timing, power modulation, shutters and gas flow control.

Load-lock

Main chamber

Figure 3.2 Images of the sputtering tool (a) and the inside of the main chamber (b). The main
components are included: the main chamber, the load-lock, and the separation valve between them in (a),

and the guns with the material targets and shutters in (b).

3.1.2 Thickness calibration

Accurate determination of the deposition rate for each material is essential to ensure precise
control over the thickness and composition of thin films and multilayer structures. In this work,
deposition rate calibrations were performed systematically for all target materials used in the
fabrication process after every system modification, such as target change and maintenance.

The calibration procedure that we perform consists of preparing single-layer films with
varying deposition times while keeping all other sputtering conditions constant. The film
thickness is then measured with high accuracy via x-ray reflectivity (see Section 3.2.), which
allows one to obtain the deposition rate at a certain sputtering power.

Figure 3.3 illustrates the overall target calibration. The thickness is plotted as a function
of deposition time in Fig. 3.3(a), with the Ag being deposited using a DC power of 40 W and
Cr at 80 W. The data points for each material fall on a straight line, indicating a constant
deposition rate and confirming the high temporal stability of the sputtering process. The slope
of the linear fit (red dashed lines in Fig. 3.3(a)) corresponds directly to the deposition rate in

nm/s.
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Figure 3.3 (a) Ag and Cr thicknesses as a function of the deposition time, for several thin films
grown on naturally oxidized Si wafers with a DC power of 40 W and 80 W, respectively. (b) Calculated

deposition rate of Co and Ru as a function of the DC deposition power.

An important consideration in this analysis is the influence of the shutter
opening/closing. Since each deposition begins and ends by opening and closing the gun shutter,
any delay could introduce a systematic error in the effective deposition time. However, the
motorized shutters used in our system open and close in far less than one second, which is
negligible compared to typical deposition durations (ranging from several tens of seconds to
minutes). The observed linearity of the calibration curves validates that this timing uncertainty

does not significantly affect the results.

This procedure is repeated for different DC power supply values. Figure 3.3(b) shows
the deposition rates of Co and Ru as a function of power. A linear dependence is observed over
an extended range, allowing for the extrapolation or interpolation of deposition conditions. Such
a calibration scheme enables the accurate design of thin films, multilayer structures and alloys
with well-defined thicknesses and dopant concentrations.

Indeed, to fabricate alloy thin films with controlled stoichiometry a co-sputter procedure
is performed. In this process, distinct material targets are sputtered simultaneously, and their
respective deposition rates are adjusted to achieve a precise target composition. For alloys with
the form A;_,B,, with x being the concentration of B, the deposition rates are calculated taking

into account the following relation,

dep. ratep _ X pamp (3 1)
dep. ratey 1-xpgmy ’

where, p,p and my p are the room temperature densities and standard atomic masses of the
materials A and B, respectively. In this way, the deposition rates of the two materials are
obtained, with the total deposition rate of the alloy being the sum of the two deposition rates,
which are experimentally verified, and thus the sputter guns do not impact each other. Also,
co-sputter deposition is done considering the positions of the guns, as neighboring sputter guns
are not used for alloy fabrication to limit any possible source of interference.
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3.1.3 Epitaxial growth

In general, sputtering is used to grow thin films exhibiting either polycrystalline or amorphous
microstructures. However, precise control over the crystallographic orientation of films and
multilayers is possible with sputtering techniques. This requires epitaxial growth, which can be

achieved with appropriate substrates and/or intermediate layers [5-8].

Epitaxial growth consists of depositing a material so that the new layers have a crystal
structure with a well-defined orientation with respect to that of the substrate at the interface
[5-8]. Both crystalline lattices need to be compatible, in terms of the crystallographic symmetry
and lattice dimensions. For this reason, epitaxy is generally performed on single-crystal
substrates. Another factor to take into consideration for epitaxy to occur is that the materials
involved must be chemically stable with respect to one another, to prevent interfacial reactions,

and limit diffusion or alloy formation during growth.

In the case that the film of the material of interest and the substrate show incompatible
lattice structures or dimensions, one can utilize an epitaxial growth sequence in which
intermediate layers are employed between the substrate and the targeted film structure [5-8].
This is the strategy that was followed here in order to grow epitaxial hexagonal close-packed
(hep) Co (1010) films (and related alloy films and multilayers) onto (110) single-crystal Si
substrates. The specific sequential epitaxial strategy was previously devised in the group [5-8]
and it consists of Ag (110) and Cr (211) films. The corresponding lattice planes and crystal

dimensions can be observed in Fig. 3.4 and consist of:

- First Ag (110) is deposited onto the clean Si (110) substrate. Ag has a face-centered
cubic (fce) structure with good lattice match to Si (110).

- Then Cr (211) is deposited, having a body-centered cubic (bcc) structure it aligns well
with Ag (110).

- Finally, Co or Co alloys (1010) are deposited on the Cr (211) layer.

An intermediate layer of CrRu (211) is included between the Cr and Co alloy layers if
the material of interest is a CoRu (1010) alloy film. The interest of the specific (1010) surface
orientation of Co and Co alloys is the c-axis of hep Co for this surface orientation. It lies within
the film plane, and as it represents the easy axis of magnetization, it enables the design of

samples with strong in-plane uniaxial magnetic anisotropy.
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Figure 3.4 Unit cells, crystal orientations and planes corresponding to (a) the Si substrate, (b-c)
the intermediate materials and (d) the Co film of interest. The crystal planes induced during the growth
process with respect to the corresponding unit cells are marked. The lattice dimensions indicated refer to

bulk parameters. Figure adapted from [8].

It is extremely important to have clean and smooth surfaces starting from the very
substrate. Thus, before the growth, the substrates are cleaned with agents such as acetone and
isopropy! alcohol (isopropanol). Then, the surface oxide of the wafers is removed by chemical
etching via hydrofluoric acid (HF). In addition, it is also relevant working in clean chambers
where ultra-high vacuum conditions are available prior to deposition. In this way, undesired
coatings or presence of contaminants that would impact or deteriorate the epitaxy or create

instabilities during growth are avoided.
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3.2 Structural characterization

To assess the structural properties of the fabricated thin films and multilayers, x-ray-based
characterization techniques are used. These x-ray techniques are widely used in material science
because the photon wavelength A is of the same order of magnitude as the interatomic distances
in matter [9,10], they are nondestructive techniques and can be performed under standard
conditions. In these techniques, the x-ray intensity reflected at the surface of a sample is
measured while varying the grazing incidence angle w and the reflected angle 8, and/or the
azimuthal angle ¢. All the x-ray characterization techniques employed in this work are
performed under symmetric diffraction condition w = 8. The intensity patterns obtained will
give different structural information of the sample measured.

In the x-ray tools, the x-ray generation is achieved by accelerated electrons that impact
inelastically an anode, causing the emission of a certain x-ray spectrum. Such spectrum is
composed of a continuous background superimposed to several characteristic lines of the anode
material, that correspond to the electronic transitions from higher energy levels to the lowest
energy vacancies [9]. A usual anode material is copper, whose most relevant characteristic lines
are the Cu-K, (A = 1.54 A) and Cu-Kp (2 = 1.40 A). Given the narrow bandwidth and high
intensity of the Cu-K,, line, this particular wavelength is the most commonly employed in x-ray
analysis.

In this work, two different x-ray tools have been utilized: a X’Pert PRO PANalytical
(Fig. 3.5(a)) and a PANalytical EMPIREAN (Fig. 3.5(b)). Both tools have a similar set of
optics, composed of an incident beam arm with an x-ray tube and incident optics, and a
detection arm with the corresponding diffracted optics and detector, both of which can move
independently. Furthermore, the sample holder allows for polar and azimuthal rotations of the
sample. The components can be observed in the picture included in Fig. 3.5(c).

| Sample holder

Figure 3.5 (a) X’Pert PRO PANalytical and (b) PANalytical EMPIREAN X-ray tools. (c) Picture of the
components of the a-ray tool. Figures from [10,11].
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3.2.1 X-ray diffraction

X-ray diffraction (XRD) is a structural characterization technique used to study the crystal
planes of multilayers. Optical interferences of the reflected x-rays can lead to diffraction patterns
that, at the same time, can provide relevant information about the crystal structure of the
materials [9,12,13].

In a periodic atomic lattice, assuming elastic scattering, constructive interference occurs
when the total momentum transfer ai = l_c)f — l_c)i is a vector of the reciprocal lattice and |§i| =
2r/d;. Here, d; is the distance between atomic planes, and l_c)f and Ei are the diffracted and
incident wave-vectors. Such condition, known as the Laue condition, leads to Bragg’s law, which
states that constructive interference will occur if

niA = 2d sinf (3.2)

where n is an integer denoting the diffraction order. In this regard, by measuring the intensity
of the diffracted x-rays while varying the reflected angle with respect to the sample plane 6, a
diffraction pattern with the constructive interferences is obtained.

The XRD measurements in this work were conducted with the two previously mentioned
tools, both using a high-resolution diffractometer equipped with a Cu-K, x-ray source (1 =
1.5406 A), a monochromator, and a 2D detector. XRD measurements were performed for
epitaxial samples, in order to verify and confirm the stacking sequence and crystallographic
relation between the layers.

Two geometry types of XRD measurements are utilized in this work: the gonio 8 — 26
scans and the azimuthal ¢-scans.

(i) In the gonio 8 — 26 geometry, the reflected intensity is measured while both the x-
ray source and the detector are rotated symmetrically about the sample surface. The pattern
obtained reveals the identity of the crystallographic planes present in the sample parallel to the
film surface. A schematic of a XRD experiment for 8 — 26 scans and of the periodic atomic
planes parallel to the sample surface are included in Fig. 3.6(a) and Fig. 3.6(b). An exemplary
diffraction pattern of an epitaxially grown sample consisting of Si (220)/ Ag (220)/ Cr (211)/
CoygsPtoss (1010) is represented in Fig. 3.6(c). The precise matching of peak positions with the
crystallographic planes confirms the high degree of crystalline alignment that one would expect
for an epitaxial sample to exhibit [5,7,14]. Examples of XRD measurements are included in
Chapters 4, 5 and 6.

(ii) The azimuthal ¢-scans [5,15] provide information about crystal planes that are not
parallel to the film surface. One has to tilt the sample an angle y with respect to the x-rays
plane of incidence, to an angle corresponding to a particular interplanar angle. Then, move w
and 6 to a certain Bragg reflection and scan the reflected intensity while rotating the sample,
¢ = 0—360 deg. The process is illustrated in Fig. 3.7(a) and the corresponding wave interference
in Fig. 3.7(b). The number of maxima observed during a ¢ scan will depend on the Bragg
reflection, out-of-plane orientation, and number of preferential in-plane orientations of the grains
in the film. One example of four scans for the different layers of the same sample as in Fig.
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3.6(c) is included in Fig. 3.7(c). These measurements prove the epitaxial growth of the

multilayer structure.
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Figure 3.6 (a) Schematic of z-ray diffraction with a 6 — 20 geometry with the different angles of
the experiment indicated, (b) schematic illustration of wave interference in crystallographic structures,
(¢) example of a XRD measurement of a Si (220)/ Ag (220)/ Cr (211)/ Cop.95Pty.05 (1010) sample.

C04.95Pto.05
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Figure 3.7 (a) Schematic of the azimuthal scan geometry, (b) schematic illustration of wave
interference in crystal planes that are not parallel to the sample surface, (c) example of a @ scan
measurement of the same sample as in Fig. 3.6(c) with the crystallographic planes being Si {004}, Ag
{002}, Cr {110} and Coy.95Pto.05 {10i1}.

3.2.2 X-ray reflectivity

X-ray reflectivity (XRR) is a powerful technique for determining the thickness, density, and
interface roughness of thin films and multilayer structures (crystalline and amorphous
films) [16]. Unlike XRD, which probes crystallographic order, XRR is sensitive to variations in
electron densities in the different layers, which is equivalent to different refractive index in the

different layers along the depth of the film.

The XRR technique consists of measuring the intensity of a reflected x-ray beam upon
varying the angle of reflection 6, in a similar way as for XRD gonio scans but for smaller 6

angles. X-rays will be refracted and reflected at the interfaces, where the refractive index
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changes. At the frequency of x-rays, the refractive index of most materials is slightly smaller
than 1, and thus, total external reflection can occur for sufficiently low incident angles, as
illustrated in Fig. 3.8(a), up to a critical value of the angle of incidence 6, (Fig. 3.8(b)). This
critical angle 8, depends on the refractive index of the material under study and is independent
of its thickness. For larger incidence angles, x-rays penetrate the material and are refracted and
reflected from internal interfaces within the film or multilayer stack, as illustrated in Fig. 3.8(c).
The optical path difference leads to an interference pattern, whose constructive and destructive

interferences can be calculated as 2d sinf, being now d a single layer thickness.

(a) (b) (c)
0 =0 0
kl ws ¢ kf kl @ ¢ kf k’ w> ¢ kf
N,=1 w ) w 0 w 0
N,=n, +iK, Thin Film dI \/
N,=n,+ix, Substrate

Figure 3.8 Schematics of XRR in a thin film of thickness d. The x-ray trajectory is represented by
the arrows, and the incident and reflected wavevectors k; and ks are indicated. Each subfigure shows the
reflection of the z-rays for incident beam angle w being smaller (a), equal (b) or larger (c) than the critical
angle 6.

Therefore, XRR measurements involve scanning the incident angle w and the reflected
angle 8 symmetrically (i.e., w = 6) and measuring the intensity of the specularly reflected x-
rays as a function of the incident angle. The multiple reflections at interfaces interfere, resulting
in an oscillatory intensity pattern profile known as Kiessig fringes. The position and periodicity
of the Kiessig fringes are directly related to the layer thickness, and the contrast and decay of
the fringe amplitude are affected by electron density differences and interface roughness,

respectively.

To extract quantitative parameters from XRR data, the reflected-intensity curve is fitted
to a theoretical model, and the thicknesses and interface roughness can be determined [17].
Some examples of XRR data and the corresponding fittings are included in Fig. 3.9 for a series
of Co layers deposited on oxidized Si substrates. For different film thicknesses of the Co layer,
the periodicity of the fringes varies such that larger thicknesses lead to smaller periodicities due

to the distinct optical path differences.

In the context of this study, XRR was employed for calibrating deposition rates (see
Section 2.1) and evaluating total and individual layer thicknesses in multilayer stacks (see
Chapter 6).
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Figure 3.9 XRR intensity patterns of several Co thin films deposited on top of naturally oxidized Si
wafers, with the corresponding thicknesses indicated. The red lines represent least-squares fittings that
allow to extract the actual thicknesses of the films.
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3.3 Conventional magnetic characterization

In this work two magnetometry techniques have been employed to quantify the macroscopic
magnetization behavior as a function of different variables, such as external field, and sample
orientation. The first technique is VSM, which measures the total moment of the sample. The
second technique is GME, which enables vector-resolved magnetometry. As GME constitutes a
key part of this thesis, the Section 3.4 will be fully dedicated to it, and here I will focus only on
the conventional magnetic characterization technique of VSM.

3.3.1 Vibrating sample magnetometry

Magnetometry techniques aim to determine how a material responds to an applied magnetic
field, and to extract its intrinsic magnetic properties. A commonly used magnetometry technique
to characterize magnetic materials is VSM. It is based on Faraday’s law of induction, which
states that a changing magnetic field will produce an electric field. By measuring this electric

field one can obtain information about the changing magnetic field [18,19].

In a VSM setup, the sample is placed between the coils of an electromagnet, which
applies a uniform magnetic field. The sample is mounted on a non-magnetic rod and it is
mechanically vibrated at a defined and constant frequency. This motion of the magnetized
sample induces a time-varying magnetic flux through a set of suitably placed pick-up coils,
which due to the Faraday-Lenz law of induction generates an electric signal that is directly
proportional to the magnetic moment of the sample. By measuring the current generated at the
coils, and thanks to a calibration procedure, the projection of the magnetic moment along the

applied field axis can be detected.

In this work, the VSM system used is a MicroMag Model 3900 VSM system (Princeton
Measurements Corporation), shown in Fig. 3.10(a), which provides excellent sensitivity (better
than 10° emu). Schematics of the VSM system are presented in Fig. 3.10(b) to illustrate the
experimental procedure and better identify the main elements involved in the measurement

process, which include:

- An electromagnet to generate a well-controlled and homogeneous external magnetic
field. The distance between the electromagnet poles is adjustable, allowing for the
application of magnetic fields up to 2 T.

- Pick-up coils to measure the induced voltage.

- A Kel-F (Plychlorotrifluoroethylene) sample holder, a carbon rod and a vibration
mechanism that oscillates the sample at a constant and known frequency. In this work,
the samples are fixed to the sample holder with silicone grease, and sample holders for
in-plane and out-of-plane measurements are available, although only in-plane

measurements are conducted here.
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- A lock-in amplifier and data acquisition system to extract the signal at the vibration
frequency, enhancing sensitivity by suppressing noise contributions at other frequencies.

- A three-axis motorized translation stage, which enables precise positioning of samples at
the center of the detection coils, ensuring optimal and calibrated signal detection.

- An automated rotation stage that allows for the rotation of the sample about the axis
perpendicular to the applied magnetic field, with a precision better than 1°. This feature
enables angular-dependent magnetometry, which has been employed in this thesis to
extract angular variations of magnetic parameters such as the anisotropy constants and
saturation magnetization values of Co and Co-alloy thin films.

- Additionally, the system allows for temperature dependent magnetic measurements,

although this feature was not employed in the present work.

Rotating
(a) motor (b)
Vibrating
head
Electro- _ Rod Sample
magnet | \ |
Electro- /
magnet M
Locl<.-in Pick-up Signal Reference
Power supply Power supply Lock-in
amplifier
EComputer

Figure 3.10 (a) Picture and (b) scheme of the core components of a VSM system, including an
electromagnet to generate the external magnetic field, detection coils to measure the induced voltage, and a
vibration mechanism that oscillates the sample at a constant frequency.
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3.4 Generalized magneto-optical ellipsometry

The main method that I use throughout this thesis is GME. It allows one to obtain all
information accessible by a reflection measurement of a sample under investigation, by
quantitatively measuring the full complex reflection matrix ' [20-22]. Correspondingly, it allows
full vector magnetometry using a single reflection experiment and measurement
sequence [21,23]. In this part I will describe the set-up, the data acquisition scheme, the
mathematical description and the specific implementations of the technique that I utilized.

3.4.1 Main experimental setup

The experimental setup is schematically represented in Fig. 3.11(a) and a picture of the actual
setup is included in Fig. 3.11(b). A linearly polarized and intensity stabilized low-noise solid-
state laser emits light at a wavelength of 635 nm, which passes through a first rotatable linear
polarizer P, and reaches the sample under investigation to be measured. Upon reflection from
the sample, the light goes through a second rotatable linear polarizer P,, after which the
transmitted light intensity is measured by a Si photodiode detector. The sample itself is placed
inside the gap of an electromagnet, which produces an external field along the x-direction as
defined in Fig. 3.11(a) [19,22,23].

Electromagnet

(a)

Photo-
detector

Figure 3.11 GME set up (a) schematic and (b) picture, with the elements indicated.

The first linear polarizer Pi, located in the incident beam path, defines the linear
polarization axis of the incident light by means of angle 8, in reference to the s-polarization
direction, which is perpendicular to the plane of incidence. Similarly, the linear polarization axis
of the second linear polarizer P» is defined by angle 8,, also in reference to the s-polarization
direction. Positive values of the linear polarizer angles 8; and 6, are associated with the
counterclockwise rotation sense along the propagation direction of the light, as indicated in Fig.
3.11(a) by the blue arrows. The two linear polarizers are set onto motorized rotation stages,

" Except for its absolute size and phase.
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which allows one to set the orientations of the polarizers reproducibly with high angular
precision. Rotating or translating sample holders can also be included for investigating
orientation or position dependent properties.Additionally, in order for the light intensity
arriving at the sample to be nearly constant regardless of the angle of Pi, a quarter waveplate
(QWP) is mounted right after the laser, placed so that the light that enters P is circularly
polarized.

The specifics of the elements of the real set up (picture included in Fig. 3.11(b)) are the
following:

- An ultra-low noise diode laser module operating at A = 635 nm with 5 mW output
power (Coherent Corp.) as the light source.

- An achromatic QWP (Thorlabs, Inc.) fixed in its orientation with respect to the laser
light polarization state, so the light after passing through it is circularly polarized.

- Two Glan-Taylor calcite, achromatic linear polarizers with an extinction ratio of
100000:1 (Thorlabs, Inc.).

- Two motorized rotation stages (PR50CC by Newport Corp.) where the polarizers are
mounted, whose movement is adjusted by single-axis stepper motor controllers (SMC100
by Newport Corp.).

- An additional (and identical) motorized rotation stage for the sample holder; the sample
is attached to the holder via a vacuum chuck.

- A low-noise low-offset Si-photodiode with tunable gain (Thorlabs, Inc.) for the light
detection, in which a band-pass red filter (635 + 2 nm) is placed in front of its window
to suppress the majority of ambient light.

- An electromagnet, run by a power supply delivering up to 50 V at a maximum current
of 8 A (Kepco BOP 50-8M), that can yield a maximum of 1 T at the sample position.

The measurement and data acquisition process are fully automated and controlled by a
computer using the LabVIEW software (National Instruments Corp.). This includes the motion
of all mechanical parts such as rotators, as well as the power generation for sweeping the applied
magnetic field. This automation and control of the polarizers and sample rotation and of the
applied magnetic field is especially advantageous given the large number of measurements that
are typically performed in a GME measurement. It is worth pointing out that no lock-in or light
modulation techniques are employed for detection in the GME technique.

3.4.2 Data acquisition scheme

GME measurements are conducted by recording the photodetector voltage, which is
proportional to the reflected light intensity, for various polarizer angle pairs (6;,0,) as a function
of external magnetic field H. For each (6,,6,) pair, a complete hysteresis loop is obtained,
representing the magnetization behavior of a sample under different measurement conditions,
resulting in different I(H) loop shapes and amplitudes as illustrated in the different subfigures
of Fig. 3.12.

While the magnetization switching at the coercive field always remains consistent
independent from the specific (6;,0,) pair setting (since the sample itself undergoes the same
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magnetization reversal process), in each case, the hysteresis loop shape and amplitude vary
considerably. Furthermore, the sign of the MO Kerr effect (MOKE)-induced light intensity
change can invert with modified (6;,0,) polarizer configurations, a phenomenon clearly visible
when comparing the subfigures of Fig. 3.12. Also, the total detected light intensity I exhibits
significant variations as the (64, 0,) pair settings are modified, due to the different ellipsometric
detection conditions associated with each setting. The collection of all these distinct data that
represent the same magnetic behavior constitute the fundamental principle by which GME
facilitates the complete determination of the full reflection matrix R.
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Figure 3.12 Ezemplary GME-type light intensity I vs H hysteresis loops for different (64,0,)
settings. The columns correspond to the same 6 values, with the different subfigures in each column
having different 8, angles. The intensity difference Al corresponding to a fixed H and —H wvalue pair and
the mean intensity for those two points L, are illustrated in the top right subfigure.

