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“The first principle is that you must not fool yourself and you are the easiest person to
fool”

Richard P. Feynman



Abstract

The magnetooptic Kerr effect (MOKE) is a well known and long used tool for ferro-,
ferri- and antiferromagnetic material characterization. MOKE is also utilized in optical
communication e.g. in optical isolators and circulators or in planar waveguide struc-
tures. Many of the MOKE techniques rely solely on linear MOKE (LinMOKE), i.e.
magnetooptic (MO) effects linear in magnetization M and neglect the contribution of
higher orders. Nevertheless, a higher-order term being proportional to M? and called
quadratic MOKE (QMOKE) can be strong enough to additionally contribute to the
overall MOKE signal. A technique known as 8-directional method separates LiInMOKE
and two constituent QMOKE contributions and is well known for (001) oriented cubic
crystal structures, but is not yet developed for other cubic crystal orientations. The
origin of (Q)MOKE can be described as the perturbation of the permittivity tensor by
M of a magnetized sample. The permittivity tensor for a cubic crystal is fully described
up to the second order in M by linear MO parameter K and two quadratic MO pa-
rameters G5 and 2G44. Although those parameters have been studied in the past, the
systematic experimental technique that would effectively yield the spectral dependence
of quadratic MO parameters is lacking. This work extends the 8-directional method
to the crystal orientations (011) and (111). The theoretical equations that are derived
through an approximative analytical description relating MOKE with the elements of
the permittivity tensor (e.g. K, Gs and 2G44) are compared to numerical simulations
using Yeh’s 4x4 matrix formalism and to the experimental measurements. We further
present a novel approach to QMOKE spectroscopy of (001) oriented cubic crystal struc-
tures that is based on the classical 8-directional method, but using the combination of
only four magnetization directions together with a sample rotation of 45°. By reproduc-
ing the measurement procedure numerically the spectral dependencies of the quadratic
MO parameters G5 and 2G4y are extracted from QMOKE spectroscopy in addition
to the linear MO parameter K that is extracted from LinMOKE spectroscopy. This
new procedure is applied to prototypical ferromagnetic samples of Fe(001) thin films
with various thicknesses grown on MgO(001) substrates and to the thin film samples
of CoaMnSi(001) Heusler compounds with different annealing temperatures promoting
different degree of L2; ordering. G5 and 244 are experimentally determined in spectral
range of 0.8-5.5¢eV for both materials. In case of the bcc Fe we show that the depen-
dence on Fe layer thickness is small, indicating small contribution of the interface. In
case of the CoaMnSi Heusler compounds we found that higher amount of L2; ordering

promotes interband contribution to the MOKE spectra.



Abstract (Czech version)

Jev znamy jako Magnetoopticky Kerruv efekt (MOKE) je hojné vyuzivan pro charakter-
izaci ferro-, ferri- a antiferromagnetickych materiali. Déle jsou na tomto jevu zalozeny
optické prvky které jsou vyuzivany v optickych komunikacich, napt. optické isoldtory
a cirkuldtory. Ve vétsiné téchto aplikaci se uvazuje pouze linearni MOKE (LinMOKE),
t.j. magnetoopticky (MO) efekt linearni v magnetizaci M, a piispévky vyssich fadu
se zanedbéavaji. Nicméné, pifspévek vysstho fadu, ktery je imérny M? a nazjva se
kvadraticky MOKE (QMOKE), je v mnoha pfipadech dostate¢né silny na to, aby do
celkového MOKE signélu nezanedbatelné prispél. Takzvana 8-mi smérna metoda dokaze
separovat LinMOKE od jednotlivych QMOKE piispévku a je dobfe zndma pro kubické
materidly s (001) orientovanym povrchem. Pro piipad kubickych materidlu s jinou ori-
entaci povrchu nebyla vSak tato metoda jesté zcela vynalezena. Puvod (Q)MOKE jevu
muze byt popsén jako porucha symetrie tenzoru permitivity v dusledku magnetizace
materidlu. Zména tenzoru permitivity kubickych struktur az do druhého fadu v magne-
tizaci muze byt popsana pomoci linearniho MO parametru K a dvou kvadratickych MO
parametru G4 a 2G44. Ackoliv byly tyto MO parametry v minulosti studovany, experi-
mentalni technika, ktera by efektivné a systematicky dokazala ziskat spektralni zavislosti
kvadratickych MO paramteri, stdle chybi. Tato prace rozsifuje 8-mi smérnou metodu
na kubické materidly s orientaci povrchu (011) a (111). Teoretické rovnice téchto metod
jsou odvozeny z analytického vztahu, ktery spojuje tenzor permitivity s MOKE jevem.
Tyto rovnice jsou déale porovnany s numerickym modelem zaloZenym na 4x4 mati-
covém Yehové formalismu a také s experimentalnim pozorovanim. Préace dédle prezentuje
puvodni ndvrh QMOKE spektroskopické experimentalni techniky pro méteni kubickych
struktur s (001) orientovanym povrchem. Tato spektroskopickd technika vychézi z kla-
sické 8-mi smérné metody, ale vyuziva pouze 4 sméry magnetizace a otoceni vzorku o
45°. Za pomoci numerickych simulaci dokdzeme z experimentalnich QMOKE spekter
ziskat spektra kvadratickych MO paramteru Gs a 2G44 a z klasické LinMOKE spek-
troskopie spektra linearntho MO parametru K. Tato metoda byla aplikovdna na sérii
vzorkil tenkych vrstev Fe(001)/MgO(001) s riiznou tloustkou Fe vrstvy pro kazdy vzorek
a dale na sérii tenkych vrstev Heuslerovy slitiny CooMnSi, ve které se ménila teplota
zihéni jednotlivych vzorku, coz mé za nésledek jiny stupen L2; uspoiddani. Parame-
try Gs a 2G44 byly experimentalné uréeny pro oba materidly v rozsahu 0.8 — 5.5eV.
V pifpadé Fe vzorku jsme zjistili, Ze zavislost na tloustce vrstvy je mald, coZ ukazuje
na zanedbatelny pfispévek z rozhrani. V pfipadé CoosMnSi vzorku jsme zjistili, Ze vyssi

stupen L2; usporadani ovliviiuje tzv. interband piispévek k MO parametram.



Abstract (German version)

Der magnetooptische Kerr Effekt (MOKE) ist eine verbreitete und gut verstandene
Technik zur Charakterisierung von ferro-, ferri- und antiferromagnetischen Materialien.
MOKE wird auch in der optischen Kommunikation verwendet, z.B. in optischen Isola-
toren und Zirkulatoren oder in planaren Wellenleiterstrukturen. Viele MOKE Techniken
berticksichtigen ausschlielich magnetooptische (MO) Effekte, die linear von der Mag-
netisierung M abhéngen, den sog. linearen MOKE (LinMOKE), und vernachléssigen
demnach Beitriige hoherer Ordnung. Die Terme, die proportional zu M? sind, und
quadratischer MOKE (QMOKE) genannt werden, kénnen dennoch signifikante Anteile
des gemessenen MOKE Signals ausmachen. Fiir kubische Kristalle konnen mit dem als
8-directional method bekannten Verfahren LinMOKE und QMOKE separiert werden,
was bisher nur fiir (001) orientierte Kristalle funktionierte. Der Ursprung des (Q)MOKE
kann als die Storung des Permittivitatstensors € einer magnetischen Probe durch M
beschrieben werden. Fiir einen kubischen Kristall wird € bis zur zweiten Ordnung in
M durch den linearen MO Parameter K und die zwei quadratischen MO Parameter G,
und 2G44 vollstandig beschrieben. Obwohl G5 und 2G4 schon frither untersucht wur-
den, gibt es bisher keine experimentelle Technik, mit der die spektrale Abhéangigkeit von
quadratischen MO Parametern gemessen werden kann. Die vorliegende Arbeit erweit-
ert die 8-directional method auf die Orientierungen (011) und (111). Die verwendeten
Gleichungen werden aus Néherungen der analytischen Beschreibung abgeleitet und so
der MOKE mit € in Beziehung gesetzt. Das Ergebnis wird mit experimentellen Daten
sowie numerischen Simulationen unter Verwendung des 4 x4 Matrixformalismus von Yeh
verglichen. Wir présentieren weiterhin einen neuartigen Ansatz zur QMOKE Spek-
troskopie von (001) orientierten kubischen Kristallen, der die Kombination von nur vier
Ausrichtungen von M zusammen mit einer Probendrehung von 45° verwendet. Durch
numerische Reproduktion des Messvorgangs werden die spektralen Abhangigkeiten der
quadratischen MO Parameter G4 und 2G4y zusétzlich zu dem linearen MO Parameter K
ermittelt, der aus der LinMOKE Spektroskopie extrahiert wird. Dieses neue Verfahren
wird an jeweils auf MgO (001) gewachsenen diinne Schichten aus Fe (001) verschiedener
Dicke und aus CoaMnSi (001) exemplarisch angewandt. Der Grad der L2; Ordnung
des CooMnSi wurde durch Auslagerung bei verschiedenen Temperaturen eingestellt. G
und 2G4 werden jeweils im Spektralbereich von 0.8-5.5 eV experimentell bestimmt. Wir
zeigen, dass die Abhéngigkeit von der Fe Schichtdicke gering ist, was auf einen geringen
Beitrag der Grenzflache hinweist. Desweiteren verstéarkt ein héherer Grad der L2 Ord-