To quantitatively determine the reflection matrix R, as will be detailed in the subsequent
section, it is necessary to determine the normalized intensity change from the initially measured
data sets. This involves comparing the intensity between applied field H during the decreasing
field branch and field —H for the increasing field branch of the hysteresis. The intensity change
Al =1 (Hdecreasing) — I(—Hincreasing) @s well as the mean intensity L, for a specific H value is
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exemplary indicated in the top right subfigure of Fig. 3.12. One can express this Al /I,,, quantity
as

g(m _ 2I(H) - 1(—H)_ (3.3)

1 I(H) + I(—H)

Such measurements are repeated for a grid of orientations of the polarizer settings (6;,

0,), which is specifically chosen to obtain the best sensitivity for the small MO effects [24],
creating a diagonal shaped AI/I map for every magnetic field value as represented in Fig. 3.13.
Exemplary color-coded maps are represented in Fig. 3.13(a-d), with the horizontal axis given
by 6, values and the vertical axis accordingly defined by ;. Figures 3.13(a)—(d) correspond to
different magnetic field strength values H as indicated at the top of each subfigure. One can
observe that the pattern changes as the magnetic field strength varies. For yoH = 800 mT in
Fig. 3.13(a), one can see two well-defined peaks of opposite sign, symmetrically placed around
the diagonal of the grid and with the positive peak having slightly bigger absolute values. For
UoH = 400 mT in Fig. 3.13(b), the peak intensities decrease, and for ugH = 0 mT (Fig
3.13(c)) the intensity of the AI/I signal of the peaks is reduced, and the symmetry of the peaks
has changed from a dominant diagonal symmetry axis to a signal pattern that is more aligned
with the vertical axis. For uygH = —800 mT in Fig. 3.13(d), the signal increases again, hereby
exhibiting very similar intensities as for the yoH =800 mT case but with inverted peaks as

the magnetization itself is inverted.

oH = 800 mT toH = 400 mT toH = 0mT poH = —800 mT Al/1

6, (deg)

F(c),

L L L L L L
-120 -100 -80 -60 -120 -100 -80 -60

6> (deg)

Figure 8.13 (a)-(d) Sequence of experimentally measured AlJ1(6,,0,) color-coded maps obtained for
four different fields, namely, uoH = 800, 400, 0 and -800 mT.

3.4.3 Mathematical description

The utility of determining %(H) comes from the existence of a mathematical closed-form

expression, derived by using the Jones matrices of all the elements in the set-up, that describes
the functional dependency of % (61,60,) and is used to fit the experimental data and obtain the

reflection matrix components as fitting parameters [21,25].

To obtain this expression, the electric field at the detector Ej, is calculated by subsequently
multiplying the 2 X 2 operator matrices of the optical elements in the setup to the incident
electric field E;, such that

Ep(M)=P,-R(M)- P, - E; , (3-4)

48



Experimental methods

where R(M) is the reflection matrix of the sample as defined by Eq(2.18), reproduced here, and
P, and P, are the Jones matrices of the polarizers at angles 8, and 6, respectively:

R=< Ts a+y>=r< Ty a+y> (3.5)
—a+y n+p P\—a+7 1+8/
2 . . i .
p, = ( cos ,9‘ cos lelzsm 9‘),i —12 (3.6)
cos 0;sin 6, sin” 6;

The corresponding intensity function for an arbitrary magnetization orientation is then

I(M) = Ep(M)"-Ep(M) (3.7)

and by recalling the time reversal symmetry for ferromagnetic materials M(H) = —M(—H),
we assume that the magnetically induced reflection matrix elements &, § and 7 change the sign
upon inverse applied magnetic field values corresponding to a different field cycling history:

a(—M) = —a(M), (3.8)

B(—M) = —B(M), (3.9)

y(=M) = -y(M) (3.10)
Finally, the mathematical expression for Al /I = 2 % is obtained, resulting in

E(H 0,,0,) = 4B1f1+B2f2+B3f3+B4f4+B5f5+B6f6 (3.11)
A f3tB7f7+2Bgfatlo ’ '

in which f;(64,0,) are known trigonometric functions

fi5 = sin® 0, sin 0, cos B, F sin® B, sin B, cos 6, (3.12)
f2,6 = cos? 0, sin 0, cos 6; F cos? B, sin B, cos 65, (3.13)
f3 = sin? 0, sin” 6,, (3.14)

fi = sin 0, cos 6, sin 6, cos 6,, (3.15)

f, = cos? 0, cos? 6, (3.16)

and the B;(H) are parameters related to the components of the reflection matrix, specifically
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B, = Re(&), (3.17) B, = Re(7; @), (3.18)
B; = Re(f), (3.19) B, = Re(% B, (3.20)
Bs = Re(¥), (3.21) Be = Re(7; 7°), (3.22)

B, = |55|?, (3.23) Bg = Re(7). (3.24)

The additional term I in Eq. (3.11) is a small experimental correction term that accounts
for a background intensity due to imperfections of the optical elements and/or detector offset.
Moreover, using this expression as a function of the two linear polarized angles, the B;, I, and
the angular offsets of the polarizers A8; are obtained as fitting parameters for all Al/I(H)
measured maps. The least-squares fit results to Eq. (3.11) are represented in the second row of
Fig. 3.14, each subfigure being the corresponding simultaneous fit result of the above measured
color-coded maps. The R? values of the corresponding fits are shown in the top-right corner of
the individual subfigures, and in all cases, their values are > 0.998, which confirms the visual
impression of the fit results replicating the experimental data extremely well, which in turn
ensures that the obtained fit parameters are very reliably determined.

Moreover, each subfigure in Fig. 3.14 contains two color-coded maps. The reason behind
this is that these two grids, ideally placed in the vicinity of the extinction points defined by the
s-p and p-s configurations of the two polarizers, are needed to achieve an unambiguous
separation of longitudinal and polar MOKE signals, as will be explained in the next subsection.
In this regard, the angular offsets of the polarizers Af; just mentioned are four additional
parameters (for 8; and 6, for the s-p and p-s configurations) added to account for slight
deviations between the nominal polarizer angles and the real polarizer angles in the s-p and p-
s frame.

An important aspect about GME is that, given that the analyzed quantity is a difference
between states with inverted M, contributions to the detected light intensity from terms that
are quadratic, bilinear or of higher even order in M are eliminated in this methodology. This is
very relevant because, even though quadratic or bilinear effects are generally smaller than linear
ones, they are not negligible in some cases and are sometimes used in measurements. Thus, if
GME did not intrinsically cancel out their contribution, the precision of the measurements
would be impacted, as the measured Al /I is compared to an equation that assumes only linear
MOKE terms. One could have a contribution of higher order odd powers of M, but those are
typically much smaller than the linear contribution of M and thus such terms are not included
in the analysis.
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Figure 3.1/ (a)-(b) Sequence of experimentally measured Al/1(04,0,) color-coded maps obtained for
two different fields, namely, uoH = 800, and 0 mT, and (c)-(d) the corresponding fits to Eq. (3.11), with
the R? walue displayed in the right top corner of every subfigure. The two color-coded maps contained in
each subfigure show data around the s—p (left map, blue axis) and p—s (right map, orange axis) crossing-

point configurations of the polarizers. The color-scale on the right side of the figure applies to all
subfigures.

3.4.4 Symmetries of GME Maps and Separation of Magnetization

Components

A fundamental strength of the GME methodology is its ability to distinguish between the
longitudinal, transverse, and polar MOKE components of the magnetization vector M , by

exploiting the distinct symmetry properties of each component's contribution to the measured
Al /I maps.

We can see the different symmetries in Fig. 3.15, where Fig. 3.15(a) shows the total
measured signal as already represented in Fig. 3.14(a), and Figs. 3.15(b)-(d) the associated
extracted longitudinal, transverse, and polar signals, respectively, as indicated in the top-right
corner of each subfigure. The transverse signal shows symmetric behavior with respect to the
extinction points, while longitudinal and polar signals are antisymmetric at those points. To
distinguish polar and longitudinal effects accurately, it is necessary to have the two maps
representing the vicinity of both the s—p and p—s crossing points as the differences between
those segments are distinct: in Fig. 3.15(b), the longitudinal signal has the positive peak on the
upper area of the (6;,0,) grid and the negative peak on the lower area, while in Fig. 3.15(d),
for the polar, the positive and negative peaks are distributed in a left-right manner [22].
Theoretical data that shows very clearly the different symmetries in larger angular ranges are
included in Fig. 3.15(e-g).
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Figure 3.15 Experimental AI/I color-coded maps, displaying the (a) total signal as well as the
correspondingly extracted (b) longitudinal, (c) transverse, and (d) polar signals, as indicated in the top
right corner of each subfigure. The color code for each subfigure is shown on its right-hand side and is
adapted to the size of each signal component. (e-g) theoretical data that shows very clearly the different

symmetries in larger angular ranges.

3.4.5 Conventional MOKE measurements

While GME offers comprehensive vector-resolved magnetometry, conventional MOKE
magnetometry remains a widely used and versatile tool. It can be useful for rapid screening of
coercive fields and saturation behavior. It can also be extremely precise, because one can select
the specific setting where the Al /I signal to noise ratio is especially large and thus, it can deliver
very high quality data for hysteresis loop measurements, in which a full R-analysis is not needed.
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3.4.6 Implementations
The versatility of GME is improved through the following specific implementations:

- Focusing optics have been implemented when spatial resolution is needed, enabling small
magnetic features and localized phenomena to be studied. The lenses are included right after
the light source and right before the detector, as represented in Fig. 3.16, in order to reduce any
possible modification of the polarization state of light between P, and the sample, and the

sample and Ps.

- The light source can be modified to perform measurements at different wavelengths, allowing
for multiple and different datasets that provide more detailed information about the sample
studied. These wavelength dependent measurements have been done with a Fianium (now NKT
photonics, Hamamatsu Comp.) tunable wavelength laser in combination with a computer-
controlled acousto-optically tunable filter (AOTF). An optical fiber was utilized to direct the
light exiting the AOTF onto the sample. A monochromatic light beam in the wavelength range
between 450 and 850 nm can be generated and selected with this implemented GME set-up.
This modification is also included in Fig. 3.16.

Electromagnet

Photo-
detector

laser source

Figure 3.16. Schematic of the implemented GME set-up, with focusing optics and tunable wavelength
laser.
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Chapter 4

Reflection matrix verification

Before addressing the main goal of separating the magnetic contributions of all the involved
ultrathin magnetic layers in multilayer structures via the generalized magneto-optical (MO)
ellipsometry (GME) technique and achieve layer resolved vector magnetometry, it is crucial to
first experimentally validate the reflection matrix R model described by Eq. (2.18). Moreover,
the accurate and precise verification of Eq. (2.18) for single magnetic films is crucially necessary
to facilitate the utilization of experimental deviations from the reflection matrix description R
in more complex magnetic sample structures for the purpose of developing and advancing MO

Kerr effect (MOKE) characterization techniques.

This chapter presents the experimental verification of the reflection matrix, starting with
an introduction and motivation in Section 3.1. The selected sample design for my experiments
and the subsequent sample fabrication are detailed in Section 3.2. Next, Section 3.3 discusses

the experimental results, upon which conclusions are drawn in Section 3.4.



Chapter 4

4.1 Introduction and motivation

The GME methodology and subsequent interpretation of the results rely on the expression of
the reflection matrix R given in Eq. (2.18) [1,2]. Any small experimental deviation could lead
to misinterpretations if it is not quantitatively verified beforehand. For clarity, I restate Eq.

(2.18) here, as it will be referenced throughout this chapter:

( Ts a+ ?) —r Ts d?O : mx~+ }70 my, (4 1)
P\—@+7 1+8) P\-a, -m,+7, m, 14+By-m, ) :

The reflection matrix expression as it is in Eq. (4.1) is the end result of rigorous, although
approximate, theoretical derivations for numerous sample geometries, and has traditionally been
considered highly accurate [3—7]. For the longest time, no deviations from it have been reported.
Nevertheless, recent reports of linear MOKE effects that are partially independent from the
magnetization of the sample highlight the necessity of a detailed verification [8-10]. Addition-
ally, we observed deviations from the R expression of Eq. (4.1), which are associated with depth

modulated magnetic states [11].

Therefore, this chapter does not simply fill an overlooked experimental gap, but it also
opens broad possibilities because a verification that R indeed describes MO effects of a film in
a quantitatively accurate manner enables the experimental utilization of deviations from it to
extract additional and relevant sample information. In other words, to be able to utilize devia-
tions from Eq. (4.1) to identify physical scenarios that are not consistent with the underlying
assumptions of the derivation of Eq. (4.1), I have to first prove that Eq. (4.1) is quantitatively
correct for systems that are consistent with these assumptions. For instance, we demonstrated
recently that a magnetic-state-induced phase change of the transverse MOKE (T-MOKE) co-
efficient § in a bilayer magnetic system is associated with the nonsynchronous magnetic re-
sponse of the constituting magnetic layers [11]. However, this interpretation is only correct and
meaningful if the conventional reflection matrix R description for a single magnetic film in Eq.
(4.1) is confirmed by comprehensive and precise experiments. Moreover, no one so far was able
to experimentally do this work, because only GME gives sufficient access to all the terms of the

reflection matrix [2,12,13)].

To properly test Eq. (4.1), a key requirement is to have precise control over the mag-
netization vector 7. Since the cartesian components of 7 define individual elements of R ac-
cording to Eq (4.1), one can test its validity if 7 can be oriented over a wide angular range yet
maintain a constant magnitude. A uniform, macrospin-like sample accomplishes that behavior:
the normalized magnetization vector m = M /M, with Mg being the saturation magnetization,

maintains a constant magnitude || = 1 under magnetization rotation, and the cartesian
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components are correlated by the angles 9, and ¢,,, which are the polar coordinates of the

magnetization vector (as defined in Fig 4.1(a)),
m, = sin(9,,) - cos(@,,), my, = sin(Vy,) - sin(@y,), m, = cos(9,,) (4.2)
These relationship between m,, m, and m, lead directly to correlations among the

MOKE parameters:

mi +mi +m; =1, (4.3)
&)+ @)

because & = &, - m, , B = B, -m,, and ¥ = ¥, - m,. Remember that &, B and 7 (as well as &,

+ (V)Z =1, (4.4)

Bo and 7,) are complex numbers and they can be written as & = |&|e®a, § = |ﬁ|ei¢3 and ¥ =
|#|e!®¥. Given this MOKE correlation, one can derive relevant test conditions that should be
satisfied if Eq. (4.1) is indeed correct:

1. An ellipsoidal relation among |&|, ||, and |7|, that turns to an ellipse relation when the
magnetization vector is confined to in-plane orientations only (¥ = 0):

12])? (Iﬂ)z 72 _ A5
(laol) MV +(|70|) L (4:52)
L L% (lﬁl)z
th =0 - =7 = 1, 4.5b
Wy =5 (mol) iz (4.5b)
2. The corresponding phases of the complex MOKE parameters are expected to remain
constant, independent of the magnetization orientation:

bz = ba, bz = Pz, b7 = Py, 4.6a)
with ¥ = 0, ¢z = ¢a,; ¢35 = ¢3, (4.6b)

Additionally, the matrix elements that are not explicitly magnetization dependent, are
purely optical and thus, Re(7;) and Im(7;) should remain constant for any magnetization state
if Eq. (4.1) holds true.

In this chapter, a rigorous experimental study designed to prove Eqs. (4.5) and (4.6) is
presented. Those Eqgs. (4.5) and (4.6) are necessary conditions for Eq. (4.1) to be correct, given
that they were derived from it. As such, I show that all single film results are experimentally
fully consistent with Eq. (4.1), as long as the assumptions for it are fulfilled by the samples.
Single magnetic films with macro-spin like behavior and without relevant levels of (magneto)
optical anisotropy fulfill those assumptions. For that, one needs to:

(i) fabricate a sample type that enables the access to a broad range of magnetization
orientations in the same MO measurement geometry while keeping the absolute
magnetization value constant and
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(ii) utilize an experimental methodology that allows to measure the full reflection

matrix for all magnetization orientations.

To achieve (i) I conceived and fabricated a specific sample design, and for our MOKE
measurements, the GME technique allowed to fulfill condition (ii).
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4.2 Sample design and fabrication

To design a sample suitable for testing the validity of the reflection matrix model (Eq. (4.1)),
one needs a material system that is well described by a fixed-length magnetization vector that
can rotate in response to an applied external magnetic field, i.e., a so-called macrospin-type
sample. Such behavior is best achieved with a thin film exhibiting strong uniaxial anisotropy,
with an in-plane easy axis (EA) that suppresses domain formation and associated deviations
from macrospin behavior. Additionally, lateral homogeneity of magnetic properties is crucial
to enable a quantitatively accurate vector rotation interpretation of both macroscopic mag-

netization and MO properties [14,15].

I selected a Co-Pt alloy as the material system for this study. This choice is based on
its high and uniform uniaxial anisotropy [16], which allows precise field control of the mag-
netization vector orientation over a wide range of rotation states without multi-domain for-
mation. Specifically, I targeted the fabrication of a CopoPtoos layer with hexagonal close-
packed (hep) crystal structure and (1010) surface orientation, since this orientation includes
the [0001] direction within the surface plane, naturally aligning the EA of magnetization in-

plane.

(d) \ C0o.95Pto 05
{1011}

Si {004}| |

g 75 nm !
| 11
etcr?eF 40 50 60 70 80 1100

0
26 (deg) ¢ (deg)

(b) _ 2
$i0,10 = e
= v -
S (=]
&8 8 g cr {110}
) Q. 0o || : =)
S22 = g2 §
I ' S |\ | S Ag {002}

100

Figure 4.1 (a) Definition of the magnetization vector and EA angles; (b) schematic of the fabricated sam-
ple, indicating the thickness of the layers (not to scale), consisting of the epitazial film sequence
Ag (110) /Cr (211) /Co4.95Pt0.05 (1010) /Cr (211), grown onto a Si (110) substrate, whose oxide has been
removed by hydrofluoric acid etching. The sample is covered by a 10-nm-thick SiO2 layer to avoid oxida-
tion. (¢) XRD and (d) phi-scans

The fabrication of such a layer is done following a specific epitaxial growth sequence,
represented in Fig. 4.1(b). Single-crystal Si (110) substrates are cleaned in an ultrasonic bath
with acetone, isopropanol, and water. Afterwards, the native SiO, layer is removed by means
of hydrofluoric (HF) etching in a bath for 20 minutes and immediately introduced into the
vacuum chamber in the sputter deposition tool, avoiding relevant levels of oxidation of the Si
surface. The layer sequence that forms the sample has been grown by sputter deposition at

room temperature in a 3-mTorr pure Ar atmosphere and consists of the hydrofluoric-acid-
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etched Si (110) substrate, followed by 75 nm of Ag (110) and 20 nm of Cr (211) template
layers that allow for the high-quality epitaxial growth of Co and Co-alloy (1010) films, as has
been demonstrated in several previous studies [14,17-21]. Here, the main specific magnetic
layer is a 11-nm-thick CopgesPtoos (1010) film, on top of which 2 nm of Cr and a 10-nm SiO»
overcoat are deposited to have the same interface materials on both surfaces of the Co-Pt

magnetic layer and to avoid surface oxidation and contaminations of the layers underneath.

The structural properties have been initially characterized by x-ray diffraction (XRD)
0 — 26 measurements (Fig. 4.1(c)). This measurement shows the diffraction peaks exclusively
associated with the crystallographic planes of the targeted layers. No extraneous peaks appear,
indicating the absence of secondary phases or misoriented grains. This is consistent with pre-
vious reports on similar Co-alloy systems, where similar growth procedures yielded epitaxial
structures [14,17-21]. The labeling in Fig. 4.1(c) identifies the peaks corresponding to each

layer.

Azimuthal ¢-scans were employed to verify the epitaxial growth of the entire multilayer
structure. These scans target crystal planes that are not perpendicular to the film surface,
thereby providing insight into the in-plane crystal structure and the relative orientation be-
tween different layers. Figure 4.1(d) displays the ¢-scan results, where the x-ray intensities
are normalized to the maximum value in each corresponding measurement. Two defined peaks
are visible, which are 180 deg apart, at positions that match the stereographic projections of
their nominal structure [17,19]. The Si {004} and Ag {002} scans indicate a parallel align-
ment of the Si and Ag [001] directions. Likewise, the 90 deg angular shift between the Ag
and the Cr peaks indicates that the Cr [110] direction is parallel to the Ag [001] direction, as
intended. Finally, the CoPt {1010} peaks appear at the same ¢-values as those for Cr {110},
confirming the in-plane alignment of the CoPt [0001] direction, parallel to the Cr [110] direc-
tion, as intended. Thus, this structural analysis in homogeneous CoPt thin films confirms that

the whole structure grows epitaxially in the single-crystal manner intended [14,19].

Beyond structural characterization, it is essential to verify that the epitaxially grown
sample exhibits the desired uniaxial magneto-crystalline anisotropy and macrospin behavior.
For this purpose, in-plane magnetic hysteresis loops have been measured by means of a vi-
brating sample magnetometer (VSM) system. This VSM tool allows the sample to be rotated,
with the rotation axis being the surface normal, so that the field is always in the surface plane,
and correspondingly, the magnetization vector is always within the surface plane for a system
with in-plane EA. The specific orientations of the EA and the magnetization with respect to
the applied field direction are defined by angles ¢, and ¢,,, as represented in Fig. 2.2(a) and
Fig. 4.1(a).

Experimentally, I have measured complete VSM hysteresis loops for different ¢, values,
such as the ones represented in Fig. 4.2(a) and compiled the corresponding data. The results

shown in Fig. 4.2(a) exhibit hereby the nearly perfect textbook behavior for a uniaxial
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magnetic material showing a square-like hysteresis loop along the EA (¢, = 0deg) and a

hysteresis-free gradual reversal along the magnetic hard axis (HA; ¢o = 90 deg).

For an unambiguous visualization and demonstration of the macrospin behavior of the
sample type, hysteresis loops like those in Fig. 4.2(a) were measured for a full 360 deg range
of @q. Figure 4.2(b) shows, as a color-coded map, the results of these measurements by dis-
playing the normalized in-plane magnetization M /M, along the field direction that was meas-
ured from saturation to remanence as a function of the applied magnetic field strength H and
angle @,. For high field values, the magnetization is saturated for all angles, and M/M; = 1.
For low fields, M /M, approaches zero if ¢, = 90 or 270 deg but remains equal to ~1 for ¢, =
0 or 180 deg. Moreover, for 0 and 180 deg, the M /M, variation with H is negligible, given
that M is saturated along those directions even at remanence. The observed 180 deg perio-
dicity of the data pattern confirms that the sample shows marked uniaxial magnetic anisot-
ropy, which T wanted to verify. Also, centered around ¢, = 90 and 270 deg, a cone-shaped
structure of reduced magnetization is visible. This cone structure is defined by an angular-
dependent saturation field for any orientation that is not the EA. Specifically, along ¢, = 90
and 270 deg, larger fields are required to induce a magnetization rotation toward the field
direction, which is the behavior expected along the HA orientation of the magnetic field.
Therefore, with the designed sample, the magnetization will rotate from being parallel to the

external field at high field values to an EA orientation when no external field is applied.

M /Mg
6 1
G
(b) (c)
m 4 0.6
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< 0.4
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. 0.2
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Figure 4.2 (a) Normalized magnetization M /Mg vs applied field H VSM hysteresis loops for two @ values,

namely, @o = 0 and 90 deg, showing the EA and HA behavior of the sample. (b) Color-coded map of the

normalized magnetization M /Mg along the applied field direction, measured by means of VSM, as a func-

tion of @o and the field strength H, for the sample displayed in (a). (¢) Corresponding least-squares fit of

the data based upon the minimization of the total energy according to Eq. (4.7). The color-code legend at
the right side of (¢) applies to both (b) and (c).

Least-squares fits of the M/M (H, ¢,) data to a macrospin model have been done to
establish that a single macrospin describes the complete field dependence of the sample mag-

netization for any in-plane magnetic field orientation. The corresponding magnetization
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orientation dependent part of the free energy density expression of in-plane uniaxial magnetic
films has been used (see Chapter 2) [22,23]:

F | |
= = —HoMSH cos(pm) + KiSin? (o = o) + ksin® (9o — @m), (4.7)

in which the first- and second-order magneto-crystalline anisotropy energy densities are given
by k; and k,, respectively. These two constants k; and k, and the saturation magnetization
M; are the only fit parameters used for the map, and the values obtained for the sample are
k, = 0913 10° erg/cm®, k, = 0.632- 10° erg/cm?® and My = 901 emu/cm? which are
consistent with those obtained from other Co-alloy thin films fabricated using the same type
of deposition process and underlayer structure [18]. The second-order anisotropy constant has
been included here since it is well known that its value is sufficiently large in Co and Co-alloy
material systems [23]. Figure 4.2(c) shows the fit result of our M/Mg(H, ¢,) data to Eq. (4.7),
which exhibits excellent agreement with the corresponding experimental data in Fig. 4.2(b).
Thus, it confirms the uniaxial and macrospin behavior of my epitaxial film sample, demon-
strating that, in my sample, a wide range of magnetization orientation states is easily acces-
sible, all exhibiting a magnetization vector of constant length, i.e. exactly the type of behavior

that is needed to verify Eq. (4.1), which is the purpose of this sample and work.
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4.3 Results and discussion

To test the validity of the reflection matrix model, I initially focused on the simpler case first,
that is the in-plane magnetization case, as it only includes two magnetization components m,,
and m,. Afterwards, the experimental verification for arbitrary magnetization orientations,

with all the three cartesian magnetization components, was done.

In the in-plane magnetization case, the electromagnet of the GME set up produces an
external magnetic field along the longitudinal orientation, as represented in Fig. 4.3(a) and as
it was already shown in Section 3.4. The laser is positioned in our setup so that the angle of
incidence is 0 = 26 deg, which represents a compromise between obtaining good sensitivity

and the ability to achieve a reasonably high magnetic field in the longitudinal direction.

The GME set up geometry that enables the access to a predominant out-of-plane
orientation of the external magnetic field direction and therefore allow for a 3-dimensional
magnetization vector, is represented in Fig. 4.3(b). The experimental setup in this case con-
tains the same elements, and the light path and angle definitions are also identical. The key
difference is the electromagnet orientation, as it has been rotated to obtain a very large out-
of-plane magnetic field component for the purpose of facilitating substantial levels of out-of-
plane magnetization values in combination with simultaneously varying in-plane components.
Specifically, the angle of rotation of the electromagnet with respect to the sample surface is
Y = 87 deg, and the angle of incidence of the laser light with respect to the surface normal is
Q = 70 deg. These angles were chosen as the most convenient for obtaining the best sensitivity
while also giving the ability to achieve a magnetic field contained in the optical plane-of-

incidence but with a high out-of-plane component.

Before focusing on the specific cases, I will show here the general experimental proce-
dure performed. GME measurements are done as explained in Section 3.4, obtaining color-
coded maps as the ones represented in Fig. 4.4 . They represent experimentally measured
AI/I data, with the horizontal axis given by 8, values and the vertical axis accordingly defined
by 6;. These exemplary maps correspond to measurements on the Co-Pt alloy film sample
with the GME setup displayed in the out-of-plane configuration, shown in Fig. 4.3(b). The
sample is oriented with W = 87 deg and ¢, = 45 deg so that all magnetization components
are present. Figures 4.4(a)—4(h) correspond to different magnetic field strength values H as

indicated at the right top corner of each subfigure. Moreover, each subfigure contains two

! Some of these maps were already included in Chapter 3 to explain data acquisition, mathematical de-
scription and the symmetries of the maps.
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color-coded maps for the two measurement grids around the s—p and p—s crossing points of

the polarizers.

Electromagnet

(a)

(b) Electromagnet

Laser

Photo-

detector Photo-

detector

Figure 4.3 Schematic of the GME experimental setup in the (a) in-plane and (b) out-of-plane geometries,
consisting of a laser light source, a first polarizer P, a second polarizer P, and a photodetector. The po-
larization angles 0, for P; and 0, for Ps are given as the angular distance between the axis of each optical
element and the s-polarization direction, utilizing the displayed sign convention (blue arrows) indicating
the positive rotation sense. The sample under investigation is located inside the gap of an electromagnet
that produces a magnetic field contained in the optical plane of incidence, which is also aligned with the
sample (b). The path of the light beam is represented by the red line, having plane in (a), while it has an
angle of ¥ = 87 deg with the sample plane in an angle of incidence of Q2 = 26 deg for the in-plane geom-
etry and 2 = 70 deg for the out-of-plane geometry.

One can observe that the pattern changes as the magnetic field strength increases, and
the magnetization vector rotates accordingly. This change is not only caused by a difference
in the signal intensity but also by a change of the shape of our signal pattern. For uyH = 800
mT in Fig. 4.4(a), one can see two well-defined peaks of opposite sign, symmetrically placed
around the diagonal of the grid and with the positive peak having slightly bigger absolute
values. For poH = 0 mT in Fig. 4.4(d), the intensity of the Al /I signal of the peaks is reduced,
and the symmetry of the peaks has changed from a dominant diagonal symmetry axis to a
signal pattern that is more aligned with the vertical and horizontal axes for the s—p and p—s
maps, respectively. For uyoH = —400 mT in Fig. 4.4(f), the peak intensities increase again and
continue increasing for ugH = —800 mT in Fig. 4.4(h), hereby exhibiting very similar inten-
sities as for the yoH = 800 mT case but with inverted peaks as the magnetization itself is

inverted.

The least-squares fit results to Eq. (3.11) are represented in the right column of Fig 4.5 in
comparison with the experimentally measured Al/I data on its left. The R? values of the corre-

sponding fits are shown in the top-right corner of the individual subfigures, and in all cases, their

66



Reflection matrix verification

values are > 0.998, which confirms the visual impression of the fit results replicating the experi-

mental data extremely well, which in turn ensures that the obtained fit parameters are very reliably

determined.
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Figure 4.4 Sequence of experimentally measured A/l (81,0,) color-coded maps obtained for four differ-
ent fields, namely, uoH = 800, 400, 200, 0, —200, —400, —600 and —800 mT, The data correspond to
measurements on the sample represented in Fig. 4.1(b) with the GME setup shown in Fig. 4.3(b). The two
color-coded maps contained in each subfigure show data around the s—p (left map, blue axis) and p—s
(right map, orange axis) crossing-point configurations of the polarizers. The color-scale on the right side

of the figure applies to all subfigures.

The data acquisition method and the data analysis explained in Chapter 3, Section
3.4, and that I show in an exemplary fashion in Figs. 4.4 and 4.5, is repeated for every applied
field value of a hysteresis cycle, and thus, one can extract the full reflection matrix according
to Eq. (4.1) for every field value. In this way, the field evolution of the MO parameters can be

followed, as represented in Fig. 4.6.
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Measurement Fit
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Figure 4.5 Selected experimentally measured AI/I (01, 0,) color-coded maps, already represented in Fig.
4.4, but here in comparison with the corresponding fits to Eq. (3.11), with the R? value displayed in the

right top corner of every fit subfigure.

Specifically, in Fig. 4.6(a) and Fig. 4.6(b), one can see the behavior of the real and
imaginary parts, respectively, of &, § and 7 vs the applied magnetic field for the same sample
and conditions as in Fig. 4.4. The polar component ¥ changes linearly with the field strength
for sufficiently low field values while beginning to show a transition into sublinear behavior
for higher field values. On the other hand, the in-plane magnetization components & and f
change only slightly except for the magnetization inversion at the coercive field, for which one
can observe the abrupt change characteristic of a sharp hysteresis loop. The small variation
of the in-plane magnetization-related components & and  with field, best observed in Fig.
4.6(b) for the imaginary part of § but present in the real and imaginary parts of both in-plane
components, is associated with a decrease of the in-plane projection of the magnetization
vector as the out-of-plane component increases. Moreover, there is a small rotation of the in-
plane magnetization projection, which I wanted to generate as well. In the case of the MOKE-
parameter field evolution for the in-plane magnetization setup geometry, shown in Fig. 4.3(a),
all the magnetization rotation happens within the film plane, as no polar effect is present. The
in-plane field component is much larger in this case, and thus, there are far larger in-plane
magnetization rotations against the in-plane anisotropy, covering a broader angular range of
©, which means that both the real and imaginary parts of @ and § exhibit bigger variations

in addition to magnetization inversion effects.
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Figure 4.6 Applied field H evolution of (a) the real part and (b) the imaginary part of the MOKE parame-
ters &, B and 7. Data were measured on the sample displayed in Fig. 4.2(a) for an out-of-plane configura-
tion of the GME of ¥ = 87 deg and an in-plane orientation of the sample of ¢y = 45 deg.

4.3.1 Experimental verification for in-plane magnetization cases

As already introduced, I first determined the reflection matrices for cases of in-plane magnet-
ization states, including longitudinal (L-) and T-MOKE signal components but no polar effect,
as a function of H, using the set up described in Fig 4.3(a). Here, I want to obtain a wide
angular range of magnetization vector orientations to obtain a truly rigorous test for the
correlation between the two in-plane MO components, & and f, as defined by Egs. (4.5b) and
(4.6b). Therefore, measurements near the HA orientation of the sample were performed. In
addition, a certain number of slightly different orientations were used to acquire multiple
separate and independent datasets 2. In these measurements, the magnetization vector natu-
rally aligns with the EA when no field is applied, and as the external field strength increases,
the magnetization rotates towards the field orientation, applied along the longitudinal direc-
tion. In this way, the magnetization vector rotates covering a broad angular range, going from

an almost purely transverse signal to a predominantly longitudinal case.

For four different sample orientation ¢, angles, namely, ¢, = 96.25, 91.25, 88.75,
and 86.25 deg, GME measurements were performed and analyzed for many field values. Alt-
hough GME measurements were made and analyzed for all field values and covered the en-
tirety of hysteresis loops, for the following quantitative discussion of our measured data, I
utilized only the experimental results where the magnetization remains in a stable macrospin
state. In other words, to ensure that the macrospin conditions are fulfilled, I will perform the
data interpretation for the experimental results obtained from the maximum applied magnetic

field strength down to remanence. This condition ensures that the sample's magnetic state is

2 Given that Eq. (4.1) is only dependent on the magnetization orientation, but it should not be affected in

a direct and independent manner by the specific sample orientation or field strength utilized.
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laterally uniform and free of domain formation (which usually happen at magnetization re-
versal), so that the magnetization vector can be described by a single, well defined and uniform
magnetization vector. Therefore, interpreting the data through the reflection matrix formalism

of Eq. (4.1) becomes quantitatively reliable.

Figure 4.7(a) displays the experimental results for the absolute values of the two in-
plane MO coefficients, |&| and |S|. If Eq. (4.5b) is correct—as it must for the reflection matrix
description in Eq. (4.1) to be valid— all data should fall onto a single ellipse, and indeed, one
can see that they do. The data furthermore demonstrates that all four measurement sets for
different sample orientations ¢, follow the same ellipse relation, which is exactly the expected
result given that the MOKE reflection matrix elements should not explicitly depend on the
EA orientation ¢,. Error bars are not shown in Fig. 4.7(a), given that all error values are
smaller than the individual dot sizes, illustrating that the GME measurements are highly

accurate.
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Figure 4.7 (a) Experimental data for |B| vs |&| measured by using the in-plane GME geometry according
to Fig. 4.3(a) for four different sample orientations @q, in comparison with the expected functional behav-
ior, Bq. (4.5b); (b) g vs ¢pg and (c) Im(F) vs Re(Fs) for the same datasets shown in (a). In subfigures
(b) and (c), not all error bars are displayed for the purpose of clarity.

To prove the second test condition, the phases of & and f§ are represented in Fig. 4.7(b),
which within the error bars, all collapse onto one point, as predicted by Eq. (4.6), which is
another necessary confirmation for the verification of Eq. (4.1). Finally, the analyzed data for
the purely optical parameter 7 are displayed in Fig. 4.7(c), with the vertical axis being the
imaginary component and the horizontal axis its real component. Also in this plot, the result-
ing data points overlap, confirming that the pure optical parameter 7; that I can also retrieve
by means of GME measurements is independent from the magnetization orientation. This
result reaffirms the description of R according to Eq. (4.1), which has clearly separated MOKE
and purely optical elements. Thus, my entire set of in-plane magnetization data is not only
fully consistent with Eq. (4.1) but confirms the derived relations for the in-plane MOKE effect
given by Egs. (4.5b) and (4.6b) to a very high degree of precision, with average deviations

being < 0.7 % of the respective full transverse or longitudinal effects.
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4.3.2 Experimental verification for arbitrary magnetization

orientations

To test the validity of the reflection matrix model under the most general magnetization
conditions, I extended the study to configurations where the magnetization vector includes an
out-of-plane component. These cases involve the polar magneto-optical Kerr effect (P-MOKE),
in addition to the in-plane components. This three-dimensional magnetization state is cap-
tured by Eqs. (4.5a) and (4.6a), which are both directly derived from the fundamental expres-
sion of the reflection matrix in Eq. (4.1). As in the in-plane study, the GME methodology was
utilized to generate several datasets, such as the one shown in Fig. 4.4, and determined the

reflection matrix parameters for each applied magnetic field value as represented in Fig 4.6.

To introduce an out-of-plane component to the magnetization vector, I utilized the
GME setup represented in Fig. 4.3(b). In all our measurements, ¥ and Q were kept fixed at
the values described above, and several datasets were taken for different in-plane orientations
@, to enable a relevant variation of the magnetization vector orientation and thus rigorous
testing of Eq. (4.1). Specifically, four different in-plane sample orientations were measured,
namely, ¢, = 60, 45, 30, and 15 deg.

The results for the obtained absolute values of & and § for these four sample orienta-
tions are presented in Fig. 4.8. In contrast to the in-plane case, where the elliptical relation
governed by Eq. (4.5b) holds, here the data deviate from that form. In this three-dimensional
(3D) magnetization case, |&| and | B | are no longer correlated by means of the ellipse equation,
Eq. (4.5b). However, the four datasets exhibit a tangential relationship to the ellipse equation,
as shown comparatively in black in Fig. 4.8. This is due to the reduction of the in-plane

projection of the magnetization as it rotates out of plane.

O 1 1 1 1 7
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Figure 4.8. Experimental data for |B| vs |@| measured by using the out-of-plane GME geometry according
to Fig. 4.3(b) for four different sample orientations @, in comparison with the expected in-plane func-

tional behavior; the line represents the ellipse equation boundary, which is tangential to the data.
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Instead, for the most general magnetization orientation scenario, |&|, | ﬁ|, and |¥| must
be related by the ellipsoid equation, Eq. (4.5a), to be consistent with the form of R in Eq.
(4.1). Indeed, our experimental data follow Eq. (4.5a) very precisely, as one can see in the 3D
projection plot in Fig. 4.9(a), where the four lines represent the measured data for the four
different in-plane orientations ¢, and the surface represents the ellipsoid fit result. The mean
relative error between the data and the ellipsoid fit result is < 2.5 % for all four datasets. The
ellipse equation that encircles the data in Fig. 4.8 corresponds hereby to the equatorial ellipse

of the ellipsoid.
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Figure 4.9 (a) Projection of the three-dimensional (3D) behavior of the relation between |&|, |B|, and |7
for out-of-plane GME measurements made for four different @, angles; the ellipsoid surface is obtained
from a least squares fit of the experimental data to Eq. (4.5a); (b) quasi-3D plot of ¢g, ¢p, and ¢y for all

measured data points; (¢) Im(fy) vs Re(Fs) data obtained for the entire measurement set.

The relations between the phases ¢g, ¢z, and ¢y are shown in Fig. 4.9(b). As one can
see, all the data points collapse onto one point, in agreement with the derived condition, Eq.
(4.6a). Finally, the resulting purely optical parameters are analyzed and displayed in Fig.
4.9(c), being all in close proximity to one another. This leads us to the same conclusion that
was obtained in conjunction with Fig. 4.7(c), namely, the optical parameter 7y remains inde-
pendent from the applied magnetic field and sample magnetization state. However, the col-
lapse is not quite as good as in the case of the pure in-plane magnetization data in Fig. 4.7(c).
This difference likely arises from the wider range of in-plane orientation angles ¢, here, in
conjunction with optical anisotropy that can occur in oxide overcoats on top of epitaxial metal
films [24]. This interpretation is supported by the fact that the variation within each set of

data for fixed ¢ is far smaller than between the datasets.

It is important to mention that for the derivation of Eq. (4.1) and accordingly Eqs.
(4.5) and (4.6), no optical anisotropy is considered, and thus the existing deviations in Fig
4.9(c) are representative of the idealized dielectric tensor description and not of the lack of
precision of the derivation of the reflection matrix by means of electromagnetic theory. There-

fore, despite this modest deviation from the ideal case, the observed behavior still supports
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the general conclusion that the optical properties are decoupled from the magnetization di-
rection and all the findings here are fully consistent in a quantitatively precise manner with
Egs. (4.5a) and (4.6a) and thus Eq. (4.1).

It is worth noting that the numerical values of the MOKE coefficients in Figs. 4.8 and
4.9 differ substantially from those reported for the in-plane configuration shown in Fig. 4.7.
For example, the maximum value of § is ~ 3-1072 in Figs. 4.8 and 4.9(a), while it is only
~9:107* for the in-plane case in Fig. 4.7(a). There are also numerical differences if one
compares the phase values and the pure optical parameter 7 between Figs. 4.7 and 4.9. These
differences are due to the two very different angles of incidence that were used for the corre-
sponding measurements, being (0 = 70 deg for the general magnetization case (Figs. 4.8 and

4.9) and Q = 26 deg for the in-plane magnetization case (Fig. 4.7).

4.3.3 Deviations due to MO anisotropy

Previous studies have reported deviations from the reflection matrix model given by Eq. (4.1)
which were associated with a lack of isotropy in the MO coupling constant in anisotropic
single-crystal samples [8-10,25]. Since my sample is a uniaxial single crystal, it is important
to explore whether such deviations can also occur under specific measurement conditions and,
more importantly, whether they can be detected using the GME methodology. In this subsec-
tion, I explore and verify that I can detect those deviations, which also confirms the precision

and general viability of my experimental approach.

Let me remind you of the expression of the dielectric tensor for an optically and magneto-

optically isotropic material and under linear MO approximation:

1 iQm, —iQm,,
e=N2[—-iQm, 1 iom, |, (4.8)
iQm, —iQm, 1

with N being the refractive index of the medium, Q the MO coupling constant and (m,, m,, m;)
the cartesian components of the magnetization vector. Both N and Q are wavelength dependent
complex quantities. Now, for crystals with uniaxial symmetry, two different MO coupling factors
can occur, namely Q, and @, for magnetizations along and perpendicular to the symmetry axis

(c-axis), respectively, so that in the absence of optical anisotropy, the dielectric tensor now is

1 iQ,m, —iQ,m,
e=NZ| —iQ,m, 1 iQ my |, (4.9)
iQJ_my _lQ"mx 1
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for the specific case in which the c-axis is oriented along the x-axis [25]. In a more general case
yet, where the crystalline c-axis is in the xy plane but rotated an angle ¢, with respect to the

x-axis, some of the dielectric tensor elements are further modified:

&1 = —&4, = —IN2Qy[(1 + T cos? py)m,, — T cos @, sin g, m, | (4.10)

£y = —&4p = iNZQ"[(l + 7sin? @o)m, — T cos @, sin @, my] (4.11)

for which we have utilized the MO anisotropy coefficient T = (Q, — @)/Q,. From Egs. (4.10)
and (4.11), one can see that these particular off-diagonal tensor elements most generally depend

on both in-plane magnetization components m, and m,, instead of only one each.

To prove the presence of MO anisotropy-induced deviations in the reflection matrix
expression, I returned to the in-plane magnetization geometry but intentionally moved away
from the HA condition. For those selected measurement conditions, relevant levels of the MO
anisotropy effect are expected. Specifically, I use relevantly smaller ¢, values, namely ¢, =
88.75, 83.75, 78.75, and 73.75 deg. In this case, the MOKE elements of R can exhibit the
anomalous magnetization dependence described by Eqs. (4.10) and (4.11). Therefore, the lon-

gitudinal term & of Eq. (4.1) could be expressed as a linear combination of m, and m,,, namely,
CY = &L . mx + CYT . my, (412)

with &, and @&; being the linear coefficients for the conventional longitudinal and the anoma-

lous transverse magnetization signals, respectively [25].

After the analysis of our GME measurements, the reflection matrix parameters are
extracted and the results for this far wider ¢, orientation range are shown in Fig. 4.10. In
Fig. 4.10(a), the absolute value relationship between || and |@| continues to follow the ellip-
tical curve defined by Eq. (4.5b). However, Fig. 4.10(b) reveals deviations from the expected
phase behavior for some data points: specifically, the phase of & does not remain constant,
thus not fulfilling the second test condition given by Eq. (4.6). On the other hand, Fig. 4.10(c)
shows that the purely optical term f; remains stable and independent of the magnetization
state, just as observed in earlier measurements (see Figs. 4.7(c) and 4.9(c)). This reinforces
the conclusion that the observed deviation in ¢z is of magnetic origin and not due to changes

in the optical properties.
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Figure 4.10 (a) Representation of the relation between |B| and |&|, for the in-plane GME geometry for a
different set of @q angles, plus the fit function of the data to Eq. ({.5b); (b) ¢g vs ¢z and (c) Re(f;) vs
Im(7y) for the same datasets shown in (a). In subfigures (b) and (c), not all the error bars are displayed

for the purpose of clarity.

The anomalous magnetization state dependence of ¢z would impact the accuracy of
MOKE measurements, if data were not properly interpreted, given that it is associated with
a deviation from Eq. (4.1). To analyze this deviation in a systematic way, I plotted the phase
of @ as a function of its absolute value, as shown in Fig. 4.11(a). The lines are the resulting
fitted curves to Eq. (4.12), which match the data closely. The observed trends highlight that
the deviation becomes most pronounced for small values of |&|, which correspond to magnet-
ization states with minimal m, and dominant m,, for all sample orientations. An additional
trend can be observed with the sample orientation angle, increasing the deviation for smaller

@, angles.
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Figure 4.11 Experimental data, measured for the in-plane GME geometry, representing (a) ¢g vs |&|, with
the lines corresponding to fitting the data to Eq. (4.12) and (b) ¢p vs |B|, for a set of sample orientations
®o- The dashed black lines in (a) and (b) represent constant values of ¢pg and ¢g , respectively, and act

as guides to the eye.

The anomalous transverse contribution @; is rather small in magnitude, but once m,
gets very small in comparison with m,,, the second term in Eq. (4.12) can contribute relevantly.

Given that both &; and &, prefactors can have different phases, the overall ¢z changes with
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the magnetization state, which is exactly what the data show, if one is sufficiently far away
from the HA field orientation. Moreover, this ¢ dependency from the magnetic state de-
creases as @, approaches 90 deg, which leads to a full restoration of the exactness of Eq. (4.1)
for ¢, = 0, £ 90, and 180 deg because, in this case, the independent and crystallographically
defined MO constants apply exclusively to the L- and T-MOKE, respectively, without inter-
mixing [25].

This explains why no deviation was observed in our earlier measurements shown in
Fig. 4.7, given that all the selected sample orientations were close to ¢, = 90 deg. Measure-
ments for even smaller ¢, angles are not shown in Fig. 4.7 because the rotation range of the
magnetization vector is quite small in this case and furthermore does not allow for the gener-
ation of small & values due to hysteretic switching. This is presumably also the reason why
we do not observe a similar effect for § in Fig. 4.7(b). Fundamentally, the transverse compo-

nent f§ is expected to follow the relation:

B =B, -my+pr-my, (4.13)

with the anomalous f8; coefficient value being far smaller than the conventional B coefficient.
To show the influence of B, it would be therefore necessary to access magnetization states
with very small m, values or correspondingly very small ][? | values, which are, however, not
accessible in our experiment. For the |ﬁ | range that our experiments can cover, this anomalous
dependence is not observed, and ¢z remains constant, as we see in Figs. 4.7(b), 4.9(b) and

4.10(b).
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4.4 Conclusions and outlook

In this chapter, I studied the accuracy of the reflection matrix description in linear MO. To
conduct a meaningful evaluation, I developed a suitable strategy for testing the R accuracy
experimentally, obtaining two meaningful test conditions. Central to this approach was the
design and fabrication of a suitable sample, which consisted of a uniaxial magnetic sample with
in-plane EA and macrospin behavior. These sample characteristics enabled the systematic var-
iation of the angle of the magnetization vector while preserving its absolute value constant,
which is essential for the quantitative application of the reflection matrix model. Furthermore,
I utilized GME as the characterization technique because it has the advantage of determining

all the reflection matrix parameters in a single experiment with high precision.

It was found that, both for in-plane magnetization cases as well as for general magneti-
zation cases that include an out-of-plane component, all test conditions derived were fulfilled to
a very high degree of numerical precision. Thus, I was able to experimentally verify that the
conventionally utilized reflection matrix description, given by Eq. (4.1), is indeed completely
correct if the material under investigation fulfills the assumptions under which Eq. (4.1) was
derived. Those include (i) that the pure optical response of the material is isotropic and (ii) that
the MO coupling is isotropic as well. Furthermore, the derivation of Eq. (4.1) utilizes the fact
that (iii) MO effects constitute a small perturbation of the optics so that considerations of linear
MO terms are sufficient. Existing deviations found in 7 are representative of the idealized
dielectric tensor description, considered optically isotropic, and not of the lack of precision of

the derivation of the reflection matrix by means of electromagnetic theory.