nung in den CoaMnSi Heusler Schichten den Interband Beitrag in den MOKE Spektren.
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Chapter 1

Introduction

In the 1960’s the first silicon transistor was invented at Bell Labs. This was a milestone
of unthinkable importance that started the automatization on the world-scale level and
opened the door for the use of electronics in the private-customer sector. Thus, the
digital revolution has started at the very end of the previous millennium and is still
very alive today. Largest and wealthiest companies of the world, like Amazon, Apple,
or Microsoft, have their success and business anchored in this digital revolution. Minia-
turization of the transistor and other electrical components advanced to amazing levels.
It’s the year 2019 and Moore’s law is slowly reaching its end, as the size of a transistor
is approaching the limit given by the quantum tunnelling effect of the electron. While
in the beginning of this silicon revolution people’s question was: ”Where will we place

the computer?”, today’s question rather is: ”Where have I left it?”.

With this digital revolution, a new kind of business has emerged. In today’s world, to
process, handle, preserve and store information is one of the largest business, possibly
larger than fossil fuels, pharmacy and monetary business combined. If not, soon it will
be, as this branch of ”silicon industry” is exponentially growing, where companies like

Google or Facebook are undisputed proof of that.

Nevertheless, this astronomical amount of information that is pulsing everyday through
the global network called the internet has actually to be stored somewhere. Therefore,
there is a significant urge to store the data as compactly and as safely as possible. New
methods and possibilities of data storage have been continuously searched for, examined
and employed since the transistor discovery. While the first hard-drive disk (HDD) was
so large that a single person was unable to move it, today’s HDD is not much larger
than a wallet, yet it’s storage capacity is about million-times larger. This was possible

by substantial effort that was put into the ferromagnetic (FM) materials research. To
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probe, understand and control magnetism in the material, multiple methods have to be

employed and invented.

One very powerful tool vastly employed for the FM research is the magnetooptic Kerr
effect (MOKE) [1, 2]. It manifests through the change of the polarization state of
light upon reflection from a magnetized specimen. Main advantages are that it is a
sturdy, easy to use and non-destructive method, while the needed equipment is cheap
and without any special prerequisites. The MOKE itself was actually used in the past
as the way to read out information on the magnetooptic disc, but this concept has been
replaced by modern HDD, since the area of one bit of information is below the diffraction
limit of visible light. Nevertheless, the MOKE setup is a fundamental piece of equipment
in groups working in the magnetism research today. Furthermore, as electromagnetic
(EM) wave propagation is nonreciprocal (i.e. unidirectional) in magnetooptic (MO)
media, the MO effects are fundamental for design of optical isolators and circulators

that are extensively used in optical communications [3].

Most of those applications usually utilize the approach of linear MOKE (LinMOKE),
where only the MOKE contribution proportional to magnetization M is considered.
But, as was shown in the last two decades, quadratic MOKE (QMOKE) which is the
contribution proportional to M?, cannot be neglected [4-10] and must be properly
taken care of [11-19]. Lately, it was also shown that QMOKE on its own have lots of
perspectives [20-22].

The 8-directional method [13] is one of the techniques that can efficiently separate
QMOKE from LinMOKE and analyze its contributions in the case of (001) oriented
cubic crystal structures [23-29]. The focus of this thesis is QMOKE behaviour of cubic
crystal structures. The theory of MOKE is treated here from the point of view of classi-
cal physics, and we use linear MO parameter K and quadratic MO parameters G4 and
2G4 [30] to describe LinMOKE and QMOKE contributions. The origin of equations of
8-directional method is analyzed and, as one of the main results, this method is extended
to (011) and (111) oriented cubic crystal structures, which is done through derivation of
theoretical equations and comparison to numerical calculations as well as to experimen-
tal measurements. The second main result of this thesis is the QMOKE spectroscopy
of (001) oriented cubic crystal structures [31, 32]. Our approach is established on de-
termining the spectra of quadratic MO parameters G4 and 2G4 (together with linear
MO parameter K), and was successfully applied to Fe thin films and CoaMnSi Heusler
compounds of differently strong L2; ordering. A more comprehensive introduction to

this work will be given in Sec. 1.3 at the end of this introduction chapter.
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1.1 Introduction to the magnetooptic Kerr effect

1.1.1 From simple idea to basic model

At start we will discuss some simple ideas, as it is useful to have a very simple model at
hand. MOKE takes place in the extended visible spectral range i.e. from near infrared
(NIR) to ultra violet (UV) light. Because of that, the response of the magnetic mo-
ments in the matter does not play any important role (resonant frequencies of magnetic
moments are several orders of magnitude lower - atoms with their magnetic moments
are too heavy to follow such a vastly oscillating magnetic field of the EM wave. Thus,
MOKE must be connected with the change of the specimen response to an alternating
electric field E of EM wave when a static magnetic field By is applied (and thus the

specimen gets magnetized).

Let’s start with a simple picture of a free charged particle. If such a particle will be struck
by linearly polarized EM wave, the particle will oscillate in the plane of polarization
of E. We can imagine that the particle absorbs and reemits the EM wave at once'
(which is a good imagination as the particle will truly serve as a scattering centre of
the EM wave). Now, if we apply constant magnetic field By (such that E x By #
0), the Lorentz force acting on the particle will result in the circular-like oscillations
of that particle. Such a circular motion could be thought of as superposition of two
orthogonal linear oscillations. Therefore the reemitted wave will also be composed of
two orthogonally linearly polarized waves, producing a somewhat different polarization

state of the reemitted light when compared to the polarization state of the incoming

light. Although this model is oversimplified, it is still an excellent first approximation.

Now, when the free charged particle is replaced by an electric dipole p, the picture of
interaction with EM wave in the static magnetic field By will not be that much different
from the previous case. The oscillation of the electric dipole p will also be altered by
the presence of the magnetic field By. Further, in classical physics, the material can
be actually well described as large quantities of such electric dipoles. For this we use
polarization P of the material, being the number of electric dipoles p per unit volume.
Thus, this material polarization P, usually induced by the acting electric field E, will
be changed when magnetic field By is applied.

Nevertheless, the magnetic field By alone has rather small impact, observable only when
the light is passing through the material at larger distance e.g. few millimetres (this
is actually known as Faraday effect), or when the By is of enormous strength. But

when reflection occurs, the light penetrates the material in the substantially lower depth

! A phase shift may be induced.
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(no more than few dozens of nanometers), thus in the case of reflection the change of
polarization will be rather observable only within FM materials that can get magnetized,
which empowers the MO effect to large extent. The By will then serve us to induce the
magnetization M of the material and keep it saturated, eventually driving M into the
desired direction when needed. As we will discuss later, MOKE does change for different
M directions. This fact is actually used for the MOKE measurement. If MOKE would
be constant for all M directions, it would be technically hard to measure the change
of polarization absolutely and separate it from other effects (e.g. strain). But if we
posses the description of how the MOKE changes with M direction (described below
and mainly in Chapter 2), we can use it to separate and analyze the MOKE signal.
Otherwise, in case of FM material with zero net magnetization, contributions from

various magnetic domains will zero-out.?