Moreover, as GME enables the acquisition of quantitatively very precise results, we were
also able to detect small deviations in our measurements from Eq. (4.1). They occur under
specifically chosen experimental conditions and are related to the fact that Eq. (4.1) is not
exactly applicable in our experiment, given that our sample exhibits weak MO anisotropy, which
can in principle occur for any anisotropic magnetic sample. Once MO anisotropy is explicitly
considered in the derivation of a reflection matrix analogous to Eq. (4.1), complete agreement

between the modified matrix terms and our experimental data is reestablished.

The use of phase changes to identify non-uniform magnetization states and separate
them clearly by experimental means from MO anisotropy will be used as a starting point in the

next chapter.
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Chapter 5

Layer-resolved vector magnetometry

This chapter introduces the experimental realization and theoretical modeling of layer-resolved
vector magnetometry in epitaxial multilayers. The central goal is to establish a generalized
magneto-optical ellipsometry (GME)-based methodology capable of tracking individual mag-
netization vectors within layered magnetic structures. To address this central goal, three major

steps were devised, whose accomplishments are in each case an individual goal by themselves:

(i) GME-based detection of non-collinear magnetization states

(ii) Development of layer-resolved vector magnetometry in multilayer structures with
two ferromagnetic (FM) layers

(iii)  Initial attempts to extend the methodology to three FM layers, including the per-

spectives and limitations of the methodology.

Following this step-by-step approach, I first experimentally studied the relationship be-
tween non-collinear magnetization states in FM multilayers and their resulting magneto-optical
(MO) properties. Hereby, it was observed that it is the phases of the complex-valued MO pa-
rameters that are especially sensitive towards non-collinear magnetization states and enable

their unambiguous detection.

Secondly, I demonstrated the ability of a single MO reflection experiment to achieve
layer-resolved vector magnetometry in multilayers with two FM layers. Specifically, the mag-
netization angles of two different FM layers were obtained independently as a function of the
applied field, for a set of epitaxial FM/ non-magnetic (NM)/ FM heterostructure multilayer
samples. Moreover, it was observed that the magnetization switching of one layer can trigger a
discontinuous shift of the magnetization angle in the second layer if FM interlayer coupling is
present. The obtained behavior was successfully reproduced using a model of two coupled mac-
rospins, corroborating even the initially unexpected aspects of the experimental results and thus
reinforcing the sensitivity and reliability of GME-based experimental layer-resolved vector mag-

netometry.
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Finally, the GME set-up was implemented by incorporating a tunable-wavelength light
source. This provided the possibility to collect independent sets of data for the same magneti-
zation reversal process, which should then allow for the experimental determination of the mag-

netization vector angles of three separate FM layers.

This chapter is organized as follows. Section 5.1. presents the introduction and motiva-
tion. Section 5.2 describes the details and the fabrication procedures of the multilayer samples.
Next, Section 5.3 presents the experimental results in four subsections: verification of the single
layer superposition assumption, detection of non-collinear states in two FM layer systems, layer-
resolved vector magnetometry in two FM layer systems, and initial results on layer-resolved
vector magnetometry in multilayers containing three FM layers. Section 5.4 provides concluding
remarks and outlines future directions for the development of depth-resolved vector magnetom-

etry.
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5.1 Introduction and motivation

To test the GME methodology and characterize individual layer magnetic responses, I
designed and fabricated suitable multilayer samples that present layer-dependent non-collinear
magnetization vector states. These multilayers have different FM layers with differing anisot-
ropy strengths and whose coupling is controlled by tuning the thickness of a NM interlayer. In
this way, I was able to access a continuum from strongly coupled collinear states to weakly
coupled or frustrated non-collinear states by increasing the thickness of the NM interlayer. All
magnetic layers were engineered to exhibit macrospin behavior with a shared in-plane easy axis
(EA), allowing deterministic control over their magnetization vectors as a function of applied

field magnitude and orientation.

Central to this methodology is the assumption that the overall MO response of the
multilayer can be interpreted as a linear superposition of the individual layer contributions.
While this assumption is valid under many conditions, its applicability in systems with strong
interlayer coupling or optical interference effects must be carefully evaluated. Therefore, I veri-
fied the layer superposition assumption and identified the limits of its validity. Next, through
GME, I determined the full reflection matrix of each multilayer sample as a function of external
field and extracted the associated MO Kerr effect (MOKE) coefficients. From these, first, I
identified non-collinear vector magnetization states, and second, I reconstructed the field evo-
lution of each layer’s magnetization vector. These results are further corroborated with a mac-
rospin model that captures the interplay of Zeeman energy, anisotropy, and exchange coupling,

providing a consistent theoretical framework for interpreting the experimental data.
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5.2 Sample design and fabrication

To experimentally generate and characterize non-collinear magnetization states in multilayer
systems, I designed a model system in which the magnetic configuration can be tuned from
collinear to non-collinear by applying an external magnetic field. This is achieved by combining

different FM layers separated by a NM material with the following characteristics:

- The FM layers share the same in-plane uniaxial anisotropy axes but have different
magneto-crystalline anisotropy strengths. This condition ensures that the different
FM layers will exhibit distinct magnetization responses under an applied field, es-
pecially when the field is oriented away from the EA. Different anisotropies can be
achieved by utilizing different materials for each FM layer, which must have the
same lattice type nonetheless, so that the multilayer structure grows epitaxially
and an alignment of the EAs of both layers is achieved.

- The NM interlayer should enable a tunable level of FM interlayer exchange cou-
pling, so that the samples can move from a scenario of strong field induced non-
collinearity to one in which strong FM interlayer exchange coupling forces the mag-
netization of the two FM layers to align and suppress non-collinear magnetization

states.

As already briefly mentioned in Chapter 2, when magnetic layers are separated by a
non-magnetic layer, the magnetizations of the layers are coupled to each other by an exchange
interaction through the electrons of the spacer layer. This is known as interlayer exchange
coupling. A specific type of interlayer exchange coupling is the FM interlayer exchange cou-
pling, which describes the effect of magnetic interactions in between FM layers that are phys-
ically separated by an interlayer, which should be either NM or weakly FM in order to mediate

a weak FM interlayer exchange coupling [1-3].

One of the key impacts of FM interlayer exchange coupling is associated with the way
adjacent FM films react to an applied magnetic field H. The existence of a large interlayer
exchange coupling strength J leads to the synchronization of the magnetic field responses of
the different FM layers for every applied field value and orientation. On the other hand, a
weak or absent | will allow for primarily independent magnetization rotations or reversals,
exhibiting a transition from collinear alignment to non-collinear alignment as the field is in-

creased, since for no applied field the magnetizations will lie along the aligned EAs.

In Fig. 5.1(a), the case of a large J is illustrated for a two magnetic film system with
the corresponding magnetizations 7, and 7, being strongly coupled and the corresponding
angles of the magnetization vectors with respect to the applied field orientation being equal,
i.e. @m, = Pm,- The external field H is applied with an angle ¢, away from the EA, which

makes the magnetization vectors rotate for an extended field range.
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On the other hand, in Fig. 5.1(b), J is small and, for the same conditions, so that the
two magnetization vectors of the layers, m; and m,, are sufficiently independent, resulting in
a field strength induced transition from @p, = @, t0 @, # @, assuming that the external

field H is applied with an angle ¢, away from the EA.

(a) large (b) small J
(pml = (pmz (pm]_ + (pmz

s
<

Figure 5.1 Schematic of the magnetization behavior of two coupled FM layers, FM1 and FM2, depending

on whether they have (a) strong or (b) weak FM interlayer exchange coupling J. The cartesian axes with

respect to the surface plane are defined, as well as the applied field direction (black arrow and label “H”)

and the EA orientation (blue line and label “EA”). The magnetization vectors are indicated with arrows

and labels “m,” and “m,”. In-plane magnetization angles O, and @, and the EA angle @q are indicated
and defined with respect to the applied field direction.

Given these two distinct cases, one would expect that the magnetic field dependent
transition from collinear to non-collinear alignment of m; and 71, with applied field is strongly
dependent on the FM interlayer coupling strength J, being fully developed for small J values,
while being suppressed for large J. In this regard, in the here exposed experimental approach
[ will tune the FM interlayer exchange coupling by changing the NM interlayer thickness,
given that the magnetic coupling strength J is strongly dependent on it, and by choosing an
external magnetic field angle far away from the EA of the films. Therefore, I will have a well-
controlled and tunable system for generating non-collinear magnetization states. Tuning the
level of FM interlayer exchange coupling in different samples between the FM layers in multi-

layers provides a good set for testing the robustness of the non-collinear magnetic detection

and layer-resolved vector magnetometry methodology.
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5.2.1 Multilayers with two FM layers

The simplest case of potentially non-collinear multilayers consists of two FM layers system,
which are the samples I will describe in this subsection. The fabricated set of samples consists
of single crystal magnetic multilayers, in which each of the magnetic layers is well represented
in its magnetic state by a single magnetization angle, which in turn means that the magnetic
film ought to exhibit a laterally uniform magnetic state (macrospin behavior) [4]. Accordingly,
these multilayer samples contain a main FM;/NM/FMs; structure, as is schematically displayed
in Fig. 5.2(a). The main FM;/NM/FM, structure is a hexagonal close-packed (hcp) crystal
structure with (1010) crystal orientation formed by a 2.1 nm thick CopssPto14 and a 2 nm Co
magnetic layers, both having in-plane EA along the crystallographic c-axis, which are sepa-
rated by a CogsRug.41 non-magnetic interlayer which also has hep (1010) crystal orientation

and preserves the epitaxial alignment of the FM layers.

(a)

1=

SiO2 10 nm
Co
FM, 0.59RU0_41 2.35 nm
NM ¢
FMZ 00.59Ru0,41 t nm l

COo.sszRUo.u 2.35nm
fo73Ruy 5,20 nm
Cr20 nm

Cralloys (211)

*

Log(I)
Co alloys (1010)

A8 75 nm
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20 (deg)

Figure 5.2 (a) Layer geometry and epitazial sequence utilized in our sample series with the respective ma-
terials and thicknesses indicated; (b) exemplary 0 — 20 XRD measurement scan of the t = 4 nm sample
from our sample series; the corresponding crystallographic peaks associated with the epitazial growth se-

quence are labelled Co alloys (1010), Si (220), Ag (220) and Cr alloys (211); the additional peak marked
with a star corresponds to the Si (220) crystallographic plane and is generated by a secondary wavelength

of our z-ray source.

The specific alloy composition of the Co-Pt alloy with 14% Pt is chosen to assure good
epitaxial growth while at the same time ensuring that the material is FM at room temperature
and has a magneto-crystalline anisotropy constant larger than the pure Co layer. The Co-Ru
non-magnetic interlayer alloy selected with 41% of Ru does mediate a FM interlayer exchange
coupling J for sufficiently thin films and provides a good template for the epitaxial growth of
the second FM layer [5]. Furthermore, it enables a tuning of J because its selected alloy com-
position makes it almost a FM in and by itself, and accordingly, its induced interface spin

polarization falls off slowly on the nm length scale when put into contact with a FM layer [1,5].
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In this way, the Coos9Ruo.41 interlayer thickness t is varied from 0.5 to 6 nm, for different
samples in the overall sample series in order to tune the FM interlayer coupling strength J in
between the two FM layers within the different samples. As a result, the adjacent FM layers
will be strongly coupled when t is small, and such samples can be expected to behave in an
almost perfectly collinear way, independent from the applied magnetic field strength. As t
increases, one can expect a transition to weakly coupled and eventual uncoupled magnetization
behavior in between both layers. Following the same procedure as for the sample described in
Chapter 4, to achieve the intended epitaxy and in-plane EA, the samples have been grown
onto Si (110)-wafer substrates, which were first etched by hydrofluoric acid to remove the
oxide layer. Afterwards, the following film sequence has been deposited by means of sputter
deposition at room temperature in a 3 mTorr pure Ar atmosphere, to achieve good epitaxial
quality [5,6]: 75 nm of Ag (110), 20 nm of Cr (211), 20 nm of Cro73Rug2r (211) and 2.35 nm
of CopseRup.a1 (1010). The specific thickness and alloy compositions of the underlayer sequence
have been chosen to assure that the FM layers are fully epitaxial [5,7]. Furthermore, the Co-
Pt/Co-Ru/Co trilayer structure is covered by 2.35 nm of CogsRuosr and 10 nm of SiOs, to
have symmetric interfaces for both FM layers and to protect the sample from oxidation. All

alloy layers are grown by co-sputter deposition of the two materials forming the alloy.

Its structural properties have been characterized by x-ray diffraction (XRD) measure-
ments, such as the one shown exemplary in Fig 5.2(b) for the sample with t = 4 nm. Figure
5.2(b) shows the 8 — 26 measurements in which all the observed diffraction peaks correspond
to the intended crystallographic planes for each of the deposited layers at the Cu-K, wave-
length, and therefore highlights the epitaxial nature of the samples, consistent with previous
reports for similar growth sequences [6-10]. The additional peak at 26 = 42.3 deg corresponds
to the Si (220) crystallographic plane produced by the Cu-Ks wavelength radiation of the
used x-ray source, and it is the only XRD-peak visible for this radiation. The quality of the
XRD results also implies that the sample system has laterally uniform magnetization proper-
ties, which is important as it permits a quantitative accurate interpretation of macroscopic
magnetization and MO data [7,11,12].

Additionally, to isolate the contributions of each FM layer, two reference samples with
only one FM layer and the same total thickness were grown, for which the main FM;/NM/FM,
structure is substituted by

- Co (2 nm)/ CopsoRup.ar (6.95 nm) and

- CoosoRugar (6.85 nm)/ CopssPtoisa (2.1 nm), respectively.

These reference samples help disentangle overlapping MO signals in the two FM layer samples

and aid in the validation of the layer-specific analysis.

To characterize the magnetic behavior, the Kerr rotation 8y, which is proportional to
the magnetization component along the field direction, was measured for different NM inter-

layer thicknesses. The resulting hysteresis loops (Fig. 5.3) illustrate the dependence of
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magnetic switching on coupling strength. In these measurements, the sample was oriented

with its EA at an angle ¢, = 65 deg away from the applied field direction.

2| (a) (b) (c) (d) (e)
F o
en 1
3 J//
0
g
N -1
S
2 Co Co-Pt t=1nm t=4nm t = 6nm
-400 0 400 -400 0 400 -400 0 400 -400 0 400 -400 0 400
toH (mT)

Figure 5.3 Experimentally determined hysteresis loops for the two reference samples (a,b) and for three
magnetic bilayer samples having different interlayer thickness t (¢, d, e) by plotting the measured Kerr
rotation Ox as a function of the applied magnetic field strength H for a sample orientation of
@y = 65 deg.

Figures 5.3(a,b,c) show a conventional FM hysteresis loop, with a single jump happen-
ing at the coercive field and a very significant gradual change that is associated with the
rotation of the magnetization away from the EA by means of the applied field. This response
is the expected behavior for a single magnetic film, which is also consistent with a bilayer
sample with strong FM interlayer coupling (high-J case), so that the magnetic behavior in
both layers is synchronized. Specifically, Figs. 5.3(a,b) correspond to the reference samples
with only one FM layer, and Fig 5.3(c) corresponds to the sample with NM interlayer thickness

t = 1 nm, as indicated in the bottom right corner of each subfigure.

Figure 5.3(e), on the other hand, shows an independent switching of the two FM films
in the FM bilayer sample, and thus two jump segments occur in the hysteresis loop at two
distinctively different field strengths. In addition, a significant gradual signal change is visible
here as well, which is associated with a relevant magnetization rotation also in the case of an
uncoupled or weakly coupled FM bilayer. These data were measured for the FM bilayer sample
in which the NM interlayer thickness is 6 nm, and therefore no or only very small FM interlayer

coupling should occur.

Figure 5.3(d) illustrates an intermediate case, where the NM interlayer thickness is t =
4 nm. Here, only a single jump is visible in addition to a non-monotonous slope modulation
prior to the jump. Thus, the behavior neither fits to the fully coupled nor the uncoupled
bilayer scenarios of Figs. 5.3(c) and (e), but represents a more complex collective behavior.
Moreover, one can observe that the Kerr rotation 8y of the samples with two FM layers
reaches bigger values than those of the reference samples, as those have smaller total FM

thickness.
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These exemplary hysteresis loops show the different collective magnetization reversal
processes for samples with different interlayer thicknesses and confirm that qualitatively dif-
ferent levels of FM interlayer coupling strengths are achieved by means of the devised sample
design, just as intended. In turn, this means that the sample set can be expected to generate
different levels of non-collinearity in field dependent measurements, and thus it enables to test
the ability to monitor non-collinear magnetization states by means of MO measurements.
These same samples, which show clearly distinct magnetization states for each FM layer, were
used for both non-collinear detection and layer-resolved vector magnetometry for two FM

layer structures.

5.2.2 Multilayers with three FM layers

After verifying that the non-collinear detection and layer resolved vector magnetometry works
for bilayers, the next logical sample structure to advance further consists of growing multilayer
samples with three FM layers. In a similar fashion, the three FM layers should be independent
from each other while individually exhibiting macrospin behavior. The conditions and limita-

tions for structures containing three FM layers are the following:

- Three different FM layers with different anisotropies.

- The insertion layers have to maintain the epitaxial growth, but the thickness and
composition of this alloy should allow independent rotation of the FM layers. Sim-
ilarly to the two FM layer samples, this means that the FM interlayer coupling
would be weak or absent.

- The total structure has to be thin enough to access the information of all the layers
by means of magneto-optics, i.e. the penetration depth of light should be bigger

than the thickness of the whole multilayer structure.

With these conditions in mind, a set of multilayer samples was grown, containing a
main FM;/NM/FMy/NM/FMjs structure, as is schematically displayed in Fig. 5.4(a). The
main structure is a hep crystal structure with (1010) crystal orientation, as for the two FM
layer samples. Now, the FM layers have thickness of 2 nm and the alloy compositions are
C00.01Pto.00, Cop.s2Pto1s and Co, all having in-plane EA along the crystallographic c-axis, which

are separated by a Coi.Rux non-magnetic interlayer.

The specific alloy compositions of the FM layers (Co-Pt alloys with 9% and 18% of
Pt) are chosen to enable good epitaxial growth while at the same time assuring that the
material is FM at room temperature and has a magneto-crystalline anisotropy constant larger
than the pure Co layer. I used the same base strategy as for the two FM layer samples, but
utilized a CoixRux alloy with less Co to get comparable coupling levels for thinner interlayers
in an attempt to limit the total magnetic multilayer thickness in this case, making MOKE

measurements viable. Therefore, different samples with different Co-Ru interlayer alloy
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compositions were grown, with 45%, 50% and 55% of Ru, providing a good template for the
epitaxial growth of the second and third FM layers [5], mediating a FM interlayer exchange
coupling for sufficiently thin films and furthermore exhibiting the associated NM layer thick-
ness dependence wanted [1]. The thickness t is varied from 2 to 5 nm, for different samples in
the overall sample series. The complete multilayer structure shown in Fig 5.4(a) is designed
to achieve epitaxial growth and in-plane EA. Its structural properties have been characterized
by x-ray diffraction (XRD) measurements, such as the one shown exemplary in Fig 5.4(b), in
which all the observed diffraction peaks correspond to the intended crystallographic planes for
each of the deposited layers. Reference samples with only one FM layer but same total thick-

ness were also grown.
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Figure 5.4 (a) Layer geometry and epitaxial sequence utilized in our sample series with the respective
materials and thicknesses indicated; (b) exemplary 8 — 20 XRD measurement scans of four samples from
our sample series; the corresponding crystallographic peaks associated with the epitazial growth sequence
are labelled Co alloys (1010), Si (220), Ag (220) and Cr alloys (211); the additional peak marked with a
star corresponds to the Si (220) crystallographic plane and is generated by a secondary wavelength of our

xT-ray source.

To characterize the magnetic behavior, vibrating sample magnetometry (VSM) meas-
urements were made for a sample orientation of ¢, = 15 deg. The resulting normalized hys-
teresis loops (Fig. 5.5) illustrate the dependence of magnetic switching on the composition
and thickness of the Co-Ru alloy in the interlayers. Figures 5.5(a-c) show the hysteresis loops
for the reference samples:

- CoRugso (2 nm)/ CoPtog (2 nm)/ CoRups0 (16 nm),

- CoRugs (8 nm)/ CoPto.is (2 nm)/ CoRugs0 (8 nm),

- CoRugs (16 nm)/ Co (2 nm)/ CoRugso (2 nm).

The different coercive fields for each Co alloy concentration are clearly observed here. Figures

5.5(d-f) include the hysteresis loops for the same interlayer thickness of t = 4 nm but different
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CoRu alloy concentrations. The trilayer FM samples with 45% and 50% of Ru have the in-
tended independent switching of each FM layer, however, the trilayer with 55% of Ru does
not show this behavior, indicating that for this Ru concentration the FM layers do not grow
epitaxially anymore. Finally, Figs. 5.5(g-1) represent the hysteresis loops for an interlayer
with 50% of Ru but different thicknesses, namely 2, 3 and 5 nm. Although t = 2 nm allows
the coupling of the FM layers, as shown by the single switching in the hysteresis loop, t = 3
and 5 nm have independent switching. Given this set of samples, I managed to fabricate
samples that have trilayer FM films with independent switching and to tune their coupling

by the interlayer thickness keeping the growth of the FM layers epitaxial.
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Figure 5.5 Experimentally determined VSM hysteresis loops for the three reference samples (a,b,c), for

the multilayer structure having different concentrations of Ru in the Co-Ru alloy interlayer with a thick-

ness t =4 nm (d,e,f) and for an interlayer alloy of CoRuys with different interlayer thickness t (g,h,i).
All M/Ms(H) hysteresis loops correspond to a sample orientation of @, = 15 deg.
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5.3 Results and discussion

In my experimental system, the magnetization is designed to remain in the sample plane, as the
GME set up utilized is the one shown in Fig 4.3(a). Deviations from the pure in-plane orienta-
tion that one could expect would be due to field misalignment. Initial test measurements con-
firmed that the polar MOKE is indeed very small and thus our analysis focuses on the in-plane
MOKE parameters, & and . As these parameters are complex quantities, they can be expressed

as:

a = |ale%a, (5.1)

B =1Ble"’", (5.2)
where ¢z, ¢p are the phases of @ and S. For a single FM layer exhibiting macrospin behavior,

one can furthermore relate @ and f with the magnetization orientation angle ¢,, as

a = d, - cosQy, (5.3)

B =P, -singy, (5-4)

for which @, and f, are complex constants that are independent from the magnetization angle
@m, which is defined with respect to the applied field direction (see Fig 2.2). Given that sin ¢,,
and cos ¢, are real numbers, Egs. (5.3) and (5.4) now imply that phases ¢g, ¢p5 should not

depend on the angle of the magnetization vector ¢,,, as was already shown in Chapter 4 [4].

In the case of a magnetic multilayer thin film sample containing several FM layers, one
has to take into account the individual contributions from each of the FM layers. Under the
assumption of single layer superposition, the @ and f§ coefficients can be expressed as a linear
combination of the coefficients associated with each of the FM layers, each of which having its
own magnetization vector orientation @, and ¢, [13]. Considering the two FM layer case as

an example of a general system with “L” FM layers, @ and § can be written as

& = & COSQp, +a; COSPy, (5.5)

B = Bisingn, +F; singy, (5.6)

where &; and f8; incorporate the multi reflection optics of a multilayer sample. The only approx-
imation is that the magneto-optical effect of one layer does not impact the magneto-optics of
the other. So, optical layer-layer interference is included in this picture, but MOKE-MOKE

interference is not, a distinction that will be discussed in the next section.
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In the specific case that the two FM layers exhibit magnetic collinear behavior, the angle

of the magnetization vector is the same for the two FM layers and @ and f§ can be expressed as

a= (& +da,)cose,, (5.7)

B = (ﬁ1 + 5, ) Sin @y, (5.8)

which implies constant MO phases ¢, ¢g, in the exact same way as when having one FM layer

only.