Thus, material polarization P will change with the magnetization M of the material.
Roughly, we can write APy; ~ M x E, where APy is the change of the material
polarization with M. Note that this is actually the similar condition as E x By # 0
introduced above for the Lorentz force acting on the oscillating charged particle in the
static magnetic field. However, to quantify and describe the MO activity of the material,
the polarization P is not the best option, as it does scale with the amplitude of the
driving electric field E. In our experiment, we do not always use the same intensity of
the light — it is different at different wavelengths, or drops in time as a lamp gets older,
etc. Thus we rather need a material parameter that is independent on the intensity of

the light. For this, electric susceptibility x of material is suitable [33], where
P =¢yxE (1.1.1)

with €9 as the permittivity of vacuum. The electric susceptibility describe material

properties itself and is independent on the electric field E, i.e.

x # X(E). (1.1.2)

Note that Eq. (1.1.2) bound all this work to the realm of linear optics. If the intensity of
the EM wave is too high?, or in the case of some special materials (so-called non-linear
media) Eq. (1.1.2) is not valid anymore, and we have to employ the theory of non-linear
optics, where x = x(FE). Non-linear optics will not be used at any point in this work

and we will strictly stick to Eq. (1.1.2).

20f course, unless the light is focused onto a single domain state, which is something that would have
to be achieved and is quite technically demanding rather than something that happens unintentionally
without our intervention.

3ca. > 107 Vm™*



Chapter 1 Introduction 5

In matrix notation, Eq. (1.1.1) writes

Xzz Xazy Xoz| [Pz
=Cvac |Xyz Xyy Xyz| |Eyl - (1.1.3)
Xzo Xzy Xzz| | B

I

If some of the off-diagonal elements x;;(i # j) of the electric susceptibility tensor x are
non-zero, the material polarization P is not parallel to the driving electric field E. Here,
one can note the analogy to the charged particle that is in circular motion, although the

driving electric field F is only linearly polarized.

But we will actually not use electric susceptibility x to describe the material, but rather

relative permittivity e,. The relation between those two is
e-=1+x, (1.1.4)

with 1 as the identity matrix. The difference is that the relative permittivity already
contains the contribution of vacuum, whereas electric susceptibility does not. Later in
the Chapter 2 we will show how to bind relative permittivity together with conductivity
of the material (where conductivity at optical frequencies actually describes dissipation
of EM wave inside the material) under so-called complex permittivity tensor e. This 3x 3
complex permittivity tensor € will be the quantity through which we will characterize

all the samples and the materials from optical and MO point of view.

1.1.2 Change of polarization state of light upon reflection

Let’s introduce two orthogonally linearly polarized waves: s- polarized wave and p-
polarized wave. The electric field vector E of the s- polarized wave oscillates in the plane
perpendicular? to the plane of incidence (plane defined by incident beam and surface
normal. In the case of specular reflection, which is the case at hand, the reflected beam
will also lay in plane of incidence). In the case of p- polarization the electric field vector
FE oscillates parallel to the plane of incidence. For a better grasp of our conventions,
see Appendix A. Upon reflection of s-polarized wave from a magnetized specimen, the
reflected wave will also contain a small p-polarized component and vice versa (see the

sketch of Fig. 1.1). The superposition of those two polarization modes will produce

4In german language, perpendicular is senkrecht, therefore s- polarization.
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Kerr
rotation

s

ellipticity

Ficure 1.1: Sketch of the MOKE phenomenon. The s-polarized incident wave ob-

tains small part of p- polarization upon reflection from the magnetized specimen. The

p-polarized reflected wave has much smaller amplitude and also gains a phase shift com-

pared to the reflected s- polarized wave. By the superposition of the s- and p- polarized

waves we obtain elliptically polarized light that is described by the Kerr rotation 8 and
Kerr ellipticity e.

elliptically polarized light.? Elliptical polarization is the most general polarization state
of light and can be described by its rotation 6, being the angle between the major axis of
ellipse and given axis in our coordinate system and by its ellipticity €, being the arctan
of the ratio of major and minor axis (see Fig. 1.1). Therefore, MOKE is defined through
so called Kerr rotation and Kerr ellipticity and together called complex Kerr angles or

Kerr amplitude ®. The Kerr angles [33]
D, = 0 + e, ®, =0, + ig, (1.1.5)

define the polarization state of the reflected light, where incident light is s-polarized, p-

polarized, respectively.

5Note that we could actually use an arbitrary set of two orthogonal polarization modes. For some
applications - for example in order to measure some MO effects in the x-ray part of the spectrum -
left circular polarization (LCP) and right circular polarization (RCP) is chosen as a set of polarization
eigenmodes. Though, for our use, the s- and p- polarization is much wiser choice, as those are the
eigenmodes used to probe the sample.
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The Kerr angles are given by the ratio of the amplitudes and the phase shift of the
reflected s- and p- polarized waves. These attributes are described within four reflection
coefficients of the sample®, rq,, Tpp> Tsp and rp,s, which can be ordered into the Jones

reflection matrix [34]

Tss Tsp

R= (1.1.6)

Tps  Tpp
The first subscript refer to the polarization of the reflected light and the second to the
polarization of the incident light. Hence, the off-diagonal elements of the reflection ma-
trix actually describe the conversion between one polarization state to the another one.
The Jones formalism is used to describe propagation and interaction of fully polarized
light with the sample and other optical elements and it will be discussed and introduced

in the Sec. 2.4.2, where we will also show that Eq. (1.1.5) can be actually written as

®8 — _rﬁ — 98 + fies, @I) = @ = Gp —|— 'iep, (117)
T'ss Tpp

1.1.3 MOKE and the permittivity tensor

The reflection coefficients for a single interface can be described through the Fresnel
formulae [34] that stem directly from the index of refraction of both materials forming
the interface and from the angle of incidence (Aol). The index of refraction n is directly
bound to the permittivity as n = y/e. In the case of a thin film multilayer system, a more
computation demanding approach must be used to obtain the reflection coefficients, yet
Aol and permittivity of layers still play a crucial role. As can be deduced from the text
above, the permittivity
Exx Ezy Eaxz
E= |€yzx Eyy Eyz (1.1.8)

Exx Ezy Ezz

is a 3x3 tensor of second rank, with element ¢;; describing what is the response of the

material in the direction ¢ when FE is applied in the direction j.

All MO effects, including MOKE, could be actually phenomenologically described by the
change of the permittivity tensor with M. For optically isotropic material, e.g. cubic
crystal structures, the tensor of permittivity without the contribution of M is described
as €1, where 1 is identity matrix and € is a scalar. This will result in ry, = 7,, = 0 and,

thus, there will be no change of polarization upon reflection. When the cubic crystal

5Those reflection coefficients describe reflection of fully polarized light and, thus, depolarization is
not considered.
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LMOKE TMOKE
Aol b | b
z z
My
&d —81(MZ) 0 &d 0 81(My) &d 0 0
e1(M>) €d 0 0 ea 0 0 eq  —e1(My)
0 0 Ed —61(My> 0 Ed 0 El(Mx) Ed

[ T'ss Tsp(Mz)]

Tss  Tsp(My)
Tps (M) Tpp

Tss 0
TPS(My) T'pp [ 0 7pp+ Arpp(Mw)]

TABLE 1.1: Permittivity tensor and reflection matrix of a cubic crystal structure for
PMOKE (1st column), LMOKE (2nd column) and TMOKE (3rd column) configu-
ration. In the first row a sketch of the configurations itself is shown, depicting the
sample surface, plane of incidence and direction of magnetization in the sample. In the
second row, the permittivity tensor of the magnetized crystal is shown (only linear-in-
magnetization contribution is considered here). In the last row we show the reflection
matrix of the crystal and how it is change upon magnetization of the specimen.

gets magnetized, the tensor of permittivity will change its shape and the off-diagonal

reflection coefficient will become non-zero.

We will provide a detailed description of how the permittivity tensor changes with mag-
netization in Sec. 2.2, but for now we will discuss a vastly used approach of LiInMOKE.
Thus, we will consider only changes of the permittivity tensor with the linear depen-
dence on M. Table 1.1 summarizes the shape of the permittivity tensor and the reflec-
tion matrix for three well known LinMOKE configurations. Each of those configurations
describes the case when magnetization is aligned along one of the axes of the Cartesian
coordinate system zyz. If the magnetization is parallel to the plane of incidence and
normal to the surface, being direction parallel to axis z, we call this type of effect polar
MOKE (PMOKE). Longitudinal MOKE (LMOKE) occurs when magnetization is par-
allel to the plane of incidence as well as to the surface of the sample, i.e. directed along
the y-axis. In the case when magnetization is parallel to the sample surface but per-
pendicular to the plane of incidence (i.e. direction of x-axis), we talk about transversal

MOKE (TMOKE). Thus we can write magnetization vector as

Ma: MT
M= |M,|=|M|. (1.1.9)
M Mp

IS
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For a full description of the used conventions, of the coordinate system and of the sign

conventions, please see Appendix A.

Note that PMOKE and LMOKE do manifest through a change of polarization upon
reflection, but TMOKE manifests only through a change of intensity of the reflected p-

polarized wave.”

1.1.4 Introduction to quadratic MOKE

Now we will introduce contributions of higher orders in magnetization to MOKE. The

permittivity tensor of a magnetized crystal eps can be fully described as expansion [30]
em=e0 +el 4@ B (1.1.10)

where superscript in brackets denote the order of the contribution’s dependence on
magnetization M. Thus, the examples of those three LinMOKE configurations described
in Tab. 1.1 use actually the approximation e s = £(®©)4e(!) | when contributions of higher
orders are neglected. At first sight this may look like quite severe approximation, but
the contributions of higher orders are usually substantially smaller then the contribution
of the first order, which is why the LinMOKE approach is sufficient in most cases. Very
roughly, the contribution of the n—th order is about one order of magnitude smaller
then the contribution of the (n — 1)-th order, i.e. contribution of €(® should be very
roughly 1/10 of € and 1/100 of ). Most of the conventional FM materials, like 3d
metals and its alloys, or some Heusler compounds etc., have Kerr angles smaller than
1 degree. Thus, the higher orders contributions to MOKE are usually negligible and

special techniques have to be employed to observe and separate them.

Nevertheless, the contribution of the (), which is the origin of QMOKE, is usually
strong enough to be clearly observed in the measurements. While LinMOKE is odd
in magnetization, i.e. it does change sign upon magnetization reversal, the QMOKE
is even in magnetization and, thus, does not change sign upon magnetization reversal.
Such a behaviour can be easily recognized e.g. in the MOKE magnetization hysteresis
curves. Nevertheless, note that it is not solely LinMOKE and QMOKE that is odd and

even in magnetization, respectively. The Eq. (1.1.10) can be actually written as

EM — E(O) + E(Odd) + E(even)7 (1111)

"Under some combinations with other effects, the change of reflection coefficient r,, can actually
result in a change of polarization of reflected light as well.
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where

inf
eI ="l = ¢ 4 &) 4 B 4 (1.1.12a)
n=0
inf
gleven) — Zs(2+2") =@ 4@ O (1.1.12b)
n=0
Therefore, if the contribution of 3rd or 4th order would be strong enough they can as

well contribute to the odd and even parts of the hysteresis loops, respectively.

However, in this work we will make the widely used approximation (e.g. [13, 17, 19, 23—
29, 35, 36])

glodd) — () even) =@ 4 epr =0 1M 4 ) (1.1.13)

Note that the higher order contributions are not only of quantitative nature, but they
induce as well some additional anisotropic behaviour (i.e. dependence on sample ori-
entation) that is not present with contributions of the lower order. Each subsequent
contribution in the row of Eq. (1.1.10) can lower the symmetry of eps. Thus, if the sym-
metry of the experimental data cannot be described through Eq. (1.1.13), one should

consider possibility that some contributions of higher orders are involved.

In the case of samples with cubic crystal structure, the LiInMOKE response is the same
for all possible sample orientations and only depending on the M direction within our
coordinate system. The QMOKE response on the other hand depends on the sample

orientation as well as on the M direction.

This behaviour is actually used to analyze QMOKE and separate individual contribu-
tions. As will be shown in Chapter 2, we can describe e® and €@ as K;j, My, and
GijkiMy M, respectively. Kjj;, are elements of the linear MO tensor K whereas Gjj
are elements of the quadratic MO tensor G. M} and M; are then individual components
of the normalized magnetization M as introduced in Eq. (1.1.9). In our investigations of
thin films, we consider only in-plane magnetization, i.e. M = [Mp, My, 0]. The reason
is that thin films are usually much harder to saturate out-of-plane than in-plane due to a
large demagnetization field of the FM thin film layer [37]. Consequently, the experimen-
tal separation method used within this work, the so-called 8-directional method [13], is
invented solely for the in-plane M MOKE measurements. However, some out-of-plane

separation method could be developed from the equations of Ref. [38].

We can distinguish individual contributions to MOKE based on (i) different elements
of the MO tensors and (ii) different dependence on M. For cubic crystals in case of (i)

we can distinguish linear MO parameter K and two quadratic MO parameters G5 and



Chapter 1 Introduction 11

2Gy44. In case of (ii) we have contributions My, My Mp and M% — Mj% All this will be
well explained in the Chapter 2.

1.2 Putting MOKE into context

1.2.1 History of magnetooptics

It was Michael Faraday who recognized that electricity and magnetism are closely related
and together with the colleagues of his time showed that change of one creates the other.?
In the year 1845 the same man discovered that the azimuth of linearly polarized light is
rotated when propagating through a flint glass rod in a magnetic field [39]. Today this is
known as the Faraday effect. This discovery showed for the first time the interconnection
between light and electromagnetism and finally led to to the conclusion that light is

actually an EM wave.

31 years after the discovery of the Faraday effect, Reverend John Kerr has observed that
there is also polarization rotation induced to light upon reflection from the polished pole
of a permanent magnet (i.e. PMOKE)[1]. Two years later he also observed the same
phenomenon for light reflected from the equatorial part of the permanent magnet (i.e.
LMOKE)? [40]. Some years later it was recognized that polarization of the reflected
light is not only rotated, but also posses some ellipticity [41], today known as the Kerr
ellipticity. First quantitative measurements of the Kerr ellipticity was carried out by
Zeeman [42], a well known physicist who discovered the splitting of spectral lines of an
atom in the magnetic field [43]. He further discovered TMOKE [44], although it has
been theoretically predicted by Wind [45].

The theoretical explanation of MO effects was given by Lorentz and Drude [46-48], but a
proper microscopic explanation couldn’t be provided until Quantum mechanics emerged.
The understanding that MO effects stem from the interplay of spin-orbit coupling and

exchange splitting was provided during 50’s of the previous century [49-52].

In the second half of the 20" century, substantial technical improvements of the ex-
perimental equipment caused an abrupt rise in the experimental field of MOKE. Many
experimental studies were carried out during this period, e.g. MOKE spectral depen-
dencies of 3d transition ferromagnets and their alloys was provided by Krinchik et al.
[53, 54] and Ferguson et al. [55]. The possibility to compare those spectra with a theo-

retical description was significantly boosted with the development of density-functional

8Later it was recognized that the magnetic field is actually just a relativistic correction of the electric
field.
9Obviously in his time the nomenclature PMOKE or LMOKE was not introduced yet.
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theory and the local spin-density approximation (LSDA) [56, 57]. Optical conductivity
calculations from linear-response theory [58] also played an important role. This made
it possible to calculate spectra of diagonal and off-diagonal elements of the permittivity
tensor by first principle (so-called ab-initio) calculations. Nevertheless, the agreement
between experimental and theoretical spectra was not very good, due to some diffi-
culties with the MO spectra evaluation. MOKE also become an important tool for
investigations of magnetic properties of thin magnetic films through hysteresis curves

measurements, where even single monolayer films can be probed successfully [59].