On the other hand, if the two FM layers are sufficiently decoupled, a field induced non-
collinearity can occur that also exhibits a relevant field strength dependence, starting from being
aligned at zero field along the EA to having different field orientations under field conditions,
given that the magnetization vector of each layer rotates differently, as displayed in Fig. 5.1(b).
In this case, the angles of magnetization vary differently with field, resulting in @p, # @p,.
From Egs. (5.5) and (5.6) one can observe that in this case the phases ¢z, ¢ do not have to
remain constant ', which in turn allows for a rigorous test and the detection of non-collinear
state evolutions in magnetic multilayers. I will make use of this very fact to detect and study

the occurrence of non-collinear magnetization states in our multilayer samples.

Moreover, the real and imaginary part of @ and f, that are obtained from Eq. (5.5) and
(5.6), represent two signal sums of the two layers, to which both layers contribute with a dif-
ferent weight, meaning that they represent different averaging procedures, and therefore these
data might allow in principle for a disentanglement or separation of the individual layer contri-

butions.

5.3.1 Verification of layer superposition assumption

A central assumption of the above data analysis and interpretation is the assumption that the
total MO response of a multilayer can be interpreted as a linear superposition of the MO con-
tributions from the individual magnetic layers, as was done in Eq (5.5) and (5.6). This assump-
tion is critical for detecting non-collinear magnetic behavior and will also be needed for the
layer-resolved vector magnetometry analysis. However, the superposition assumption is an ap-
proximation and to make practical use of it, it has to be numerically very precise. Therefore,
here T verify that this approximation is indeed very precise and deviations from it will not

impact the data analysis, given that they are substantially smaller than experimental noise.

Vif the & and f; of the individual layers have different phase angles, which one would generally presume to
be the case.
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The superposition assumption is not exact, though, and thus, it will have an error asso-
ciated with it. However, this error should be of quadratic order in the MO effects, given that
the effective optical index of refraction is changed quadratically by the existence of linear MO
effects, and correspondingly defines the impact that different magnetic states in different layers
should have onto each other. So, to test if a methodology that is based on the linear superposi-
tion assumption can produce quantitatively meaningful results, one needs to know what the
level of deviation from an exact solution is. I will continue with the consideration of the two

FM layer case as an example of a general system with “L.” FM layers throughout this section.

As already described, our samples are multilayer stacks composed of two FM layers that
are separated by a NM layer. The exact size of MO effects in such multilayer stacks can be
obtained in a numerically precise way by means of the 4x4 transfer matrix method [14-16].
Therefore, 1 calculated the MO signal of our sample type by means of the 4x4 transfer matrix
method in two ways. First, I performed the calculation in the numerical exact way, by repro-
ducing each layer of the sample. In a second calculation, I then mimicked the superposition
approach, calculating the individual layer responses, assuming each time that only one of the
FM layers is actually magneto-optically active, and then add up the two single layer contribu-

tions to compare the sum to the exact result.

Moreover, the collinear and non-collinear behavior were also modelled by means of the
angular rotation of the two magnetization vectors, which depend on the strength of the applied
field, as illustrated in Figs. 5.6(a) and (d), mimicking the hard axis (HA) behavior. In Fig. 5.6(a)
the two layers rotate in a quantitatively identical way, as it would happen in a collinear mag-
netization scenario, and in Fig. 5.6(d), each layer magnetization rotation is different. Addition-
ally, in Fig. 5.6(d) the mean magnetization rotation {¢,,) is included, given that I am using this
quantity to define the x-axis in the main plots of Fig. 5.6. Accordingly, a high (¢,,) value is
equivalent to the case in which the magnetization is near the EA (H — 0), while for small

(@m) angles, the magnetization is near the applied magnetic field orientation (H — Hy).
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Figure 5.6 Numerical results of the exact optical multilayer simulation of the MOKE signal in comparison
to the layer superposition approximation described in Eqs. (5.5) and (5.6) and the difference between
these two calculations for collinear (first row) and non-collinear (second row) magnetic behavior. Specifi-
cally, the figures show the presumed rotation of the magnetization vectors in a FM bilayer sample with re-
spect to the applied magnetic field strength H for the case of a HA sample orientation for (a) the collinear
case and (d) the non-collinear case. Also, it is shown, on logarithmic scale, the real part of & (b, e) and
the real part of B (c, f) for a FM bilayer sample as a function of the mean orientation angle {@m) of the
magnetization vectors, respectively.

Based upon this assumed field dependence mimicking the HA behavior, I display our
computation results, including the exact calculation, the superposition approach and the differ-
ence between them, as a function of the average magnetization orientation in Fig. 5.6(b,c) and
(e,f). Figures 5.6(b) and (e) represent the results obtained for Re(&) in the collinear and the
non-collinear case, respectively, while Figs. 5.6(c) and (f) show the corresponding data for
Re(f). The first thing that one notices in these plots is the rotation of the magnetization, given
that for small (¢,,) angles, Re(&) has relatively high values, while Re(f) is comparatively small,
which indicates that the magnetization is mostly aligned with the applied field orientation. As
(@) values increase, Re(&@) gets smaller and Re(f) gets accordingly larger, so that for (¢,,)
angles near 90 deg, the signal is coming from a magnetization that is nearly aligned with the
EA orientation along the transverse direction. The second, and most relevant aspect that one
can see in Fig. 5.6, is the fact that the deviations in between the superposition approach and
exact solutions are extremely small, namely four orders of magnitude smaller than the actual
values. I calculated all the different magnetization orientations and collinear and non-collinear
scenarios in order to properly analyze the error of the superposition approach, which is consist-

ently found to be extremely small under all these conditions for any of the resulting magnetic
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states. The corresponding calculations for Im(&) and Im(f8) show identical behavior. This find-
ing is in full agreement with previous studies that have identified a depth-dependent additivity
of complex MO signals [13,17,18]. Therefore, in the analysis and interpretation of our experi-
mental results, I can confidently justify the assumption that the MO results of our multilayer
stacks can be numerically analyzed as the sum of the corresponding MO signals of two individual
FM layers according to Egs. (5.5) and (5.6).

5.3.2 Detection of non-collinear magnetization states in two FM

layer systems

To experimentally validate the methodology, I performed GME measurements for the set of
samples with two FM layers with interlayer thickness of t = 0.5 to 6 nm under a field orien-
tation of ¢, = 65 deg. As an example for the experimental GME results that I compiled, the
complete extracted information of the t = 5 nm sample is shown in Fig. 5.7, where data for the
in-plane hysteresis loop are represented in Fig. 5.7(a)-(e). Specifically, Fig. 5.7(a) and (b) show
the real and imaginary values of the MO parameter & as a function of the applied field H, and

Figs. 5.7(c) and (d), the corresponding real and imaginary parts of §.
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Figure 5.7 Experimental in-plane hysteresis loop data for the multilayer sample with t = 5 nm for a sam-
ple orientation of o = 65 deg, with (a), (b) displaying the real and imaginary parts of & vs. the applied
field strength H, and (c), (d) showing the simultaneously measured real and imaginary parts of § vs. H;
(e) displays the experimentally determined Fresnel coefficient 75 of this sample vs. H and (f) shows the
associated field dependent R? values of the least-squares fits to our GME data sets, from which the

parameters in (a)-(e) are extracted.

96



Layer-resolved vector magnetometry

For this specific interlayer thickness, one can observe a double step reversal process,
which is due to the different coercive field values of Co and Co-Pt thin layers and an absent or
weak FM interlayer coupling in between these two FM layers. This double step is therefore
related to the seemingly independent switching of the two FM layers. Co exhibits lower anisot-
ropy values than Co-Pt and accordingly lower H,. and therefore, the first step coming from high
field saturation corresponds to the inversion of the magnetization of the Co layer. The Co-Pt
alloy layer has a higher H,, which means that the second step of the hysteresis loop is related
to the inversion of this second layer. Moreover, the MO coefficients represented in Figs. 5.7(a)-
(d) show a continuous variation with field in addition to the abrupt magnetization reversal
steps, which is associated with the rotation of the magnetization vector. The sample exhibits a
magnetization rotation in both layers, starting along the EA orientation when no magnetic field
is applied, towards an alignment with the magnetic field orientation as its strength increases.
This translates to having a transition from mostly transverse to mostly longitudinal MO signal
as H increases, which is exactly what one can see in Figs. 5.7(a)-(d) where the values of the real
and imaginary part of § decrease from a maximum near H = 0 as one applies higher H values,

while the reverse occurs for &.

Moreover, the real and imaginary parts of the MO signals shown in Fig. 5.7 are fairly
similar as one would normally expect, but they also display relevant differences from each other.
For example, it can be seen that the step heights of the two inversion processes are different in
the real and imaginary contributions of & and §. This means real and imaginary parts do not
provide simply the same information, but provide distinctively different information, which is
formally encapsulated in Eqgs. (5.5) and (5.6). It is this difference in information contained in
the real and imaginary parts for each of the MO signal components what enables us to separate
the layer contributions of each vector component and detect the existence of non-collinear mag-
netic behavior. Therefore, the complete data set shown in Fig. 5.7 will allow for the robust

detection of non-collinearity in our samples, as will be discussed in the following.

Additionally, Fig. 5.7(e) shows the real and imaginary parts of the pure optical param-
eter 7 as a function of the applied external field H. As pure optical parameters, they should not
depend on H and instead remain constant for any H value, as indeed they do. From the field
dependence of R? represented in Fig. 5.7(f) one can see that our Al/I experimental data are
very precisely reproduced by the fit to the AI/I1(084,60,) theoretical description given by Eq
(3.11) everywhere, as the R? values are better than 0.98 virtually in the entire field range. The
R? values are at their lowest in the immediate vicinity of the coercive field, where the magnet-
ization switching of the layers progresses via laterally non-homogeneous magnetic states by
forming magnetic domains, so that the MO signal becomes rather small and thus relatively
noisy. For this reason, I am going to focus our further analysis only on results, in which each

layer is in a laterally uniform state by utilizing only positive field value data for the decreasing
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field branch of the hysteresis loop. In this parameter range, one can be assured by fundamental
energy considerations that the magnetization state is in its stable energy minimum and thus,

no meta-stable domain formation occurs.

As previously documented in this section, a mere magnetization rotation does not change
the phase factors of the various MO elements of the reflection matrix if the rotation happens to
be collinear throughout the rotation process. However, if the magnetization state does not fulfill
this condition and non-collinear alignments occur upon field application, the MO coefficient
phases can actually change. Therefore, we are going to observe the field evolution of the exper-
imental MO coefficient phases in different samples and compare them to the single FM layer
samples that were grown as references. The experimentally determined values of these phases
are represented in Fig. 5.8. Specifically, in Figs. 5.8(a)—(f) I plot ¢5 vs ¢z for different NM
interlayer thickness values and for the stable hysteresis loop regime highlighted in Fig. 5.8(g).

Figure 5.8(a) also includes results for the two single layer reference samples.
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Figure 5.8 From (a) to (f), experimentally determined ¢g vs. ¢g values for all magnetic field H values in
the thermodynamically stable regime, measured for several samples with different interlayer thicknesses,
from t = 0.5 nm to t = 6 nm; the respective t values are displayed in each subfigure. The red point in

each subfigure indicates the mean value. (a) also includes for comparison the results for the two single FM
layer reference samples and (f) includes an arrow indicating the increasing H direction with which the

quantities evolve as a guide to the eye. (g) Exemplary hysteresis loop highlighting the stable magnetization
regime with a darker color, utilized for the data shown in (a)—-(f), measured for the case of the t = 6 nm
sample. (h) Displays the mean values of ¢p asa function of the interlayer thickness t; the error bars are

the assoctated standard deviations of the mean.
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Figure 5.8(a) shows the thinnest interlayer thickness data (in blue), for which very strong
coupling is expected and thus a collinear rotation of the magnetization for both FM layers.
Indeed, we observe that ¢z and ¢z change only minimally throughout the entire field sequence,
even if they do not collapse onto exactly one point. However, they nonetheless seem to indicate
a collinear magnetization rotation, given that the individual layer samples show very compara-
ble small spreads of ¢z and ¢z in the same applied field range. The small variations in these
single layers and the strongly coupled bilayer film shown in Fig. 5.8(a) are likely to be caused
by small MO anisotropy effects [12]. As we have already seen in Chapter 4, for these types of
in-plane uniaxial film samples under chosen applied field direction away from the HA (¢, =
65 deg), relevant levels of MO anisotropy effect are expected, leading to a partial mixture of
longitudinal and transverse MO effects. In Fig. 5.8(b), it can be seen that the t = 1 nm sample
shows a very similar behavior to the one observed in Fig. 5.8(a) given that the FM interlayer
coupling is expected to be very strong still for this sample, leading to collinear magnetization

rotation throughout the field cycle.

As a counter example, I represent in Fig. 5.8(f) the results for the t = 6 nm interlayer
sample, for which weak or no FM coupling is expected and thus a non-collinear rotation of the
individual layer magnetizations with applied field. Indeed, we observe a very substantial varia-
tion of ¢z and ¢z with changing field strength, that is far larger than for the strongly coupled
bilayer samples or the single FM films, and thus consistent with the occurrence of non-collinear
magnetization states. Thus, the expected non-collinear magnetization trajectory does indeed
lead to very large phase modifications of the MO quantities @ and . The specific phase trajec-
tory for the t = 6 nm sample consists of an initial shift of ¢z as H starts increasing and a
subsequent and even larger change in ¢ for large H values. At low magnetic fields, @ is rela-
tively small, given that the magnetization will lie along the EA, which is oriented at ¢, =
65 deg, so that the relative change in the phase of & is bigger and a significant shift towards
smaller ¢ values can be observed. As the field H increases, the magnetization vectors rotate,
@ gets bigger and f smaller, so that for high field values the relative change in the phase of
becomes the dominant effect, leading to very high ¢ values. In turn, this means that following
¢z and ¢z in our MO measurements indeed allows for the detection of non-collinear magnetic

states in magnetic multilayers and enables a quantitative observation of their field evolution,

which was the first step of our study here.

Figures 5.8(c)-(e) represent intermediate cases, for which the NM interlayer thickness t
is 3, 4 and 5 nm, respectively. The MO measurements clearly exhibit intermediate levels of
phase changes as a function of the field strength and thus constitute non-collinear behavior as
well, even if to a slightly smaller degree. In Fig. 5.3(d), I had represented the hysteresis loop

corresponding to the NM interlayer thickness sample of t = 4 nm, for which no double jump
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was observed, but in Fig. 5.8(d) a clear phase trajectory is visible. Thus, even if the exchange
coupling is sufficiently strong to synchronize the switching during the magnetization reversal
process, it does not necessarily mean that the magnetization is collinear throughout the entire

reversal sequence, as our data clearly demonstrates.

Also, for the entire interlayer thickness series, one can observe that the absolute position
of the phases changes from sample to sample, given that changing t modifies the multilayer
optics, even if only very slightly. The resulting position shift with t can be better observed by
looking at the measurement averaged phase values represented as red points in the different
subfigures of Fig. 5.8(a)—(f). Additionally, the interlayer thickness evolution of the averaged ¢p
values is explicitly shown in Fig. 5.8(h), with the error bars representing the associated standard
deviation of the mean for all measurements performed on the same sample. This shift is rather
modest and, it is an expected purely optical effect that comes from the different optical inter-
ference conditions due to the different interlayer thickness t in different samples. It has no

impact on the magnetic state-induced evolution of the MO phases.

5.3.3 Layer-resolved vector magnetometry in multilayers with two
FM layers

To continue with the next step and achieve layer-resolved vector magnetometry in multilayers
with two FM layers, I will focus on the samples that show double-step magnetization reversals
as these samples really exhibit a large range of relative magnetization orientations and thus
present a very suitable test case to explore the wide applicability of the method in terms of
the magnetization states covered. Figure 5.9 shows the results of our GME measurements for
the sample with t = 8 nm and ¢, = 75 deg, in a similar way as it was shown in Fig 5.7 for
the sample with t = 5 nm and ¢, = 65 deg. Specifically, Figs. 5.9 (a) and (b) show the real
and imaginary values of the longitudinal MOKE parameter & as a function of H and Figs. 5.9
(¢) and (d) the corresponding parts of the transverse MOKE parameter 5 2. Also, in compar-
ison with the detection of non-collinear magnetic states, here I increased the angle ¢, from 65
to 75 deg so that the angular amplitude of the rotation of the magnetization vectors is even

wider.

In Figs. 5.9(a)—(d) we see a double-step reversal process, related to the two FM layers
switching independently, as two decoupled FM layers with different anisotropy will exhibit

magnetization reversal at different fields [19]. Other variations of the MOKE coefficients are

2 The polar MOKE parameter ¥ was also analyzed but was found to be very small in the entire field range
and therefore I limited the discussion to a two-dimensional magnetization vector in the subsequent numer-

ical analysis, as was done in the detection of non-collinear magnetic states.
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associated with the expected magnetization vector rotations: magnetization is aligned with
the EA (large transverse § values) when H = 0 and changes toward the direction of the applied
field for large H values (large longitudinal & values, given that the magnetic field is aligned
with the x-direction). The MOKE signals in Fig. 5.9 are fairly similar to each other as one
would normally expect, but they also display relevant differences. One obvious difference is
the step height at the two magnetization switching processes in the real and imaginary parts
of B, in Figs. 5.9(c) and (d), for instance. This is a crucial aspect of our measurements because
it demonstrates that the real and imaginary parts of the MOKE coefficients in R do not simply
provide the same information but exhibit distinctive differences enabling us to later separate

the magnetization vector contributions of both layers.
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Figure 5.9 Reflection matriz values experimentally obtained for the t = 8 nm sample and orientation @, =
75 deg, with (a) and (b) displaying the real and imaginary parts of & and (c) and (d) those of B vs. the
applied field H. The red lines in (a)-(d) represent the results of the least squares fit of Egs. (5.5) and

(5.6) to the GME data. (e) displays the experimentally determined Fresnel coefficient 7y vs H and (f) the
associated field-dependent R* values of the least squares fits, from which the parameters in (a)—(e) are

extracted. The R? wvalues are only displayed for the field decreasing hysteresis loop branch.

For completeness, the purely optical parameters of R are represented in Fig. 5.9(e)
and, as expected, they are independent of H because they are independent of the magnetiza-
tion state. The excellent R? values of our individual GME data fits at every H value are shown
in Fig. 5.9(f) and confirm the precision of the GME methodology. The smaller R? values

between zero and the switching field are due to the nearly vanishing MOKE signals in partially
compensated domain states.
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Having @(H) and (H) as a function of the applied field H means that the data in Figs.
5.9(a~d) contain 4N independent data points, with N being the number of measured H values.
Accordingly, if we go back to Eqs (5.5) and (5.6), the mathematical identification problem is
overdetermined, having 2 angles ¢p, (H) and ¢p,,(H) for each field value and 4 complex or 8
real prefactors & and f; that are independent from the field, which in sum are 2N + 8 values
to be determined. Thus, T can perform a least-squares fit of ¢y, (H) and ¢p,,(H) and &;, &,
B, and B, to the measured data set in Figs. 5.9 (a~d). The so-obtained fits of @(H) and S(H)
to Egs. (5.5) and (5.6) reproduce these data with high accuracy, as shown by the red lines in
Figs. 5.8(a~d), which represent the fit for the t = 8 nm sample. Hereby, &(H) and S(H) in
Egs. (5.5) and (5.6) represent independent linear equations, which means that real and imag-
inary parts add up the individual layer signals in different proportions. This is the case for
our samples, given that @&(H) and B(H) have small but significant differences, as already
mentioned above. Exactly at the switching fields, however, there are nonuniform magnetiza-
tion states, for which my present analysis is not applicable and thus no magnetization angles

are determined in their immediate vicinity 2.

I measured samples with four different thicknesses t and their results for the decreasing
field branch of the hysteresis loops are included in Fig. 5.10. Figure 5.10(a) contains the
magnetization angles for the sample with t = 8 nm, representing an interlayer thickness that
is sufficiently large to completely decouple the two FM layers. For H = 0, I find ¢p, and ¢p,,
to be the same. This is a result that is fully consistent with the expected behavior of the
designed sample, given that both films have the same EA orientation, and thus the magneti-
zation vectors naturally align even without coupling. As H is increased, the Co layer rotates
more strongly and in near saturation, ¢y, achieves values close to zero, as this layer is mag-
netically softer than the Co-Pt layer [20,21]. The Co-Pt magnetization also rotates upon ap-
plying an increased field strength, but it does not reach saturation with the field values avail-
able in our experiment. The results also exhibit the expected behavior regarding the magnet-
ization switching at each layer’s coercive field, which requires larger reverse H values for the

Co-Pt layer than for the Co layer.

3 Ten number of points are not considered, compared to the total field value number of 241 utilized.
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Figure 5.10 Magnetization vector orientations @m, and @y, vs H for the decreasing field hysteresis loop
branch. The dark red lines represent the Co layer magnetization angle and the yellow line the correspond-
ing angle of the Co-Pt layer. From (a) to (d), the results correspond to samples with NM interlayer thick-
ness t of 8,7, 6, and 5 nm, respectively, with the same nominal EA orientation @, = 75 deg. Insets in

the top right corner of each subfigure are included, with two representations. The first ones are a zoomed-
in view to better observe the details of the Co layer magnetization angle and the coercive field values with
the inset in (d) having illustrative error bars representing the 95% confidence intervals of our fitting pro-
cedure. The second representation included on the insets of all sub-figures are model calculations for two
macrospins exhibiting different anisotropy constants and a FM coupling strength that increases from (a)

to (d), with H normalized to the anisotropy field Hy, .

The results for samples with t = 7,6 and 5 nm are shown in Figs. 5.10(b-d). We observe
here a similar behavior to the one shown by the sample with t = 8 nm, namely that the Co
layer saturates for high field values while the Co-Pt layer does not. We also see again that the
magnetization switch of the Co layer happens before that of the Co-Pt layer. Moreover, there
are two additional effects to notice here, best visible for t = 5 nm sample, shown in Fig. 5.8(d):
the coercive fields of each of the two FM layers are more similar to each other if compared to
the thicker t = 8 nm sample of Fig. 5.10(a); also one can see that the Co layer magnetization
angle shifts by a few degrees at the very field value at which the Co-Pt layer inverts. These
effects are better observed by looking at the zoom-in of the angle vs. field data displayed in
the left insets of Figs. 5.10(a-d), with the one of Fig. 5.10(d) displaying representative error
bars. The progression of the coercive fields with thickness t indicates that a noticeable FM

interlayer exchange coupling occurs upon decreasing t. For t < 5 nm, this FM interlayer
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coupling becomes strong enough, so that the double step switching is not observed. Addition-
ally, as the Co-Pt switches, the local free energy minimum of the Co layer changes slightly, if
there is a FM coupling between both layers. This induces the small, but abrupt rotation of
the Co layer at this field, even if it is not inverting its magnetization at this point. Therefore,
I can detect the magnetization reversal impact of a modest FM interlayer exchange coupling
for the sample with t = 5 nm. We also see the evolution of the FM interlayer coupling, starting
from the uncoupled state for the t = 8 nm sample via intermediate thicknesses t = 7 and 6
nm in Figs. 5.10(b,c) towards the significant magnetization reversal modifications for the sam-
ple with t = 5nm (Fig. 5.10(d)).

To verify this data interpretation, I have modelled the magnetization reversal behavior
for a two macrospin model with aligned EA, different anisotropy constants and exhibiting
different interlayer exchange coupling strengths J. A zoom-in of these model calculations are
shown as the right insets in Figs. 5.10(a-d) with increasing J from (a) to (d), while keeping all
other model parameters constant. As observed, these calculations confirm the key experi-
mental features and associated explanations extremely well. In turn, this means that, while
the observation of a magnetization orientation jump in the Co layer at the Co-Pt switching
point seemed to imply a methodological limitation of isolating individual layer signals, it is
instead an accurate observation of the exact physical behavior that the FM interlayer coupling
generates in the Co layer. Correspondingly, these experimental results underscore the ability
of the here-tested methodology to detect such fine details, just as true layer-resolved vector

magnetometry should.