1.2.2 Recent history, history of QMOKE and state of the art

In the 90’s the ab-initio calculations were significantly improved by Peter M. Oppeneer
et al. [60, 61], which allowed to describe the experimental results of MOKE spectroscopy
much more precisely. The experimental research in MOKE spectroscopy does continue
to present days [62—69], where experimental results are commonly accompanied with
ab-initio calculations. The vast amount of experimental data together with ab-initio
spectra produced until the end of the previous millennium are summarized by Buschow
in the book Handbook of magnetic materials with the chapter about MOKE spectroscopy
written by Peter M. Oppeneer [70].

The first publication concerning quadratic MO effect was published already in 1965 [71].
In the 80’s the description of the shape of 1) and () was provided for various crystal-
lographic structures by Stefan Visnovsky [30]. Though, the experimental measurement
of QMOKE have not been done so far. Then, at the beginning of the 90’s unexpected
symmetric contributions to the hysteresis loops of Ni-Fe bilayers were reported [4, 5] and,
later on, explained as QMOKE contributions to the overall MOKE signal [6-10]. Since
then, several methods have been proposed for the separation of QMOKE contributions
from the LinMOKE signal including the ROTMOKE method [11, 12], the 8-directional
method [13], the sample rotation by 180° [14], and the rotation field method [19].

In the recent years the characteristic capabilities of MOKE were largely improved, which
can be partly credited to the understanding of QMOKE contribution. As example
we can mention the precise vectorial MOKE magnetometry [17, 18] as well as some
other studies where QMOKE was extracted from the hysteresis loop measurements [15,
16]. Nevertheless, QMOKE itself was also successfully used in the Heusler compounds
research a few years ago [16, 23—29], where mostly 8-directional method was used to
characterize the QMOKE contribution.

Thus, MOKE does obviously serve very well for the FM material characterization. Nev-

ertheless, it has also found its irreplaceable position in the cutting edge research area of
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spintronics and spincaloritronics. Here, MOKE can be used e.g. for spin accumulation
detection [72, 73], or to detect exchange bias - an effect vastly employed in the magne-
toresistive devices that occur when the magnetization of a thin FM layer is pinned by
an adjacent antiferromagnetic (AFM) thin layer [74]. The QMOKE itself can be used
e.g. for investigation of spin-orbit torques in metallic as well as insulating magnetic

heterostructures [20].

Further, MOKE gets a lot of attention recently in the AFM material investigations [22]
as a new possibility to control AFM spin orientation by electric current was introduced
based on spin-orbit torque effects [75, 76]. The characterization of AFM is well feasible
also through MO effects in the x-ray part of the spectra, but this requires access to large
synchrotron facilities. The attractiveness of MOKE is that it is a fast, cheap and easily
accessible characterization method. Also, as the AFM lacks the net magnetization, a lot
of methods that are classically used in FM research, like vibrating sample magnetometry
(VSM), are not applicable to AFMs. This is actually also a problem with LinMOKE
that is applicable only to canted AFMs and AFM dynamics [77-79]. This brings us to
another quality of QMOKE, which is its applicability to fully compensated AFMs [21].

1.2.3 MOKE with respect to other magnetotransport effects

Magnetotransport effects describe how the transport properties of a given material
change with the presence of the material’s magnetization. We may distinguish transport
of three different elements inside the material: (i) charge of the electron, (ii) spin of the
electron, (iii) heat. All those three transports can actually intermix and affect each
other. The discipline that studies the coupled transport of spin and charge is known
as spintronics. Well known effects of spintronics are, e.g. giant and tunnel magnetore-
sistance [80], or the (inverse) spin Hall effect [81]. Spincaloritronics is the discipline
that studies coupled transport of heat and spin. Here, we can find thermomagnetic
effects such as the anomalous Nernst effect (linear in M )[82-84] and the anisotropic

magnetothermopower together with the planar Nernst effect (quadratic in M) [85-87].

Although MOKE can be successfully employed for examination of lots of effects from
realm of spin(calori)tronics, its origin fell solely into the part where we consider change
of charge transport with the M, thus, MOKE itself is a charge magnetotransport effect.
Nevertheless, the charge magnetotransport effects have their own names according to
the spectral region they are found in. The spectral region is given by the frequency
of electric field E, being the excitation force acting on the electron’s charge, whose
transport properties are then affected by the presence of the magnetization. From the

d.c. part of the spectra we can name the anomalous Hall effect (AHE) [88], that is linear
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proportional Optics (NIR+Vis+UV)
to d.c reflection  transmission X-ray
~ M AHE LinMOKE Faraday effect XMCD

~ Mj;Mrp PHE QMOKE Voigt effect XMLD
~ (M2 —M?) AMR QMOKE Voigt effect ~ XMLD

TABLE 1.2: Comparison of the magnetotransport effects in different spectral regions

and with different dependencies on magnetization. In d.c. part of spectra there is the

anomalous Hall effect (AHE), the planar Hall effect (PHE) and the anisotropic magneto

resistance (AMR). In extended visible spectral range, i.e. from near infrared (NIR) over

visible (Vis) to ultraviolet (UV) light, we have the LinMOKE and QMOKE with the

Faraday and Voigt effect. In the x-ray part of the spectra there is the x-ray magnetic
circular (XMCD) and linear dichroism (XMLD).

in M and the anisotropic magnetoresistance (AMR) [89] together with the planar Hall
effect (PHE), both being quadratic in M. From the x-ray family there is the well known
x-ray magnetic circular (linear) dichroism and birefringence, being linear (quadratic) in
M [90, 91]. The MOKE and Faraday effect are then charge-related magnetotransport
effects from extended visible spectral range. In Tab. 1.2 we summarize most known
charge-related magnetotransport effects from three well distinctable spectral regions.

We also show the distribution into the linear and quadratic dependence on M here.

Note that in the d.c. part of the spectra those effects are usually described through
magnetization driven changes of complex conductivity tensor &, whereas in the optical
and x-ray frequencies one use the complex permittivity tensor € . Nevertheless, those
two quantities are fully interchangeable and what is described by one is also described
by the other in the given spectral range. The relationship between those two is
5 a (1.2.1)
G 2.
U7 eg Y
with ¢ as imaginary unit, w as radial frequency of the EM wave and gy as the vacuum
permittivity. One way how to derive this relationship is from the wave equations of the

EM wave, which will be given in Chapter 2.

1.3 Introduction to this work

1.3.1 Motivation

From what was written so far it is quite obvious that MOKE is a well utilized tech-
nique in condensed matter physics, and QMOKE becomes to be an inherent part of it

and is getting on popularity. Our aim is to further examine and understand QMOKE
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behaviour and to help strengthen and anchor the utilization of QMOKE in the field
of magnetic materials research. The 8-directional method [13] is developed for (001)
oriented cubic crystal structures and was applied to many materials, so far. Yet, the
equations and techniques of 8-directional method for (011) and (111) oriented cubic
crystal structures are missing. Although there are some studies that are dealing with
those cubic crystallographic orientations [26, 36], the equations are not developed in

detail or the 8-directional method separation is not considered at all.

Further, we mentioned how wealthy amount of LinMOKE spectroscopy data is available,
but in the field of QMOKE spectroscopy not so many systematic studies have been
carried out so far [92, 93]. From our perspective the QMOKE spectroscopy together
with ab-initio calculations is an appropriate combination to gain a better understanding

of the microscopic origin of the quadratic MO effects.

In addition, QMOKE can be a suitable tool for AFM research as this technique could be
easily adopted by any laboratory. In AFM research QMOKE is usually utilized through
measurements of linear magnetic dichroism and birefringence - different propagation
and absorbtion of two linearly polarized modes, one parallel to M (or in case of AFM,
rather to the AFM vector L, i.e. to the individual directions of the magnetic moments
in the material) and other perpendicular to it. Yet, a more comprehensive approach
through 8-directional method is available which takes into account also the anisotropy
of QMOKE effects. Although we recognize that to apply this method on AFM would be
considerably challenging as one has to be able to reorient the magnetic moments of the
AFM to desired directions, it will not be in principle impossible. The reorientation of an
AFM with an easy magnetic plane parallel to surface plane of the sample by magnetic
field is possible [94] and there are also other approaches as polarization-dependent optical
annealing [95] or the use of inverse MO effects [78, 96-98]. Nevertheless, before we get
to the step of AFM investigations, we need to test and master the ideas and techniques
of QMOKE spectroscopy based on 8-directional methods on FM materials, where we
can simply orient the direction of M by a sufficient large external magnetic field and

hence separate different QMOKE contributions.

1.3.2 Goals and content of this thesis

This work is focused on (i) the 8-directional method that is extended from (001) oriented
cubic crystal structure to (011) and (111) oriented cubic crystal structures. The aim
here is to provide theoretical equations in analogy with the equations of the 8-directional
method of (001) oriented cubic crystal structures that are presented in Ref. [13]. Those

equations are then compared to numerical simulations and experimental measurements.
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(ii) The QMOKE spectroscopy of (001) oriented cubic crystal structures based on a mod-
ified 8-directional method. Our goal here is to fully develop the experimental technique
through which we can systematically determine spectra of quadratic MO parameters Gy
and 2G44 in addition to the linear MO parameter K. To successfully achieve this, mul-
tiple steps have to be undertaken. First, the LinMOKE and QMOKE spectra stemming
from individual MO parameters are separated directly from the experiment [31, 99]. To
obtain the pure spectra of the MO parameters, we need to post-process our spectroscopic
measurements by a numerical model. Development and optimization of this model was
substantial part of this work, yet it is discussed just very briefly within the text. Note
that we have to posses good knowledge about the measured sample (e.g. thickness and
£ of each layer in the sample) to successfully yield the MO parameters. Thus, the
structural, magnetic and optical characterizations of the samples were also an inherent
part of this task. As a final outcome, we compare each of the experimental spectra of

the MO parameters with the ab-initio calculations [100, 101].

The QMOKE spectroscopy is first applied to Fe(001)/MgO(001) sample series, where
the thickness of the Fe layer is varied [32]. The method is well tested and optimized
on this sample set, which allow us to further use it for systematic studies of QMOKE
spectra with other materials. The QMOKE spectroscopy is further applied to thin film
sample series of CooMnSi Heusler compounds. Each sample in the series was annealed at
different temperature providing different degree of L2; ordering. The effect of ordering
on linear and quadratic MO parameters is studied with this sample series. Moreover,

comparison to ab-initio calculations is present for both sample sets.

The additional samples of Fe(011) grown on MgO(111) and Co(011) grown on MgO(011)
were prepared to probe the 8-directional method of (011) oriented cubic crystal struc-
tures, but only Fe(011) samples were finally used as we were not able to saturate the
Co(011) sample within our setup. For the purpose of 8-directional method of (111)
oriented cubic crystal structures we prepared Ni(111) thin films grown on MgO(111)

substrates.

1.3.3 Word of author

I hope that this text will serve as accessible and understandable way to introduce the
field of MOKE and QMOKE to students that will choose to join the research in this area.
Nevertheless, this work is also a key source for consideration if I, the author of this text
and Ph.D. candidate, Robin Silber, will be granted to enter the scientific community.

This work is obviously a collaboration of multiple co-workers and laboratories. Thus,
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at those lines I would like to specify what exactly was my sole work and what was the

work of the co-workers.

My research was simultaneously settled at two universities: VSB - Technical Univer-
sity of Ostrava and Bielefeld University. At Bielefeld University I prepared some of the
samples investigated in this work [Fe(001), Fe(011), Co(011), Ni(111)] by magnetron
sputtering. Further, I obtained all the structural and magnetic characterization at this
University, together with the measurements of the 8-directional method. During my
time at Technical University of Ostrava, I obtained all the LinMOKE and QMOKE
spectroscopy measurements with an in-house developed setup [99] that I further up-
graded from the side of hardware and software alike. I also conducted some of the
optical characterization of the samples, i.e. ellipsometry measurements at the Technical
University of Ostrava. Processing of all the data, coding of the numerical calculus and

its optimization with further simulations was done by myself at both universities [32].

The preparation and structural characterization of Fe(001) samples prepared by molec-
ular beam epitaxy were fully provided by my colleagues Jannis Thien, Olga Kuschel
and Joachim Wollschlager from Osnabriick University. Those sample were prepared for
comparison with the Fe(001) sample series prepared by myself by magnetron sputtering
in Bielefeld. The PMOKE spectroscopy of the Fe(001) samples and ellipsometry of the
CooMnSi samples was provided by my colleagues from Charles University in Prague,
Lukas Beran and Daniel Kral, respectively. The CooMnSi samples were prepared by
Takahide Kubota from Tohoku University in Sendai. Finally, all the ab-initio calcula-
tions presented in this work are sole work of my colleagues Ondfej Stejskal [101] from

Technical University of Ostrava and Jaroslav Hamrle from Charles University in Prague.

Finally, if any of the original data presented in this work was not acquired or processed

by myself, it will be clearly stated in the text or/and in the caption of the figures.

1.3.4 Layout of this work

In Chapter 2 all the necessary theory to understand our further experimental work will be
provided. The theory of EM wave propagation in the multilayer stack (Yeh’s formalism)
is built here from the scratch and the formalism used to describe the permittivity of a

magnetized crystal is explained as well.

Chapter 3 will then deal with all experimental techniques. The theory and techniques
of the sample preparation, structural characterization as well as magnetic and optical
characterization will be briefly discussed here. Further, the walkthrough of all MOKE

setups, used for gathering the experimental data, will be described here. Finally, in the
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last part of this section, we will show and discuss the data of the structural, magnetic

and optical characterizations of all the sample series investigated within this work.

In the subsequent Chapter 4 we will start our investigation of the 8-directional method.
The chapter will first discuss the well known (001) surface orientation. We will compare
those equations with our numerical model and experiments, and we will outline the uti-
lization of QMOKE spectroscopy from 8-directional method here. Then, the derivation
of equations for (011) and (111) orientation will follow. Again, the comparison to the
numerical calculations and to the experimental measurements will be presented. The
possibility to apply those equations for QMOKE spectroscopy will be discussed here as

an outline for future work.

Chapter 5 will then handle the QMOKE spectroscopy technique. The measurement
algorithm for separation of MOKE spectra stemming from individual MO parameters
will be presented and put to work. The post processing in our numerical calculus,
providing us with the pure spectra of MO parameters, will be discussed, together with
some troubleshooting. The spectral dependencies of linear and quadratic MO parameters
K,Gs and 2Gy4 will be shown for Fe and CooMnSi. Comparison of those results with

ab-initio calculations and the literature (where available) will be presented as well.



Chapter 2

Classical theory behind

magnetooptic effects

In the first section of this chapter we provide some basics of classical theory of elec-
tromagnetism and electromagnetic optics. We will discuss the Maxwell equations and
derive the wave equation of the EM wave propagating in the anisotropic media, such
as in magnetized cubic crystals. We will also explain what is the origin of the complex
nature of the permittivity tensor. In Sec. 2.2 we will explain a formalism that is used for
the description of the permittivity tensor of magnetized crystals. Here, we will introduce
linear and quadratic MO parameters that are used to describe the MO activity of the
material. Section 2.3 will introduce the so-called Yeh 4x4 matrix formalism, which de-
scribes the propagation of coherent EM waves through a multilayer stack. Note that as
all of our samples studied in this work are actually thin films, this formalism is necessary
to properly process our MOKE experimental data. Further, in Sec. 2.4 we will give a
basic introduction into the description of polarized light by the Jones formalism. Finally,
at the end of this chapter in Sec. 2.5 we will discuss the separation process of LinMOKE
and QMOKE contributions known as the classical 8-directional method, although this

separation process will be thoroughly revisited in Chapter 4.