5.3.4 Extension to more than 2 layers: limits and perspectives of

depth-resolved vector magnetometry

A natural next step in advancing layer-resolved vector magnetometry is its extension to mul-
tilayer systems with more than two FM layers. To explore this possibility, the fabricated FM
trilayer samples were specifically engineered to exhibit three-step magnetization reversal pro-
cesses. These samples contain three FM layers with differing magnetic anisotropies and inter-
layer coupling strengths tailored to ensure that each layer reverses at a distinct coercive field.
This behavior is a necessary prerequisite for enabling independent tracking of each layer’s

magnetization vector.

From a theoretical standpoint, resolving the magnetization vectors of three (or more)
independent FM layers should still be formally overdetermined. It would require increasing the
number of independent data sets measured. While the two-layer case is solved using the real

and imaginary parts of the two in-plane magneto-optical coefficients @ and f8, the addition of a
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third FM layer introduces N+4 values to be determined: the third magnetization angle ¢5 and
its corresponding complex MO coefficients @, and f5. To solve this expanded system, an addi-

tional linearly independent data set is required.

This additional information can be obtained by performing GME measurements at a sec-
ond wavelength. Since the MO coefficients depend on the optical constant N and the MO cou-
pling constant Q of each layer of the sample and both N and Q depend on the wavelength, the
real and imaginary parts of & and § measured at two different wavelengths represent distinct
linear combinations of the layer contributions. This multi-wavelength strategy would enable the
mathematical overdetermination of the system and, in principle, allows for the extraction of the

full vector magnetization profile across three FM layers.

The results from GME measurements of the sample with Co-Ru alloy interlayer with
50% of Ru and with a thickness t = 4 nm are included in Fig 5.11. The measurements were
performed under a field orientation of @, = 15 deg with the ultralow-noise 635 nm laser (a-f)
and the tunable wavelength laser with A = 596 nm (g-1). The in-plane hysteresis loops are
represented in Fig. 5.11(a~e) and (g-j) for the two laser sources, where the real and imaginary
values of the MO parameter & as a function of the applied field H are included in Figs. 5.11
(a,b) and (g;h), and Figs. 5.11(c,d) and (i,j), the corresponding real and imaginary parts of /3.
In a similar fashion as for the two FM layer samples, the reversal steps can be observed, which
now are three, each one corresponding to one of the three independent FM layers of the sample.
Now, the continuous variation with field associated with the rotation of the magnetization vec-
tor is smaller, because the field orientation angle is smaller in these measurements (¢, =
15 deg), as a compromise between seeing the three reversals clearly and achieving some degree
of rotation of the magnetization vectors. Additionally, Fig. 5.11(e) and (k) show the real and
imaginary parts of the pure optical parameter 7; as a function of the applied external field H,
remaining constant for all H values. From the field dependence of R? represented in Fig. 5.11(f)
for the ultra-low noise 635 nm laser, one can see that our Al/I experimental data are very
precisely reproduced by the fit to the AI/I(6;,0,) theoretical description given by Eq (3.11)
everywhere, as the R? values are better than 0.98 virtually in the entire field range. In the case
of the tunable wavelength laser with A = 596 nm, the R? represented in Fig. 5.11(1) is not as
good.

Indeed, the tunable wavelength laser source did not have sufficient stability and signal-
to-noise ratio to produce a comparably good data set. Figure 5.12 shows the intensity stability
of the ultra-low noise 635 nm laser and the tunable wavelength laser in comparison. As a result,
the acquired data set lacked the precision and robustness required to reliably extract the mag-

netization angles of all three FM layers over the full field range.

105



Chapter 5

Despite these limitations, the framework for depth-resolved vector magnetometry with
three FM layers has been established. The experimental observations confirm the presence of
independent magnetization switching events, and the theoretical requirements for full vector
resolution are well-defined. Future efforts will focus on improving the optical setup to enable
reliable multi-wavelength GME measurements. Additionally, complementary approaches such
as angular-dependent GME could be explored to further increase the level of overdetermination
by the data sets.
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Figure 5.11 Experimental in-plane hysteresis loop data for the three FM layers sample with CoRuys (t = 4
nm) alloy interlayer for a sample orientation of @y = 15 deg, with (a-f) displaying the GME results for
the ultra-low noise 635 laser and (g-1) the equivalent results for the tunable wavelength laser with A =
596 nm.
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Figure 5.12 Intensity stability of the ultra-low noise A = 635 nm laser (a) in comparison with the tunable
wavelength laser (b-e) for four different wavelengths (b) 550 nm, (¢) 596 nm, (d) 635 nm and (e) 675
nm.
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5.4 Conclusions and outlook

In our study here, I accomplished the unambiguous detection of non-collinear magnetization
states in FM;/NM/FM, multilayers by measuring the complete set of field-dependent MO co-
efficients via GME. In order to demonstrate non-collinearity clearly, I grew a series of epitaxial
samples with Co/Co—Ru/Co—Pt magnetic multilayers, which contained different Co—Ru thick-
nesses t in order to vary the FM interlayer exchange coupling strength between the two FM Co
and Co—Pt layers. These samples were specifically designed to exhibit uniaxial magneto-crystal-
line anisotropy in both FM layers with aligned in-plane EA and macrospin behavior, which
permitted us to rotate the magnetization vectors in both layers and accordingly induce collinear
to non-collinear magnetization state transitions by varying the applied field strength. For the
MOKE measurements, I utilize the GME characterization technique to precisely determine the
full complex values of the MO coefficients of the reflection matrix as a function of the applied
field strength H. In these measurements, one observes that the phase factors of the complex-
valued MO coefficients for the in-plane magnetization components vary with field, which is a
clear indication for the evolving non-collinear magnetization state with field strength in films
that have sufficiently weak interlayer coupling strength, i.e. large t. This data interpretation is
based on the assumption that the MO parameters in magnetic multilayers can be expressed as
a sum of the individual MO parameters for each layer, which I tested numerically by means of
simulations based on the transfer matrix method. Thus, I have successfully demonstrated the
ability of MO measurements to detect non-collinear magnetization states in magnetic multi-

layers by monitoring the phase evolution of @ and § with applied field.

Moreover, I achieved layer-resolved vector magnetometry by means of MO measure-
ments. Utilizing a suitable test set of FM/NM/FM multilayers, I demonstrated the ability of
GME measurements to independently follow the magnetization angles of two different FM lay-
ers with in-plane macrospin behavior as a function of the applied field. This achievement is a
significant step toward the long-term goal of characterizing the full depth dependence, in a
layer-resolved way, of the magnetization vector in complex multilayer samples. A measurement
and analysis scheme including the corresponding length variations of the magnetization vector
is not necessarily beyond the capabilities of our general approach, but it is not demonstrated

by our work here.

It should be feasible for a larger number of layers to be included in the analysis if the
database is extended by other means, such as multiple angles of incidence or wavelengths.
However, the full vectorial resolution for three FM layers was not achieved in the present work
due to technical constraints, but the path towards multilayer vector magnetometry is clearly

defined. With appropriate enhancements in measurement capability, GME can be extended to
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enable quantitative, depth-resolved analysis of increasingly complex magnetic multilayer sys-

tems.

To sum up, this chapter introduces and validates the GME methodology for the detec-
tion of non-collinear magnetic states and the achievement of layer-resolved vector magnetometry
in multilayer systems. The approach is broadly applicable, experimentally accessible, and capa-
ble of yielding detailed magnetic information without destructive sample preparation or restric-

tive assumptions. It represents a significant advance in experimental magnetometry.
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Chapter 6
Other applications of GME

This chapter provides a continuation of the magneto-optical investigations presented in earlier
parts of the thesis, but with a focus on applications other than vector magnetometry. More
specifically, with a focus on the observation of anomalous/unexpected magneto-optical (MO)
signals in magnetic multilayer structures, where novel magnetic behavior emerges due to struc-
tural asymmetry, interfacial interactions, or complex coupling. These findings not only expand
the understanding of the MO Kerr effect (MOKE) but also establish it as a powerful probe in
systems with subtle or complex magnetic textures.

The chapter is divided into two Sections:

- observation of anomalous polar MOKE (P-MOKE) behavior in asymmetric Co/Th
multilayers, associated with magnetic non-uniformities that can generate topological
MOKE, and

- observation of anomalous P-MOKE in exchange-coupled uniaxial magnetic thin
films, accurately explained by interlayer Dzyaloshinskii-Moriya interaction (DMI),

with each section having its own introduction and motivation, a description of the sample de-

tails, the experimental results, and conclusions and outlook.



Chapter 6

6.1 Observation of excess P-MOKE signals in
asymmetric Co/Tb-multilayers

We study the MO properties of asymmetric Co/Th-multilayers that are designed to exhibit
considerable DMI and weak perpendicular magnetic anisotropy. These structural features
should enable the formation of non-uniform magnetization states at intermediate magnetic

field strengths, which cause a corresponding net magnetization reduction.

However, at the same time, we observe an excess P-MOKE signal that increases beyond
its value at saturation and that is fully anticorrelated with the magnetization in its field
dependency. We also find a very strong wavelength dependence of this excess polar MOKE
signal that is very different from the MOKE behavior at saturation. All experimental data
can be quantitatively explained by an additional P-MOKE mechanism that is associated with
magnetic non-uniformities, such as for instance skyrmions, which have already been demon-

strated to generate topological MOKE in certain compounds.

6.1.1 Introduction and motivation

As already presented in Chapters 4 and 5 of this thesis, some deviations from the linear
approximation of MOKE are related to materials symmetry and require a full tensorial de-
scription of Q [1,2]. Other or additional magnetic order parameters, such as non-collinear
antiferromagnetic order, can also generate effects analogous to the linear MOKE of ferromag-
nets [3-6]. It has also been reported that non-uniform magnetic structures that exhibit non-
trivial topologies, such as magnetic skyrmions, can give rise to an unconventional linear mag-
neto-optical effect, the topological MOKE [7,8]. Even if it is generally expected that this effect
should be vanishingly small [9], there have been recent reports of topological MOKE observa-
tions that are associated with the skyrmion lattice states of Gd,PdSis and the two-dimensional
ferromagnet CrVIg [8,10], in addition to the linear MOKE observations of non-collinear anti-

ferromagnets [3—6].

This raises the question, if unconventional linear MOKE is an occurrence in materials
that have the potential to exhibit unconventional magnetic order, including topological non-
uniform magnetization structures. My goal in this part of the thesis is to investigate this
question experimentally and quantitatively in a precise manner. Specifically, I aim to deter-
mine if anomalous excess MOKE signals might occur in otherwise rather conventional mag-

netic multilayers.
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6.1.2 Sample design and fabrication

We fabricated a series of polycrystalline multilayer samples by means of DC-sputter deposi-
tion. These samples exhibit perpendicular magnetic anisotropy and asymmetry in the layer
structure, as can be seen in Fig. 6.1(a). The repeated multilayer unit consists of Pt/Co/Th/W.
Below and above it, Ta layers are included for the purpose of improved adhesion and oxidation

protection only.
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Figure 6.1 (a) Schematic of our sample structure: the multilayer sequence consisting of Pt, Co, Th and W
layers is repeated 10 times; all layer thicknesses are listed with the exception of the Co layer, whose thick-
ness t was varied. (b) Co thickness t evolution of the saturation magnetization Mg of our multilayer films
and associated linear fit. (¢) Normalized in-plane magnetization curves for our magnetic multilayer sam-
ples having Co-layer thicknesses t of 1.6 nm, 1.8 nm and 2.0 nm, exhibiting anisotropy fields of 14.0 kOe,
9.5 kOe, and 5.4 kOe, respectively. (d) — (f) grazing angle z-ray reflectivity data of 8 samples (blue lines),
representing t = 1.6 nm (d), 1.8 nm (e), and 2.0 nm (f) in comparison to least-squares fits of the multi-

layer structures (red lines).

The idea of the sample structure is two-fold: first, to break inversion symmetry by
choosing different top and bottom non-magnetic interface materials, namely Pt and W. Addi-
tionally, the central magnetic layer itself is made asymmetric by using Co on the bottom and
Th on top. This approach is designed to facilitate the generation of sizeable DMI strength,

which has the potential to generate deviations from simple ferromagnetic order [11-13].

Secondly, the interface induced perpendicular anisotropy in these multilayers can be
tuned by a simple variation of the Co layer thickness t. This allows one to generate rather

easily magnetic film samples that have only a very weak overall magnetic anisotropy due to a
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near perfect balancing of interface induced perpendicular and magnetostatic in-plane anisot-
ropy [14,15]. Corresponding anisotropy measurements for our samples exhibit exactly this de-
pendency. Fig. 6.1(c) includes the normalized in-plane magnetization curves for samples hav-
ing a nominal Co-layer thickness t of 1.6, 1.8 and 2.0 nm, identifying the corresponding
anisotropy fields Hy of 14.0, 9.5 and 5.4 kOe, respectively. This demonstrates a very relevant
reduction of effective anisotropy upon increasing the Co layer thickness, leading to an energy
balance that makes non-uniform magnetic textures viable for sufficiently large t. It is well
known, that in this parameter range, magnetic multilayers are very susceptible to small energy
variations and already small modifications can cause very relevant magnetic state modifica-
tions, such as the formation of various non-uniform states [12]. Thus, upon tuning t, the net
magnetic anisotropy can be modified and thus the relevance of DMI can be turned on or off

in a very simple manner.

Furthermore, it is worth noting that the antiparallel orientation of the Co and Tb
magnetizations, which is experimentally confirmed by the negative axis intercept at t = 0 in
Fig. 6.1(b), leads to an overall reduced total magnetization. This modifies the critical Co
thickness, at which the anisotropy is compensated to larger t values, which in turn can be
better controlled [14,15].

The growth quality of our samples has been confirmed by means of x-ray reflectivity
(XRR) measurements, as shown in Figs. 6.1(c)-1(e) for three samples having different t. Both,
the total thickness and the multilayer oscillations are very clearly visible and they match the
utilized multilayer model very well. Least-squares fits to the model have been done utilizing
the AMASS XRR software, with the fitting parameters being included in Tables 6.1, 6.2 and
6.3. The multilayer peak shifts that are associated with increasing t are very visible if one
compares the results for these three samples with relevant peaks moving towards smaller 26
values in the XRR data.

Layer | Density (qg/cm’) | Thickness (nm) | Roughness (nm)
Taz0s 7.99 1.90 0.18
Ta 16.33 2.37 0.01
W 21.51 1.05 0.11
Th 18.42 0.78 0.2
Co 4.77 1.49 0.19
Pt 24.95 1.09 0.53
Ta 20.86 4.75 0.19
SiO, 2.39 193.5 0.40
Si 2.388 600000 0.11

Table 6.1. Fitting results of the logarithm of the z-ray reflected intensity for the sample with nominal Co
thickness t = 1.6 nm. The corresponding R? value is 0.984. The layers marked in grey have been repeated

10 times in the model structure with the fitting parameters being identical for all repetitions.
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Layer | Density (g/cm’) | Thickness (nm) | Roughness (nm)
TaxOs 7.90 1.87 0.22
Ta 15.84 2.20 0.15
W 21.08 1.18 0.17
Th 18.22 0.73 0.15
Co 5.93 1.87 0.01
Pt 26.18 0.79 0.53
Ta 18.31 4.87 0.27
Si0- 2.61 207.93 0.36
Si 2.32 600000 0.01

Table 6.2 Fitting results of the logarithm of the x-ray reflected intensity for the sample with nominal Co
thickness t = 1.8 nm. The corresponding R? value is 0.976. The layers marked in grey have been repeated

10 times in the model structure with the fitting parameters being identical for all repetitions.

Layer | Density (g/cm’) | Thickness (nm) | Roughness (nm)
TaxOs 8.68 2.13 0.31

Ta 17.39 2.25 0.003

W 22.39 0.93 0.24

Th 20.77 0.85 0.01

Co 5.06 2.06 0.14

Pt 26.38 0.97 0.35

Ta 20.14 5.01 0.1

5102 291 197.14 0.26

Si 2.32 600000 0.03

Table 6.3. Fitting results of the logarithm of the z-ray reflected intensity for the sample with nominal Co
thickness t = 2.0 nm. The corresponding R? value is 0.957. The layers marked in grey have been repeated

10 times in the model structure with the fitting parameters being identical for all repetitions.

In summary, we have fabricated a multilayer thickness series with an asymmetric struc-
ture that can generate relevant levels of DMI and is furthermore tunable in terms of its net
perpendicular anisotropy, so that DMI related magnetization states and potentially associated
excess MOKE have favorable conditions or are suppressed, depending on t. After fabrication,
we have investigated our samples by means of vibrating sample magnetometry (VSM) to verify
their magnetization orientation and reversal properties and by means of generalized magneto-
optical ellipsometry (GME) and Kerr microscopy to quantify their precise MO properties and

micromagnetic structures.
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6.1.3 Results and discussion

Figures 6.2(a)-(c) show VSM measurements of the out-of-plane magnetization M as a function
of field H for three samples with nominal Co-thicknesses t = 1.6, 1.8, and 2.0 nm. All curves
show weak perpendicular anisotropy behavior with low saturation fields and a pinched central
hysteresis that is indicative of perpendicular domain formation at low fields [15-17]. Also, the
slanting of the central hysteresis loop portion increases with increasing t, which is fully con-

sistent with the intended reduction of perpendicular anisotropy [15-17].

GME measurements were performed for the same samples and perpendicular field ori-
entation to corroborate all aspects of our VSM observations. Figures 6.2(d)-(f) show the ob-
tained MOKE coefficients. Given the vector magnetometry capabilities of GME [18-22], all
three magnetization components associated parameters are determined simultaneously. We
observe that the in-plane longitudinal MOKE & and transverse MOKE f are vanishingly small
in the entire field range, while the out-of-plane polar MOKE ¥ shows a hysteresis-like behavior.
This corroborates the occurrence of a perpendicular domain state in the low field region with
no net in-plane magnetization being observed. We also find that the polar MOKE signal in
saturation shows no relevant field dependence and that its amplitude scales with t, as dis-
played in the inset of Fig. 6.2(f), in almost the exact same manner as the magnetization in
Fig. 6.1(b). Accordingly, all films exhibit an antiparallel magnetization state in between the
Co and Tb films for the maximum field strength applied here, with the total magnetization
and the polar MOKE amplitude linearly increasing with t.

There is, however, one aspect of the data in Fig. 6.2 that is not compatible with this
conventional picture. For the t = 2.0 nm sample that exhibits weak effective anisotropy as well
as DMI, the VSM magnetization shows a noticeable reduction of its magnetization in the field
range UoH = 70 — 450 mT, even before conventional domain states form, which does not
occur for thinner films. Furthermore, this M reduction is not accompanied by a polar MOKE
reduction, but instead ¥ vs. H seems to increase slightly above its saturation value upon reduc-

ing H in this intermediate field range.

To visualize this anomaly better, Fig. 6.3(a) shows a zoom-in of |¥| vs. H data for these
three samples for the hysteresis loop branch with decreasing field strength. Here, we observe
conventional behavior for two of the samples (t = 1.6 and 1.8 nm), whereas the data show an
anomalous increase of the polar MOKE signal upon decreasing the field for the t = 2.0 nm
sample. This increase of |¥| occurs simultaneously with the small and non-hysteretic magneti-
zation reduction in the H = 70 — 450 mT field range. Thus, in the t = 2.0 nm sample and this
field range, the conventional linear relationship in between magnetization and linear MOKE is

not conserved and is instead inverted.
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Figure 6.2 VSM magnetometry M vs. H data (a) — (¢), compared to GME data (d) — (f) for the same
samples using an applied magnetic field H along the surface normal. The plots show data for t = 1.6 nm
(a, d), 1.8 nm (b, e), and 2.0 nm (c, f) samples. The dashed lines in each subplot represent high field sat-

uration values as guides to the eye. The plots (d) — (f) display in addition to the polar MOKE quantity

Re(¥) (blue line), signals associated with the longitudinal MOKE (Re(&), orange line) and transverse
MOKE (Re(f), green dash-dotted line). The inset in (f) displays the thickness t evolution of Re(¥) in sat-

uration for our multilayer films (dots) in comparison to a linear fit (line).

This aspect is displayed in Fig. 6.3(b), which shows a conventional linear polar MOKE
|#] vs. M correlation for the t = 1.6 and 1.8 nm samples in the pgH > 70 mT field range,
while the t = 2.0 nm sample shows a clear anti-correlation behavior between || and M.
Hereby, it is important to emphasize that we do not observe a loss of correlation, but an obvious
inversion of its sign, resulting in the anti-correlation of excess polar MOKE |y¥| with the field
strength and the magnetization reduction. It is also worth noting that second order magneto-
optical effects cannot be responsible for this deviation, because they are rigorously removed
from the data in the GME analysis scheme [19]. So, an unconventional excess polar MOKE
occurs in this type of sample, which exhibits a still linear magnetization dependence, but with
inverted slope, in addition to the also present conventional linear MOKE that is proportional

to M, and which can be visualized by directly comparing MOKE with magnetometry data .

! The fact that the linear slope for the t = 1.6 and 1.8 nm samples in Fig. 2(b) is not 1, but considerably
smaller is a common occurrence if one compares VSM and MOKE data. It stems from the fact that in
MOKE only a central portion of the sample is measured, whereas VSM measurements include the entire
sample, including sample boundaries, in which imperfect magnetization behavior due to an increased de-
fect density occurs more frequently. The different sample averaging in between VSM and MOKE measure-
ments can lead to a slope modification, but it cannot result in the type of slope inversion that is observed

117



Chapter 6

In this anomalous field regime, the excess y does not coincide with any in-plane MOKE
signal (see Fig. 6.2(f)) and does not exhibit any hysteresis, as can be seen in Fig. 6.3(c), where
the difference signal 8% between the two hysteresis loop branches is plotted. Here, we find no
difference in behavior between the field ranges that correspond to saturation at high field values
and intermediate field strengths (yellow highlighted), where the excess polar MOKE occurs for
both branches of the field cycle. The here observed behavior is very different from other multi-
layer observations, in which samples exhibit a breakdown of MOKE vs. M correlation due to
spin-flop transitions, for instance, that can be associated with the different layers contributing
differently to the total signal as a function of field [23]. In the case here, the correlation is fully
preserved, just its sign is inverted. Also, no phase transition seems to occur in the anomalous
regime, given the complete lack of hysteresis. Furthermore, the M vs. H, the || vs. H, and the
M vs. t behavior are all fully consistent with an antiparallel Co/Th magnetization state, even
at the largest applied field, so that there is no apparent mechanism that would drive a layer

dependent magnetization reorientation as a function of field.
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Figure 6.3 Saturation behavior of the polar MOKE signal |7| in our samples; (a) displays |¥| vs. H for
decreasing field amplitude for the t = 1.6, 1.8, and 2.0 nm (blue, green and red dots, respectively) sam-
ples; the thin colored lines are guides to the eye. For comparison, the M vs. H data for decreasing field
strength for the t = 2.0 nm sample are displayed as a grey line (the respective axes assignment is indi-
cated by the black arrows); (b) |¥| vs. M dependence, measured for decreasing field amplitude for the
three t = 1.6, 1.8, and 2.0 nm samples; the dashed colored lines represent linear fits to the data; (c) po-
lar MOKE signal difference 8y between the decreasing and the increasing field branch measurements vs.
H for thet =

360 mT, respectively, demonstrating the absence of detectable domain pattern for all fields pgH > 70 mT

2.0 nm sample; insets in (c) are MOKE microscopy images taken at uoH = 60, 75 and

on the decreasing field branch; the vertical yellow lines in (a) and (c) indicate the field range, where
anomalous MOKE signals occur in both branches.

To further elucidate the nature of this anomalously increased polar MOKE signal, my

collaborators have conducted Kerr microscopy observations for different field strengths [24].

for the t = 2.0 nm sample, given that no MOKE signal increase can occur due to mere averaging differ-

ences in between the two measurement methods.
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Exemplary MOKE-microscopy images are displayed as insets in Fig. 6.3(c). Here, the t = 2.0
nm sample shows the expected high field and low field behavior, displaying a saturated uniform
state at high field and a perpendicular multi-domain state at sufficiently low magnetic fields
after surpassing the domain nucleation threshold [15]. In the anomalous MOKE regime, it can-
not be observed any indication for static domain or skyrmion generation. Instead, uniform mag-
netization states are found on the time and spatial resolution level that can be achieved with
the MOKE microscope. This indicates that the magnetic non-uniformities that occur in the t =
2.0 nm sample, and which lead to the magnetization reduction must be smaller than the reso-
lution limit or fluctuation like states into which the uniform state locally fluctuates, because
DMI and perpendicular anisotropy are designed to be in near balance. The latter possibility
seems to be supported by the lack of hysteresis in the intermediate field range in my GME and
VSM data. In addition, it should be mentioned that my observation of having an intermediate
field strength occurrence of M and polar MOKE anomalies is consistent with other skyrmion

and skyrmion lattice observations [8,25].