2.1 Electromagnetic waves in matter

2.1.1 Maxwell’s equations

Maxwell’s equations, the brilliant set of four relations that governs the field of elec-

tromagnetism, empirically gathered by Faraday, Gauss, Ampere and summarized and

19
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extended by James Clerk Maxwell.! The equations come in two forms: microscopic
and macroscopic. The microscopic Maxwell equations are suitable for use in vacuum or
in the case when each charged particle can be tracked individually. Nevertheless, it is
impossible to use them for macroscopic description of electromagnetism inside matter,
as contribution of each single charge would have to be taken into account. Therefore,
use of the macroscopic Maxwell equation is more suitable in this case. Response of the
material to fields E and B is described by polarization P and magnetization M, being
defined as density of electric and magnetic dipoles moments per unit volume element,
respectively.
dp dm

with p as electric dipole moment and m as magnetic dipole moment.

Inside the material, we can split the charge density g into two contributions. The charge
density of free or free-like charges o and the density of bound charges g, that is caused
by the inhomogeneous polarization P. The relation between bound charge and the

material polarization can be derived through same way as Gauss’s law [102] and hence
op=—-V-P. (2.1.2)

Further, we can also split current density J in the matter into the three contributions:
(i) J¢, being the free current density (in our cases mostly current in metals, i.e. move-
ment of free-like electrons), (ii) Jp, being the bound current density, which is connected
to movement of charge when there is change of polarization P in time and (iii) J,,
being magnetic current density which we can imagine as current loop that describe

magnetization in the material [102].

oP
ot’
! Although, note that it was Oliver Heaviside, the self-taught mathematician and physicist, who gave

the equations the shape we know and use today. He’s supposed to also be the one who introduced use
of complex numbers to the field of electromagnetism.

Jr=0FE, Jp = Jn=V X M, (2.1.3)
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where o is the conductivity of the material. Then, the macroscopic Maxwell equations

can be written as

oto o V-P

V.E= - — , (2.1.4a)
€0 €0 €0
V-B=0, (2.1.4Db)
0B
E=— 2.14
Vv X o (2.1.4¢)
OF
V X B = p (Jf+Jm+Jb+5oat> =
oP OF
= E M + — — 2.14
Mo(a +V XM+ o +608t>’ (2.1.4d)

where g9 and pg are vacuum permittivity and vacuum permeability. For the microscopic
Maxwell equations we just set g = 0 and J, = J,,, = 0. Origin of individual contribu-
tions in the Maxwell equations (2.1.4) can be well understood, but the shape is not very
convenient for further operations. The response of the material can be also described

through fields D and H, where their constitutive relations are

D =¢gFE + P = ¢y, E, (2.1.5a)
H-'B-M-_' B (2.1.5b)
Ho o oy

with e, as relative permittivity and u, as relative permeability. From our point of view
it is more suitable to stay with fields E and B and use €., u, and o to describe response
of the material®, where we limit ourselves to homogenous materials and linear optics.
For anisotropic materials €., p, and o are in a form of the second rank 3 x 3 tensor.

Now, we can write Maxwell’s equations as

V.(e,E) =Y, (2.1.6a)
€0
V.-B=0, (2.1.6b)
0B
E=—— 2.1.
V x T (2.1.6¢)
oF
V X B = poproE + uo,u,«eos,«g. (2.1.6d)

By comparison of the Maxwell equations (2.1.6) with the Maxwell equations (2.1.4),
one can get a grasp of what all is described by the relative permittivity €, and relative

permeability p,.

2Note that E and B are the ”real” fields that can be measured using charged particle, whereas fields
D and H are only used for macroscopic description of matter, but from microscopic point of view they
can’t be defined.
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Important result that stems from the Maxwell equations are the boundary conditions

that describes continuity of the fields E and B through the interface.

€0 (sQ)E(l) - s§2>E<2>) h= g (B(1> - B<2>> =0 (2.1.7a)
D1

<E<1> —E<2>) KA =0, — B—l—B—Z xi=J;  (2.1.7b)
po \ pt pt?

with 72 as normal unit vector of the interface. Superscript (1) and (2) refers to the two
different materials that are forming the interface, respectively. Further, g; is the charge
at the interface and Jy is the current density at the interface. Thus, we can see that
normal component of the field e, E (if the interface is not charged) and B does not
change through the interface. Further, tangential components of the fields E and B/,
(if there is no current through the interface) are continuous through the interface. Note
that the boundary conditions are the core of formalism that describes the EM wave

propagation through the multilayer system.

2.1.2 Wave equation for anisotropic media

In our work we are interested in the response of the material to the monochromatic EM

wave with electric and magnetic fields in a form

E(w,k) = Egexp{—i(wt —k-7)}, (2.1.8a)
B(w,k) = Byexp{—i(wt —k-7)}, (2.1.8b)

with ¢ as imaginary unit, w as radial frequency of the wave, k as its wave vector and
Ey, By as the amplitude of the electric, magnetic field of the wave, respectively. This is
EM wave in phasor notation®. As E and B are functions of w, the relative permittivity

&r, relative permeability p, and conductivity o are also treated as functions of w [33].
er = ep(w), pr — pr(w), o — o(w). (2.1.9)

Further, in the range of optical frequencies we can set u, = 1 as magnetic dipoles in

the material can not follow such a vastly oscillating magnetic field of an EM wave.

Now, we will yield the wave equation of EM waves in anisotropic media. Taking the

curl of Eq. (2.1.6¢) and then rewriting its right side with use of Eq. (2.1.6d) providing

3The EM wave E = Eqcos (wt — k - ) can be equivalently written with use of Euler’s formula as
E=E,/2 [ei(“’t*k"") —+ eii(“’t*k"")]. For linear systems one of the complex conjugate can be discarded.

Note that our choice here will determine the sign convention with all complex variables used in optics.
Although it is not a strictly followed rule, usually physicist in optics use convention e *«t=*")
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us with )
oE 0O°FE
VX(VXE)=—uo—— -5 2.1.10
( ) = —oo 5~ Hocoer 5 ( )
Because we assume F to be in a form of Eq. (2.1.8a)
V x E=ikxE, (2.1.11)
oFE
Then, the Eq. (2.1.10) become?
w? .o
kx(kxE)—— |e+i— | E=0. (2.1.13)
C oW
Here the complex permittivity tensor € is defined.
Erar T z 5 z—:ow zz Eray t =g z—:ow wy Eraz T Do z—:ow Tz
g = (E?r + ia> = |Eryz t 00 a‘ow Oye  Eryy T 00 aow Oyy  Eryzt o5 a‘ow Oyz (2.1.14)
Eow
Erzx + — eow zx  Erzy + — sow zy  Erzz + — sow
Now we can rewrite Eq. (2.1.13) in the matrix form as
i 2 2 . 2 ] [ i
k; + k2 — Teux  —kiky — Zlry  —kik. — éas Eos
2 2 2 .
—kyke — Géye kI4kE—%Géy, —kyk,—“%é,. | - |Eoy| =0 (2.1.15)
2 2 2 .
—koky — Gl —kiky— 95én kI 4KI—%é| | Eo,

Equation (2.1.15) is the Helmholtz form of wave equation for anisotropic material de-
scribed by complex permittivity tensor €. If we would consider isotropic case, i.e.
e = €1, where 1 is identity matrix, and we would forbid charging of the material,

e. V- E =i(kyE; + kyEy+ k.E;) =0, we will end up with
1 o\ 0’E
) .
E——(e+iZl )22 —o, 2.1.16
v c? <€ * Z€0w> ot? ( )

which is the familiar shape of wave equation of EM wave in isotropic materials.