The simultaneous nature of our M vs. H and ¥ vs. H observations can be understood in
that below a threshold field of about 450 mT, a field-dependent fraction f(H) of the sample is
in a non-uniform magnetization state, such as for instance, a skyrmion or skyrmion fluctuation.

Such a state would reduce the total magnetization as
M H)=1-f(H
() = 1= (), 61)
At the same time, the conventional linear polar MOKE ¥;;, will be reduced proportionally
SE(H) = 1= f(H). (6.2)

with ¥; being the polar MOKE at saturation. However, the experimentally observed polar
MOKE ¥,y does not reduce, so that the non-uniform magnetization entities must generate an
unconventional excess polar MOKE ¥ proportional to their relevant density f(H). Thus, in
total

Forp(H) = 75(1 = F(H)) + Fef (H) = 75 + MFef (H) = Fo+ 07 [1—r ()], (63)

with A¥g = g — ¥ . Accordingly, the ¥y, vs. M anticorrelation in Fig. 6.3(b) is clearly possible
as long as an excess MOKE mechanism exists and is larger per unit area than the conventional
linear polar MOKE ¥;;,,. As one can see from Fig. 6.3(b), my experimental data are very well

described by Eq. (6.3), which supports my formal excess MOKE description.

To better characterize the excess MOKE and possibly elucidate its origin, I have con-
ducted spectroscopic MOKE measurements. If this excess polar MOKE has a topological MOKE

origin, it should exhibit a wavelength dependence that is substantially different from the
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conventional linear MOKE, due to its different formal origin, and thus one would expect to find

a strongly A-dependent Ay /¥, [7,8]. This is indeed what I observe.

Figure 6.4(a) shows that there is a very significant wavelength dependence of the excess
polar MOKE with the anomaly becoming stronger for longer wavelengths A and basically dis-
appearing at 4 = 545 nm. One can also see that the field value, at which the anomaly sets in,
is the same for all measurements independent from A, and consistent with an observation-inde-
pendent occurrence of magnetic non-uniformities, such as skyrmions or skyrmion-like enti-
ties [8]. Thus, all data in Fig. 6.4(a) are described by Eq. (6.3), making the assumption of a
unique and A-independent M(H) and a A-dependent Ayg. The solid lines in Fig. 6.4(a) are fits
to Eq. (6.3) under the additional assumption that M(H) = M, for uygH > 450 mT, which de-

scribe all data very well.

Figure 6.4(b) shows the resulting quantitative Ay /¥, values vs. 4 for the combined fit
of all data, displaying a strong variation of Ayg/¥;. While it essentially vanishes for 4 = 545
nm, it increases strongly for larger wavelengths and leads to significant excess polar MOKE
amplitudes in the t = 2.0 nm Pt/Co/Th/W multilayer sample, which exhibits very low effective
anisotropy and thus is designed to enable non-uniform magnetization structures that depend on
the DMI-to-anisotropy balance. It should also be mentioned that the quantitative Ay /¥s-val-
ues, shown in Fig. 6.4(b), represent a lower estimate, given that they are based on VSM deter-
mined M (H)-data, which might differ slightly from M (H) in the laser spot area that is utilized

for my MOKE measurements.
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Figure 6.4 (a) Saturation behavior of the polar MOKE signal Re(¥) vs. H for the t = 2.0 nm sample and
different wavelengths A; the experimental data are shown as points, whereas the lines represent least-
squares fits of the data to Eq. (6.3); the different wavelength data are represented by different colors as
defined in the legend; (b) extracted excess polar MOKE values Re(A7g)/ Re(¥s) vs. A according to Eq.
(6.3), shown as black dots using the left-side scale, in comparison to the A dependence of the saturation
polar MOKE signal Re(¥s), shown as blue stars using the right-hand scale. Error bars for Re(¥s) are con-
sistently smaller than the symbol size and thus not shown.
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6.1.4 Conclusions and outlook

I have studied the magnetic and MO properties of asymmetric Pt/Co/Tb/W multilayers that
are designed to exhibit considerable DMI and low effective perpendicular magnetic anisotropy.
By tuning the Co layer thickness, we created samples with varying net anisotropy, which should

enable the controlled appearance (or suppression) of non-uniform magnetic states.

Accordingly, in samples where DMI and anisotropy are nearly balanced, we observe a
net magnetization reduction at intermediate field strengths that is indicative of the occurrence
of non-uniform magnetization states in some fraction of the sample. Simultaneously with this
non-hysteretic magnetization reduction, we observe a polar MOKE signal in the visible spectrum
that increases beyond the saturation level, exhibiting a very precise anti-correlation of magnet-

ization and excess polar MOKE signal.

All observations are quantitatively described by a model in which a field-dependent
fraction of the sample enters a non-uniform magnetic state. This fraction reduces the conven-
tional magnetization and linear MOKE response, while simultaneously generating an additional
polar MOKE contribution. The resulting excess MOKE behaves linearly, but with an inverted

slope relative to the magnetization.

Spectroscopic measurements reveal that the excess polar MOKE has a different wave-
length dependence compared to conventional MOKE. This strong spectral dependence supports
an interpretation in terms of a topological MOKE, consistent with the presence of skyrmions or

skyrmion-like fluctuations as the origin of the observed excess signal [26,27].
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6.2 Anomalous P-MOKE signal in exchange-coupled

uniaxial magnetic thin films

Interlayer exchange coupling between magnetic films in a multilayer structure has long been
a fundamental research topic in magnetism. Recent interest has focused on interlayer exchange
coupling mediated by the DMI across a mediating layer, which introduces the possibility of
engineering 3-dimensional magnetic structures into multilayer systems. In this work, I come
back to the epitaxial ferromagnetic (FM;)/non-magnetic (NM)/FM, multilayers investigated
in Chapter 5, where the FM layers have different composition and anisotropy strengths, but
both possess uniaxial in-plane anisotropy and share the same easy axis (EA) orientation. In
Chapter 5 I focused on the in-plane MOKE parameters (& and f§), but an anomalous out-of-
plane MOKE observation was found for some of these samples under certain conditions. This
polar MOKE does not affect the results nor conclusions stated in Chapter 5: as an estimation,
the polar effect is typically 10 times larger than the longitudinal effect for full magnetization
orientation along the respective axis. Now the longitudinal effect for these samples and meas-
urements is about 3 times larger. This would mean that the out-of-plane angle is about 1/30 in
radians, which means that the magnetization rotates about 2 deg out of plane. In turn, the in-
plane magnetization components are cos(2°) = 0.999 of the full in-plane case. Thus, the in-

plane behavior can be sensibly assumed to be unperturbed from the pure in-plane case.

This experimentally observed anomalous polar MOKE signal cannot be explained by
conventional bilinear or biquadratic coupling, but it could be replicated considering interlayer
DMI (IL-DMI). My findings demonstrate how interlayer coupling interactions can work to
produce a net out-of-plane magnetization in nominally in-plane magnetic multilayers, that can

be directly determined with GME measurements.

6.2.1 Introduction and motivation

The phenomenon of interlayer exchange coupling in magnetic multilayers has been the subject
of intense study for several decades already, largely due to its impact on fundamental magnetic
properties and relevance for technological applications [26-30]. While bilinear and biquadratic
coupling mechanisms were already thoroughly established in the 1990s, focus has recently
shifted towards exchange interactions that have a helical nature and originate from the
DMI [31,32]. Originally introduced by Dzyaloshinskii [31] and later formulated by Moriya [32],
the DMI arises from spin-orbit coupling in systems lacking inversion symmetry and has been
widely recognized for stabilizing non-collinear and chiral spin textures such as spin spirals and
skyrmions [27,33]. Although most DMI studies center on interfacial phenomena within ul-

trathin FM/ heavy metal interfaces, emerging experiments and theory show that DMI can
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also propagate across non-magnetic spacers, giving rise to interlayer DMI [27,34-39]. This
interlayer interaction provides new possibilities and additional design freedom for achieving

three-dimensional chiral magnetic textures in multilayers.

Indeed, recent theoretical and experimental studies have shown that DMI contributions
can be both interlayer and intralayer in nature, and that IL-DMI related magnitude can os-
cillate with spacer or capping thickness due to RKKY-type interactions or orbital hybridiza-
tion effects [34,35,40]. Moreover, IL-DMI can be manifested in synthetic antiferromagnets and
multilayers with strong spin-orbit coupling (SOC) materials such as Ru, Pt, Pd and Ir where
it can induce orthogonal magnetization alignments, chiral domain wall motion, and field-free
spin-orbit torque switching [40-42]. Experimental confirmation of IL-DMI has relied primarily
on transport-based methods such as anomalous Hall effect (AHE) and loop asymmetry meas-
urements [41,42], while Brillouin light scattering has been used to probe interfacial DMI via
non-reciprocal spin-wave dispersion [43]. More recently, MO techniques have also been used
to detect IL-DMI in systems with weak SOC, as in the case of Co/Ag/Co trilayers [22].

Here, I demonstrate that IL-DMI can be generated in a fully epitaxial system with in-
plane uniaxial anisotropy, in contrast to previously studied systems with perpendicular mag-
netic anisotropy (PMA) or a combination of PMA and in-plane anisotropy. I measure the MO
signal produced by a FM/ NM/ FM multilayer system. The two FM thin films share the same
in-plane EA, but differ in their composition and anisotropy strength in order to break the
symmetry and generate IL-DMI. Indeed, the symmetry breaking in our study does not come
from the overall structure itself, but from the different composition of the two FM layer. By
means of GME, I quantify the three-dimensional magnetization vector, observing an out-of-
plane magnetic signal that cannot be explained by conventional bilinear or biquadratic ex-
change models, but is successfully reproduced by including an IL-DMI term in a macrospin

model.

6.2.2 Sample design and fabrication

The multilayer system here utilized consists of the FM;/ NM/ FM; epitaxial multilayer created
to accomplish layer-resolved vector magnetometry for two FM layer samples. Let me remind
you that the two FM thin layers consisted of a 2 nm Co layer and a 2.1 nm CogssPto14 (Co-Pt)
layer, as previously included in Fig. 5.2(a) and indicated here again in Fig. 6.5(a). These layers
have different anisotropy strengths but the same EA orientation. The NM layer of CogsRuoa1
has a thickness t systematically varied from sample to sample. By its sheer designed nature, the
structure is asymmetric, thus DMI could in principle appear. The out-of-plane signals for these
samples are very weak, but not completely absent in all of these samples. Therefore, I conducted
an in-depth study for a few selected films to check if anomalous P-MOKE signals occur and

how they could be explained, given that without DMI, no mechanism should move the layer
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magnetizations out of the plane. Specifically, I look in detail at three thickness cases: t = 0, 2.35

and & nm.

- For t = 0 nm, the FM layers are fully coupled, and as the two magnetization vectors
rotate synchronously, there is no symmetry breaking happening and no IL-DMI
should be generated.

- For t = 8 nm, the FM layers are fully decoupled (see Fig. 5.10(a)), which means
that there is no interlayer exchange between the two FM layers, and therefore no
IL-DMI should be generated neither.

- For intermediate thickness cases, as t = 2.35 nm, there is a relevant FM coupling
happening between the two FM layers but it allows independent rotations of each
layer’s magnetization vector so the symmetry of the magnetization vectors is broken.

Therefore, for t = 2.35 nm case, IL-DMI should be generated [44,45].

Reference samples containing only one of the FM layers to establish baseline MO signa-
tures in the absence of interlayer coupling are also here considered. Given the epitaxial nature
of each FM layer, the magnetization of each film behaves like an in-plane macrospin, confirmed

experimentally for this sample type [20,46-48].

(@
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FM, O0.50Ruy . 2.35 nm
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FM, 205oRUy 1, t nim
COO.SQRu0_41 2.35 Am
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Si(110) HF
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f

Figure 6.5 Schematic of the layer geometry and epitaxial sequence utilized, with the respective materials
and thicknesses indicated. (b) definitions of the EA and normalized magnetization vector m orientation

and angles Qq, Qm; and O, with respect to the sample surface and the applied field direction H.

The growth strategy of the FM/NM/FM structure to achieve the intended epitaxy was
already explained in Chapter 5 and the schematic of the magnetization behavior of two FM
layers was also already shown in Fig. 5.1. However, let me include here an additional schematic

in Fig 6.5(b) including the magnetization behavior of the two FM layers considering an out of

124



Other applications of GME

plane component. The magnetization vectors and their projections onto the cartesian axis are

defined by the sample’s surface plane and the direction of the applied field H.

6.2.3 Results and discussion

GME measurements were done, with the set up in the in-plane geometry (Fig. 4.3(a)) and with
the samples oriented with ¢, = 75 deg. Figure 6.6 includes the experimentally determined real
parts of @, § and 7 for the samples with t = 0, 2.35 and 8 nm and the reference samples with
one FM layer only. The magnetization vectors align with the EA at low H values, producing a
mostly transverse (ﬁ) MOKE signal. Upon increasing H, the magnetization rotates towards the
x-axis, aligning with it for high H values and therefore generating a mostly longitudinal (&)
MOKE signal. We can see the aforementioned variation of the longitudinal and transverse signal
with H in the first and second row of Fig. 6.6, where the behavior is exactly as expected for a
perfect in-plane rotation. They also present a hysteresis-like behavior: there is an abrupt switch
in the MOKE signals happening at the coercive field of the sample. In the case of the completely
decoupled sample of t = 8 nm, one can see two switches, one for each FM layer at the corre-

sponding coercive fields of each layer.
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) (d) (g) () (m)
S 2
N /

NS
o -2
oz

4
. 101(b) (e) (h) (k) (n)
=
s s
L.Q_Q'/
~ 10
b (c) (f) (i) (1) (o)
& -

400200 0 200 400 -400-200 O 200 400 -400-200 O 200 400 -400-200 O 200 400 -400-200 O 200 400
poH (mT)

Figure 6.6 Applied field evolution of the real part of the MO parameters &, and ¥ for (a-c) the multi-
layer sample with the two FM thin films and a CoRu interlayer of 2.35 nm, for the reference samples with
thin CoPt (d-f) and Co (g-i) films, and for the multilayer samples without interlayer (j-1) and with a thick

interlayer of 8 nm (m-o). The EA orientation is equal to ¢y = 75 deg.
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The third row of Fig 6.6 shows the polar (¥) MOKE signal, related to the out-of-plane
magnetization component, which is expected to be very small and vary linearly with the field,
if there is a misalignment of the applied field orientation. Indeed, for the reference samples (Figs.
6.6(f,i)) the out-of-plane signal shows this expected small out-of-plane behavior, as well as for
the completely coupled (Fig. 6.6(1)) and decoupled (Fig. 6.6(0)) FM layer samples. However,
for the multilayer sample with intermediate coupling (Fig. 6.6(c)), 7 shows a significant non-
linear signal. This unexpected out-of-plane behavior should not be present, and different possible

mechanisms for this unexpected signal will have to be considered.

To further understand this out-of-plane signal obtained for the t = 2.35 nm sample, GME
measurements were performed for different ¢, values on this sample. Any accidental out-of-
plane signal should not exhibit a systematic angular pattern, so that a detailed angular depend-
ence measurement should allow for a very clear distinction between noise and real data pattern.
For the layer resolved vector magnetization, this would not have been helpful, because each
different magnetic field orientation represents an independent data set and different magnetiza-
tion orientation. Thus, it cannot improve the quantitative accuracy of vector magnetometry.
However, it is indeed very helpful in the identification of anomalous signal pattern. The reference
samples were also measured under the same conditions to have a clear comparison and better
understanding. The resulting &, 8 and 7 dependences as a function of H and ¢, are represented
in Fig. 6.7. The first and second rows of Fig. 6.7 include the in-plane results for the three
samples. For ¢, values close to 180 deg, the magnetization vector keeps its orientation fixed
and aligned with the EA and the field orientation until it switches abruptly. One can observe
this switch of the magnetization vector in the x-axis magnetization-related MOKE parameter
a in Fig. 6.7(a,d,g), which is represented by the abrupt color change from yellow to blue at the
coercive field as the field H decreases. For the same ¢, orientation close to 180 deg values, no
y-axis magnetization related MOKE parameter f§ is observed, as one can see in Fig. 6.7(b,e,h).
For smaller ¢, angles, one can see the rotation of the magnetization vector already explained,
as both @ and 8 decrease and increase, respectively, (in absolute values) with H going from the
maximum positive value to zero, before switching at negative fields. Moreover, the out-of-plane
magnetization related to 7 for the reference samples (Figs. 6.7(c,f)) does not change with ¢,
having the same small linear signal for all ¢, values. However, for the t = 2.35 nm multilayer
sample, the previously observed non-linear signal of the out-of-plane component ¥ in Fig. 6.6(c)
shows a strong variation with ¢, that differs from that of @ and f and from the small linear

signal of ¥ of the reference samples.
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Figure 6.7 Experimental color-coded maps of the real part of the MOKE parameters &, and ¥, repre-
sented in function of H and @q. FEach column corresponds to a different sample, being (a-c) and (d-e) for
the reference samples and (g-i) for the multilayer sample with 2.35 nm of CoRu interlayer. The color
scale for the maps of the reference samples is two times bigger than for the multilayer sample.

To understand this unexpected effect, I calculated the magnetization vector orientation
of each FM layer in a system that replicates the experimental multilayer sample. I focused on
the interlayer coupling because individual layers, uncoupled layers and very strongly coupled
layers do not show this effect, because they behave like a single in-plane layer. Thus, it is the
intermediate interlayer coupling strength that makes the 2.35 nm sample different from the
other and thus, it is sensible to assume that interlayer coupling is relevantly connected to the

origin of this MOKE anomaly.

Therefore, I modeled the system as two macrospins (m; and m;), having different uniaxial
anisotropy strengths given by the first-order anisotropy energies K,,; and K,,,, respectively,
coupled by bilinear Ep; = —J,, my - m, , biquadratic Epy = —Jp, (Mg - M3)? and DMI Epy,; =
— D - (fn; x ;) interactions, so that one can compare the effect of DMI, biquadratic and bi-
linear coupling upon turning them on separately. Including the Zeeman energy for each macro-

spin, the total energy reads:

Etor = Kpi(1 — (7 - €)?) + Ky (1 — (m; - €)?) _ﬂoﬁ'ﬁ_ﬂoﬁ'ﬁz)_ (6.4)

Jn My M5 = Jpq (My - M;)? — D - (Mg X my),
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where € is a unit vector that represents the EA direction. Considering different orientations of
the EA and different H values, in a way to replicate the experimental procedure and conditions,
I obtained the magnetization vector components represented in Fig. 6.8. The experimental color-
coded maps of the real part of the MOKE parameters & and 7 are also included in Fig.
6.8(a,b,c) to better compare them with the calculated solutions; here the angular range @, is

shifted to appreciate the signal symmetries around the HA of the sample.
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Figure 6.8 Comparison between the experimental (a-c) and calculated (d-1) MO signals for the multilayer
sample represented as color-coded maps, for the real part of the MOKE parameters &, 8 and ¥, as func-
tion of H and @qy. The calculated results represented correspond to having a bilinear and DMI interaction
between the two FM layers (d-f), only a bilinear interaction (g-i), a bilinear and biquadratic interaction

(j-1) and a bilinear interaction and a misalignment of the EA (m-o).

Considering only the bilinear coupling, the behavior of the in-plane signal is successfully
replicated (Fig. 6.8(g,h)), but no out-of-plane magnetization is observed (Fig. 6.8(i)). Adding
the biquadratic term modifies slightly the in-plane components (Fig. 6.8(j,k)), without generat-
ing any out-of-plane magnetization (Fig. 6.8(1)). However, upon adding a DMI term to the
bilinear coupling case, I successfully captured the observed emergence of a significant and non-

linear out-of-plane magnetization component (Fig. 6.8(f)).

It is interesting to note that the y signal in the very extended data range of Fig. 6.7 looks
very similar to the @ signal near the EA and similar orientations, but very different from & for
orientation closer to the HA. This is in stark contrast with data in Fig. 6.8 that focus more on

the HA behavior, for which 7 starts to look more like the f§ signal. This is interesting from an
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overall physics perspective, but also relevant in that the ¥ signal cannot simply be a misidenti-

fied @ or § signal.

For the calculations shown in Fig. 6.8(d-f), the DMI vector considered was D = (1,1,1) -
\/_, which fits best to the experimental results. This can be observed in Fig. 6.9, where I show a
comparison of the different components of the D vector, each having a different impact on the
out-of-plane magnetization. Figures 6.9 (a-c), representing the D= (0,0,0) case, and (m-o),

representing the D = (1,1,1) - 75 case, are replicated from Figs. 6.8(g-1) and (d-f), included again

here to have the full comparison of the D dependence on the signal pattern.

Another possible source of a non-linear out-of-plane signal could be a misalignment of the
EA, not being perfectly in-plane but having a small out-of-plane deviation. Calculations repli-
cating this case are also considered in Fig 6.8(m-o), with the EA having an out-of-plane devia-
tion of 1 deg. The features experimentally observed are not replicated in this geometry. No

other consideration investigated here could explain the experimental data.
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Figure 6.9 Calculated MO signals for the individual components of the DMI vector, with (a-c) having D=
0, (d-f), (g-i) and (j-1) having a DMI vector with only one cartesian component, and (m-o) having
aD=(1,11) 1/V3.

The total magnetic vector of the system was considered as m = 0.75 m; + 0.25m,, as
experimentally, the MO signal of the second layer is attenuated by the layers above it. The

superposition assumption approximation of the MOKE parameters was also verified with the
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transfer matrix method, similarly as it was done in Chapter 5. Therefore, I calculated the MOKE
signal of the sample by means of the 4 X 4 transfer matrix method in two ways. First, I per-
formed the calculation in the numerical accurate way, by reproducing each layer of the sample.
In a second calculation, I then mimic the superposition approach, calculating the individual
layer responses, assuming each time that only one of the FM layers is actually MO active, and

then add up the two single layer contributions to compare the sum to the exact result.

I display the computation results, including the exact calculations, the superposition

approach and the difference between them, as a function of H /HKm1 in Fig. 6.10 for the three

cases considered: bilinear + DMI, bilinear and bilinear + biquadratic. The first row includes the
results obtained for Re(&), the second row shows the corresponding data for Re(f) and the last
row represents Re(¥). The different columns refer to different EA orientation angles, ¢, = 79,
92 and 105 deg. For the bilinear and bilinear+biquadratic cases, only the ¢, = 105 deg case
is shown, as it serves the purpose of showing the deviations between superposition approach
and exact solutions for those cases (other angle orientations presented similar results). Indeed,
the deviations in between the superposition approach and exact solutions are extremely small,
namely four orders of magnitude smaller than the actual values, similarly as it was shown in
Chapter 5 for the in-plane collinear and non-collinear cases. The deviations are consistently
found to be extremely small and do not show any feature that could be misinterpreted as a

polar signal.
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Figure 6.10 Numerical results of the exact optical multilayer simulation of the MOKE signal in compari-

son to the layer superposition approzimation and the difference between these two calculations (10* times

smaller) for the bilinear+DMI calculated magnetization angles. Specifically, the figures show the real part
of @ B and ¥ for three different angular orientations of the EA.
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6.2.4 Conclusions and outlook

I have experimentally and theoretically demonstrated the emergence of a substantial out-of-
plane MOKE signal in a nominally in-plane exchange-coupled multilayer. My systematic GME
measurements indicate that such signals cannot be accounted for by bilinear or biquadratic
terms alone. Instead, only the inclusion of a IL-DMI term coupling of the two FM layers explains

the observed three-dimensional magnetization response.

Although CogsoRug is not typically considered a heavy element system, prior work has
shown that the Ru 4d states can still provide sufficient spin-orbit scattering for a DMI-like
coupling when combined with local asymmetry or epitaxial alignment [27,37,39]. As such, the
unexpectedly robust out-of-plane magnetization in our intermediate-thickness trilayer under-
scores the need to look beyond purely bilinear or biquadratic coupling in modest spin-orbit

platforms.

Overall, this work expands the understanding of IL-DMI interactions in multilayered sys-
tems and demonstrates the sensitivity of GME in detecting such effects by measuring the full
vectorial information of the magnetization vector. These findings open possibilities of tailoring
and measuring [L-DMI. Moreover, a key aspect is the vectorial nature of the DMI and that the
observed results are apparently very sensitive to the D-vector orientation. So, in principle the
acquired data sets can have the potential to actually measure the DMI vector orientation for

interlayer coupling.

131



Chapter 6

Chapter references

C. Martin Valderrama, M. Quintana, and A. Berger, Experimental verification of the reflection
matrix description in linear magneto-optics, Phys. Rev. B 108, 014415 (2023).

J. A. Arregi, P. Riego, and A. Berger, What is the longitudinal magneto-optical Kerr effect?, J.
Phys. D. Appl. Phys. 50, 03LT01 (2017).

T. Higo et al., Large magneto-optical Kerr effect and imaging of magnetic octupole domains in an
antiferromagnetic metal, Nat. Photonics 12, 73 (2018).

M. Wu, H. Isshiki, T. Chen, T. Higo, S. Nakatsuji, and Y. C. Otani, Magneto-optical Kerr effect in
a non-collinear antiferromagnet Mn3Ge, Appl. Phys. Lett. 116, (2020).

H. C. Zhao et al., Large ultrafast-modulated Voigt effect in noncollinear antiferromagnet Mn3Sn,
Nat. Commun. 12, 1 (2021).

T. Uchimura et al., Observation of domain structure in non-collinear antiferromagnetic Mn3Sn
thin films by magneto-optical Kerr effect, Appl. Phys. Lett. 120, 172405 (2022).

W. Feng, J. P. Hanke, X. Zhou, G. Y. Guo, S. Bliigel, Y. Mokrousov, and Y. Yao, Topological
magneto-optical effects and their quantization in noncoplanar antiferromagnets, Nat. Commun. 11,
1 (2020).

Y. D. Kato, Y. Okamura, M. Hirschberger, Y. Tokura, and Y. Takahashi, Topological magneto-
optical effect from skyrmion lattice, Nat. Commun. 14, 1 (2023).

M. V. Sapozhnikov, N. S. Gusev, S. A. Gusev, D. A. Tatarskiy, Y. V. Petrov, A. G. Temiryazev,
and A. A. Fraerman, Direct observation of topological Hall effect in Co/Pt nanostructured films,
Phys. Rev. B 103, 1 (2021).

X. Li et al., Topological Kerr effects in two-dimensional magnets with broken inversion symmetry,
Nat. Phys. 20, 1145(2024).

R. Wiesendanger, Nanoscale magnetic skyrmions in metallic films and multilayers: A new twist for
spintronics, Nat. Rev. Mater. 1, 16044 (2016).

W. Jiang, G. Chen, K. Liu, J. Zang, S. G. E. te Velthuis, and A. Hoffmann, Skyrmions in
magnetic multilayers, Phys. Rep. 704, 1 (2017).

A. Fert, N. Reyren, and V. Cros, Magnetic skyrmions: Advances in physics and potential
applications, Nat. Rev. Mater. 2, 17031 (2017).

M. T. Johnson, P. J. H. Bloemen, F. J. A. Den Broeder, and J. J. De Vries, Magnetic anisotropy
in metallic multilayers, Reports Prog. Phys. 59, 1409 (1996).

A. Hubert and R. Schéifer, Magnetic Domains. The Analysis of Magnetic Microstructures
(Springer-Verlag Berlin Heidelberg New York, Germany, 1998)

H. J. G. Draaisma and W. J. M. De Jonge, Magnetization curves of Pd/Co multilayers with
perpendicular anisotropy, J. Appl. Phys. 62, 3318 (1987).

O. Hellwig, G. P. Denbeaux, J. B. Kortright, and E. E. Fullerton, X-ray studies of aligned
magnetic stripe domains in perpendicular multilayers, Phys. B Condens. Matter 336, 136 (2003).
A. Berger and M. R. Pufall, Quantitative vector magnetometry using generalized magneto-optical
ellipsometry, J. Appl. Phys. 85, 4583 (1999)

A. Berger and M. R. Pufall, Generalized magneto-optical ellipsometry, Appl. Phys. Lett. 71, 965
(1997).

J. A. Arregi, Magneto-Optical Ellipsometry and Magnetometry of Thin Films and Multilayers
(Ph.D. Thesis, University of the Basque Country, 2020).

M. R. Pufall and A. Berger, Studying the reversal mode of the magnetization vector versus applied
field angle using generalized magneto-optical ellipsometry, J. Appl. Phys. 87, 5834 (2000).

J. A. Arregi, P. Riego, A. Berger, and E. Y. Vedmedenko, Large interlayer Dzyaloshinskii-Moriya
interactions across Ag-layers, Nat. Commun. 14, 6927 (2023).

J. Becker, A. Tsukamoto, A. Kirilyuk, J. C. Maan, T. Rasing, P. C. M. Christianen, and A. V

132



Other applications of GME

[37]

[38]

[39]

[41]

[42]

[43]

Kimel, Ultrafast Magnetism of a Ferrimagnet across the Spin-Flop Transition in High Magnetic
Fields, 117203, 1 (2017).

J. McCord, Progress in magnetic domain observation by advanced magneto-optical microscopy, J.
Phys. D. Appl. Phys. 48, 333001 (2015).

S. Mihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii, and P. Boni,
Skyrmion lattice in a chiral magnet, Science. 333, 1381 (2009).

P. Grinberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sowers, Layered Magnetic Structures:
Evidence for Antiferromagnetic Coupling of Fe Layers across Cr Interlayers, Phys. Rev. Lett. 57,
2442 (1986).

T. Matthies, L. Rézsa, L. Szunyogh, R. Wiesendanger, and E. Y. Vedmedenko, Interlayer and
interfacial Dzyaloshinskii-Moriya interaction in magnetic trilayers: First-principles calculations,
Phys. Rev. Res. 6, 43158 (2024).

D. M. Edwards, J. M. Ward, and J. Mathon, Intrinsic and secondary mechanisms for biquadratic
exchange coupling in magnetic trilayers, J. Magn. Magn. Mater. 126, 380 (1993).

J. Daughton, J. Brown, E. Chen, R. Beech, A. Pohm, and W. Kude, Magnetic Field Sensors Using
GMR Multilayer, IEEE Trans. Magn. 30, 4608 (1994).

C. Reig, M. D. Cubells-Beltran, and D. R. Munoz, Magnetic field sensors based on Giant
Magnetoresistance (GMR) technology: Applications in electrical current sensing, Sensors 9, 7919
(2009).

I. Dzyaloshinsky, A Thermodynamic Theory of “weak” ferromagnetism of antiferromagnetics, J.
Phys. Chem. Solids 4, 241 (1958).

T. Moriya, Anisotropic superexchange interaction and weak ferromagnetism, Phys. Rev. 120, 91
(1960).

A. R. Fert, Magnetic and Transport Properties of Metallic Multilayers, Mater. Sci. Forum 59-60,
439 (1991).

E. Demiroglu, K. Hancioglu, I. Yavuz, C. O. Avci, and C. Deger, Oscillatory behavior of interlayer
Dzyaloshinskii-Moriya interaction by spacer thickness variation, Phys. Rev. B 109, 144422 (2024).
F. Nickel, S. Meyer, and S. Heinze, Exchange and Dzyaloshinskii-Moriya interaction in
Rh/Co/Fe/Ir multilayers: Towards skyrmions in exchange-frustrated multilayers, Phys. Rev. B
107, 174430 (2023).

S. D. Pollard, J. A. Garlow, K. W. Kim, S. Cheng, K. Cai, Y. Zhu, and H. Yang, Bloch Chirality
Induced by an Interlayer Dzyaloshinskii-Moriya Interaction in Ferromagnetic Multilayers, Phys.
Rev. Lett. 125, 227203 (2020).

C. O. Avci, C. H. Lambert, G. Sala, and P. Gambardella, Chiral Coupling between Magnetic
Layers with Orthogonal Magnetization, Phys. Rev. Lett. 127, 167202 (2021).

R. B. Morgunov, A. I. Bezverkhnii, M. Hehn, J. L. Bello, T. Fache, and S. Mangin, Dzyaloshinskii-
Moriya interaction probed by magnetization reversal in bilayer Pt/Co/Ir/Co/Pt synthetic
ferrimagnets, Phys. Rev. B 104, 134424 (2021).

Y. C. Li, Y. H. Huang, C. C. Huang, Y. T. Liu, and C. F. Pai, Field-Free Switching in Symmetry-
Breaking Multilayers: The Critical Role of Interlayer Chiral Exchange, Phys. Rev. Appl. 20,
024032 (2023).

C.Y. Lin, P. C. Wang, Y. H. Huang, W. B. Liao, M. Y. Song, X. Bao, and C. F. Pai, Field-Free
Spin-Orbit Torque Switching via Oscillatory Interlayer Dzyaloshinskii-Moriya Interaction for
Advanced Memory Applications, ACS Mater. Lett. 6, 400 (2024).

S. Liang, R. Chen, Q. Cui, Y. Zhou, F. Pan, H. Yang, and C. Song, Ruderman-Kittel-Kasuya-
Yosida-Type Interlayer Dzyaloshinskii-Moriya Interaction in Synthetic Magnets, Nano Lett. 23,
8690 (2023).

W. He et al., Field-Free Spin-Orbit Torque Switching Enabled by the Interlayer Dzyaloshinskii-
Moriya Interaction, Nano Lett. 22, 6857 (2022).

J. Cho et al., Thickness dependence of the interfacial Dzyaloshinskii-Moriya interaction in

133



Chapter 6

inversion symmetry broken systems, Nat. Commun. 6, 7635 (2015).

C. Martin Valderrama, I. Prieto, M. Quintana, A. Martinez-de-Guerenu, and A. Berger, Layer-
resolved vector magnetometry using generalized magneto-optical ellipsometry, Appl. Phys. Lett.
125, 022401 (2024).

C. Martin Valderrama, I. Prieto, M. Quintana, and A. Berger, Magneto-optical detection of non-
collinear magnetization states in ferromagnetic multilayers, J. Phys. D. Appl. Phys. 57, (2024).
O. Idigoras, U. Palomares, A. K. Suszka, L. Fallarino, and A. Berger, Magnetic properties of room
temperature grown epitaxial Co 1-xRux-alloy films, Appl. Phys. Lett. 103, 102410 (2013).

0. Idigoras, A. K. Suszka, P. Vavassori, B. Obry, B. Hillebrands, and P. Landeros, Magnetization
reversal of in-plane uniaxial Co films and its dependence on epitaxial alignment, 115, 083912
(2014).

L. Fallarino, P. Riego, B. J. Kirby, C. W. Miller, and A. Berger, Modulation of Magnetic
Properties at the Nanometer Scale in Continuously Graded Ferromagnets, Materials (Basel). 11,
251 (2018).

134



Chapter 7

Conclusions and outlook

This thesis presents significant advancements in the experimental methodologies for the detec-
tion and characterization of depth-dependent vector magnetization states in nanoscale multi-
layers, particularly through the use of generalized magneto-optical ellipsometry (GME) to
achieve layer-resolved vector magnetization. By establishing a solid framework based on the
experimental verification of the reflection matrix description for linear magneto-optical (MO)
effects and verifying and identifying the limits of the layer superposition assumption, this work
effectively demonstrates the ability to probe complex and intricate spin configurations that play

a crucial role in the ongoing evolution of spintronic technologies.

The conclusions drawn from this work highlight GME as a layer-resolved vector mag-
netometry methodology. GME demonstrates exceptional sensitivity in detecting magnetic prop-
erties at the layer level, effectively resolving contributions from two different layers in complex
multilayered systems. This ability is particularly advantageous when dealing with layers of
similar elemental compositions, a common challenge for competing methods, and allows for
detailed insights into the magnetic behavior of multilayers. This level of resolution represents a
significant advancement for studies requiring depth-dependent analysis of magnetic systems.
Specifically, the work presented in this thesis demonstrates the capability of GME to identify
and characterize non-collinear magnetization vectors in ferromagnetic (FM)/ non-magnetic
(NM)/ FM multilayers, marking a substantial step towards understanding the depth-dependent
behavior of magnetization states. Although technical constraints did not allow for an in-depth
evaluation of the next step in multilayer systems with three FM layers, the groundwork laid

provides a clear path for future explorations that could incorporate additional layers.

The findings of this research highlight the sensitivity of MO coefficients to variations in
magnetization profiles, which offers a compelling tool for exploring the complexities of multilayer
systems. Notably, the study on asymmetric Pt/Co/Th/W multilayers made significant contri-

butions to understanding how Dzyaloshinskii-Moriya interaction (DMI) and effective magnetic
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anisotropy can influence magnetization states. The detection of non-uniform magnetization
states and its relationship with the out-of-plane MO signal paves the way for future research
into topological magnetic states, such as skyrmions, presenting GME as a promising tool for
further investigations in this area. Moreover, I observed DMI interlayer effects in multilayer
films that were actually not specifically designed for this purpose and whose deviation from
inversion symmetry is rather modest. Thus, it is possible that interlayer DMI is far more com-
mon than what prior research suggests, and might frequently be overlooked, because one does
not typically have 3D vector magnetometry at one's disposal and certainly layer resolved vector
magnetometry is especially relevant in discovering such effects. Therefore, the methodological
advance shown in this work opens up the possibility of many more wide-reaching investigations

of interlayer DMI.

The foundation established through this research positions GME as a powerful tool for
future investigations into complex magnetic systems. I present here an outlook of three different

examples of magnetic systems that we have already started to study with GME:

(i) Composition-graded FM thin films, which are relevant for technological applications
upon suitable design of the graded profile [1-4]. By growing a similar epitaxial structure as the
two FM layer samples utilized for non-collinear detection and layer-resolved magnetometry, but
with a gradient of composition, changing from a pure Co to a Co-Pt alloy gradually over a
thickness of 20 nm, as represented by the schematic inset of Fig. 7.1(c), a phase deviation related
with non-collinear magnetic states can be observed. In these structures, instead of having two
well defined magnetization vectors that can rotate independently, there is a “continuous” profile
of magnetization vectors along the depth representing a “continuous” profile of orientations.
Figure 7.1(c) includes the phase deviation of & and B of such sample design, indicative of a
change of collinear to non-collinear magnetization alignment, in comparison to a single FM layer

sample (Fig. 7.1(a)) and a two FM layer sample (Fig. 7.1(b)), already studied in Chapter 5.
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Figure 7.1 Experimentally determined ¢g —(Pg) vs. ¢z — {pa) values for all magnetic field H values in

the thermodynamically stable regime, measured for a single Co FM layer sample (a), for a two FM layer

sample separated by a NM layer (b) and for a graded sample (c); the respective main layers of the struc-

tures are schematically included in each subfigure; (c) includes an arrow indicating the increasing H di-
rection with which the quantities evolve as a guide to the eye.
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(i) Partially epitaxial FM films, consisting of thin films exhibiting moderate deviations
from single-crystal behavior. A control of the intermediate regime between fully epitaxial and
highly disordered polycrystalline films is the goal in this kind of samples. By introducing a SiO»
layer right before the template layer sequence designed to achieve the epitaxial growth of Co,
the epitaxial quality can be tuned [5]. The specific layers of a fully and partially epitaxial sample
are represented in Fig. 7.2(a) and (f), respectively. The partially epitaxial sample was generated,

as an exemplary case, by means of a 0.1 nm thick SiO, interlayer.

For this kind of samples, near the hard axis (HA), an anomalous magnetization reversal
behavior was found in previous studies [5-7], which can be observed in the remanent magneti-
zation represented in Fig. 7.2(g), compared with the ideal case in Fig. 7.2(b). Now, with the
vector magnetization capabilities of GME, a better understanding of the magnetization behavior
in this regime is achieved. Figures 7.2(c,d,h,i) include the real part of the in-plane MO param-
eters @ and B for two @, sample orientations. The § value for @, = 91 deg shows a reduction
when compared to the @, = 94 deg case for the partially epitaxial sample (Fig. 7.2(i)). This
reduction in § is not observed in the fully epitaxial sample (Fig. 7.2(d)). By fitting the experi-
mentally determined & and § values to an effective magnetization vector of variable orientation
and length, the absolute value and the rotation of the magnetization are extracted as a function
of the applied field H and sample orientation ¢,. The results of the absolute value of the mag-
netization of the fully and partially epitaxial samples are included in Fig. 7.2(e) and (j), respec-
tively, clearly observing a magnetization reduction in the partially epitaxial sample near the
HA orientation. The magnitude of the magnetization for the fully epitaxial sample remains
constant, but for non-stable situations as when the applied field orientation aligns precisely with
the HA and during the transitions from meta-stable to stable states. These results have already

been partially presented in [8].
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Figure 7.2 Fully and partially epitazial samples results: (a) and (f) represent the layer structures, (b) and
(g) the M,./Mg dependence with the sample orientation, (c,d,h,i) the in-plane MO paraments and (e) and
(j) the absolute value of the magnetization |m| as a function of the applied field H and the sample

orientation @g.
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(iii) Multilayer samples with both in-plane and out-of-plane anisotropies. This orthogo-
nal structure serves to test the abilities of GME of resolving another type of complex magneti-
zation vector structures. The specific layer structure is included in Fig. 7.3(a), with the in-plane
and out-of-plane anisotropies indicated. The initial GME results are represented in Fig. 7.3(b)
and (c) for different out-of-plane orientations ¥ of the applied magnetic field with respect to
the sample plane. Although the in-plane component & remains nearly the same for all ¥, the
out-of-plane component ¥ shows a variation with W. Further studies should be done to under-
stand the overall magnetization vector behavior and the interaction between the in-plane ani-
sotropy layer and out-of-plane anisotropy multilayer structure, as biquadratic magnetic coupling

may occur.
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Figure 7.8 (a) Multilayer sequence of the sample, (b) and (c) real part of & and ¥ for different ¥ orien-
tations as a function of the applied field H.

Enhancements in measurement capabilities and the integration of broader parameter
spaces, such as varying angles of incidence and wavelengths, has the potential to enable the
quantitative, depth-resolved analysis of even more intricate multilayer structures. Furthermore,
investigating the interplay between magnetization dynamics and external perturbations, such
as temperature and current, could enhance the understanding of spintronic devices under oper-
ational conditions. As research in spintronics and magnetic technologies advances, GME has
the clear potential to play a crucial role in unlocking new insights into the behavior of magnetic

materials at the nanoscale.
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List of Abbreviations

Abbreviations are not listed here if they occur only in the immediate context of a statement.

AC

CPL

DC

DMI

EA

FM

GME

HA

hep

HF
IL-DMI
L-MOKE
MCA
MO
MOKE
NM

PLQ

PM
P-MOKE
QWP

RF

SOC
SQUID
T-MOKE
UHV
VSM
XMCD
XRD
XRR

Alternating current

Circularly polarized light

Direct current
Dzyaloshinskii-Moriya interaction
Easy axis

Ferromagnetic

Generalized magneto-optical ellipsometry
Hard axis

Hexagonal close-packed
Hydrofluoric acid

Interlayer DMI

Longitudinal magneto-optical kerr effect
Magneto-crystalline anisotropy
Magneto-optical

Magneto-optical Kerr effect
Non-magnetic

Linear polarizers 1, 2
Paramagnetic

Polar magneto-optical Kerr effect
Quarter wave plate
Radio-frequency

Spin-orbit coupling

Superconducting quantum interference device

Transverse magneto-optical Kerr effect
Ultra-high vacuum

Vibrating sample magnetometry
X-ray magnetic circular dichroism
X-ray diffraction

X-ray reflectivity
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List of Variables

Variables are not listed here if they occur only in the immediate context of a statement.

Bold symbols represent tensors, symbols with an arrow on top represent vectors.

Longitudinal magneto-optical component of the reflection matrix
L-MOKE coefficient divided by 7,

L-MOKE coefficient associated with the FM layer “i”

Complex constant describing the linear relationship between @ and m,
Transverse magneto-optical component of the reflection matrix
T-MOKE coefficient divided by 7,

T-MOKE coefficient associated with the FM layer “i”

Complex constant describing the linear relationship between f§ and my,
Polar magneto-optical component of the reflection matrix

P-MOKE coefficient divided by ,

Complex constant describing the linear relationship between ¥ and m,
Experimental angular offset correction of the polarizer “i”

Change of light intensity upon magnetization reversal in a MOKE experiment
P-MOKE signal difference between the decreasing and the increasing field
branch measurements
Dielectric tensor

Kerr ellipticity

Angle of the polarizer “i”

Reflected light angle with respect to the film surface

Kerr rotation angle

Out-of-plane magnetization vector orientation angle of the FM layer “i” with
respect to the normal direction of the sample surface.

Wavelength of the electromagnetic radiation

Magnetic moment vector

Vacuum permeability

Density of the materials A and B

Phase of the complex L-MOKE parameter &

Phase of the complex T-MOKE parameter

Phase of the complex P-MOKE parameter y

Azimuthal angle

“1” with re-

In-plane magnetization vector orientation angle of the FM layer
spect to the applied field direction

Angle of the EA with respect to the applied field direction
Magnetic susceptibility or angle between the normal of a sample surface and
the x-rays plane of incidence

Out-of-plane angle of the applied field with respect to the sample surface
Grazing incidence angle; incident light angle with respect to the film surface
Incident light angle with respect to the surface normal

Reflected light angle with respect to the surface normal

Refracted light angle with respect to the surface normal
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ST

U

y ™

IS,
S

Magnetic induction vector
Fitting parameters of GME related to the reflection matrix elements

win
1

Dzyaloshinskii-Moriya interaction vector, DMI vector between spins and

“j”, with units of energy

Thickness of a layer or distance between crystallographic atomic planes
Uniaxial anisotropy axis unit vector

Energy of a system

Incident electric field

Electric field at the detector

Helmholtz free energy of a system

Trigonometric functions related to the GME methodology

External magnetic field vector, external magnetic field

Coercive field

Closure field

Anisotropy field

Hamiltonian of a system

Intensity

Averaged intensity detected for a magnetic state and the reversed one
Fitting parameter of GME describing noise in the light intensity

Light intensity at the detector in a MOKE experiment

FM interlayer coupling strength, exchange constant between neighboring

(ti?) and (tj??

spins
First and second order anisotropy constants

First and second order anisotropy energy densities
Incident and diffracted wave vectors

Number of FM layers

Magnetization vector, magnetization

Normalized magnetization vector M /Mg

Standard atomic masses of materials A and B
Remanent magnetization

Saturation magnetization

Cartesian components of the magnetization vector
Refractive index of a material

Real part of the refractive index of a material
Magneto-optical coupling constant

Magneto-optical coupling factors for magnetizations along and perpendicular

to the symmetry axis

Vector of the reciprocal lattice

Reflection matrix

p-polarized Fresnell reflection coefficient, defined as the ratio of the reflected
electric field amplitude to the incident electric field amplitude for p-polariza-
tion; its value depends on the incidence angle and the refractive index
s-polarized Fresnell reflection coefficient, defined as the ratio of the reflected
electric field amplitude to the incident electric field amplitude for s-polariza-
tion; its value depends on the incidence angle and the refractive index
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75 coefficient divided by 7,

Ratio of the reflected p-polarized electric field to the incident p-polarized field;
in an isotropic, flat, non-magnetized material r,, = 7,

Ratio of the reflected s-polarized electric field to the incident s-polarized field;
in an isotropic, flat, non-magnetized material ry, = 75

Reflected p-polarized component generated by a s-polarized incident wave; in
an isotropic, flat, non-magnetized material 7,,; = 0

Reflected s-polarized component generated by a p-polarized incident wave; in
an isotropic, flat, non-magnetized material 75, = 0

Spin unit vector

Thickness of a specific layer in a multilayer structure

Temperature

Curie temperature

Imaginary part of the refractive index of a material
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