4The vacuum permittivity and vacuum permeability are connected through speed of light ¢ as
1/(gopo) = 2.
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2.2 Permittivity tensor of a magnetized crystal

2.2.1 Complex permittivity, complex conductivity

During derivation of wave equation we defined complex permittivity tensor € as

é= <s,, + z‘") (2.2.1)

Eow

However, through a similar way complex conductivity tensor can be defined.
0 = 0 — iwepey . (2.2.2)

From Eq. (2.2.1) and Eq. (2.2.2) we can see that complex permittivity and complex
conductivity are interchangeable through relation

o

E=i (2.2.3)

Eow '

Now, we would like to address possible source of confusion connected within this nomen-
clature. Relative permittivity €, and conductivity o are both purely real variables. The
fact that we bind those two variables into the single complex variable is only our con-
struct that is advantageous within our models using phasor notation of EM wave. As
this is so widely adopted, the denomination of complex conductivity and permittivity
with hat (*) above is very rarely used. If this is further combined with denomination
€ = €&y, that is also sometimes used, Eqs.(2.2.1-2.2.3) could become confusing for the
reader that is not well familiar with the use of complex valued permittivity or conduc-
tivity and the idea which of the permittivity and conductivity in the equations above is

of real nature and which is of complex nature can easily jumble up.

Nevertheless, in optics where EM fields are treated according to Eq. (2.1.8), permittivity
e and conductivity o are always understood as complex variables according to Eq. (2.2.1)
and Eq. (2.2.2), respectively. Thus, we will as well restrain from denomination using a
hat (), and from now onwards € = € and o = &. Further, Eq. (2.2.3) is sometimes
used as € = 1 4+ i0/(gow). This is due to complex conductivity imaginary part, that is
sometimes defined through electric susceptibility and not through relative permittivity.
Finally, note that several different denominations for real and imaginary part of € do
exist, e.g. € = €1 + &g, 0or e =€ +€"” ore = e+ e7. In our case we will use very
obvious denomination

e = Re{e} + Im{e}. (2.2.4)
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One more thing should be mention concerning the complex nature of the permittivity.
The real and imaginary part of € may seem unrelated at single photon energy, but from

spectral point of view they are binded by so called Kramers-Kronig relations.

2 W' Im{e;j(w') }
2w o0 Re{sij(w’)}

where ¢;; are the elements of the permittivity tensor €, V.P. stands for Cauchy principal
value and §;; is Kronecker delta. Hence, the real (imaginary) value of the ¢;; at photon
energy fuw can be computed from full spectral dependence of imaginary (real) part of €;;.
Nevertheless, in the experiment we measure just limited part of the spectral dependence,
and thus, the Kramers-Kronig relations have rather limited use here and must be used

5

with care.” On contrary, Kramers-Kronig relations are heavily used in the ab-initio

calculations, where they substantially speed up the calculations.

2.2.2 Magnetooptic tensors

The shape of the permittivity tensor stems from the crystallographic structure of the
material. The triclinic crystal system do have all 9 elements of the permittivity tensor
non-zero whit single symmetry e;; = €;. In contrary, the cubic crystal structure has

permittivity tensor described through single scalar as €4 - 1 with 1 as identity matrix.

The shape of the permittivity tensor € can be further altered by magnetization of the
material®, being the origin of MOKE from phenomenological point of view. Permittivity

tensor of magnetized specimen can be described by McLaurin power series [30, 33] as

8261']‘
OM M,

ij 1
5ij:5(9)+|:86]:| M+ 5

] MM + ...
M=
. (2.2.6)
= 6z(j) + Kiji My, + Gijra MM +...
N—— N—_———
eM B
1] 1%
where M}, and M; are components of the normalized magnetization M. K;j; and Gjjx
are the components of the so-called linear and quadratic MO tensors K and G, which are

3x3 tensors of third rank and fourth rank, respectively. Einstein summation convention

5We can use them to some extent during data processing, e.g. in B-spline method. Also, if in the
measured spectral range the imaginary part of the spectra will posses strong peaks, but real part of the
spectra will be completely flat, something is obviously wrong.

5The shape of the permittivity tensor can be further altered by others perturbations, e.g. stress, but
we do not consider these other effects in this work.
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is used within Eq. (2.2.6). The general shape of those tensors is (z,y,z = 1,2,3):

€11
(2)
€92

2
5&?

2
552

2
553

2
5&3

2
5%3

2
5%3

2
gég

- @

G111

G211

G3311

G211
G131t

Ga311

G111

(;3111

(;3211

G1122
G2222

G'3322

G1222
G1322

G2322

G122
G3122

(;3222

0)  _(0)

€11 €12
0 _ |0 _(0)
e = €a1 €29
(0) _(0)
€31 €32
S _
EgB K11 K
(1)
59 Koo Koz
1
8&3 K331 K330
1)
€19 Kio1 Kioo
1
6&; = | K131 Kiso
(1)
€53 Kazi Koo
1
€g1) Ko Koo
(1)
€31 K311 K312
1
Eé; K321 K32
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Ga233 | Ga2iz Go213
G333z | Gsziz G313
G233 | Gi2i2 Gi213
Gizsz | Giziz Gizis
G333 | Gaziz Gasis
Gai33 | G212 Gaii3
G313z | Gsiiz Gsiis
G233 | G312 G213

0
55;

0
552

0
5&5

Kii3

G1123
G2223

G3323

G1223
G1323

G2323

Go123
G3123

G3223

9

| Gii21
| G221

| G3son

| Gh221

| G321

| Gas21

| G121

’ (;3121

’ G13221

G131
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G'3331
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(2.2.7)

(2.2.8)

Mt
M3
Mg

My Mo
M, Ms
Mo Ms

My My
Ms M,

M3 My

©(2.2.9)
Note that the rank and dimensions of the MO tensors K and G are given through the

way they construct contributions e and e to the permittivity tensor e with the

magnetization M (3x1 tensor of first rank, i.e. vector) and square of magnetization

M? (3x3 tensor of the second rank), respectively. We recall that M, My, M3 are mag-

netization directions with respect to Cartesian coordinate system and not with respect

to the crystallographic axes of the material. For details on our coordinate system, see
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Appendix A.

2.2.3 Permittivity tensor of a cubic crystal structure

The most general shapes of the MO tensors introduced above can be substantially sim-

plified through Onsager relation

gij (M) =¢€ji (—M), (2.2.10)

which enforce condition
52(]1') = Kijp My = — KMy = —€§-? (2.2.11)
on the permittivity tensor e, wherefrom Kj;;, = 0 and K;j, = —Kj;,. Further, per-

mittivity tensor ) must follow the condition
81(32-) = GijuMM; = Gjipa(—Mg)(—M,;) = aﬁ), (2.2.12)

wherefrom Giju = Gji = Gijik = Gjur [30, 33]. Those restriction provided by On-
sager’s relation are valid within all crystallographic classes, but there are further restric-
tions on the shape of those tensors, that are given by the symmetry arguments of the
crystal. In this work we examine only cubic crystal structures (crystal classes 432, 43m
and m3m). The symmetry arguments of those classes together with Onsager relation
then provide following shape of tensors €(*), K and G (in the case when cubic crystal

axes are aligned with axes of Cartesian coordinate system xyz):

Ed 0 0
e =10 ¢ 0], (2.2.13)
0 0 Ed
el 0 0 K3
el 0 —Kpz 0
esy K3 0 0 M,y
S I B A (2.2.14)
Egll) 0 0 —K123 M3
el 0 K3 0
_5:(312)_ _*K123 0 0 i
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5(121) Guun Guze Guzn| 0 0 0 M}
5222) Gu2e Guun Guze| 0 0 0 M?
5%) G Guz Guu| 0 0 0 M?
= - = = = = — | (2215
e 0 0 0 | 2Gass O 0 My M,
e 0 0 0 | 0 2Gys O M M
Q) 0 o 0 | o0 0 2Gags| | MMy

Thus, we can see that for cubic systems permittivity e(© is defined by scalar 4 and
identity matrix 1. Linear MO tensor K is defined through one free parameter K93 = K
and quadratic MO tensor G is defined by G1111 = G11, G1122 = G12 and 2Ga303 = 2G 4.
The Eqgs.(2.2.13-2.2.15) are described more concisely as

€ij = dijed, (2.2.16a)
Kijr = €K, (2.2.16D)
Giiii = G, (2.2.16¢)
Giijj = G, i# 7, (2.2.16d)
Gi212 = G313 = Gasaz = Gua, (2.2.16e)

where ¢;; is Kronecker delta function and €;j;, is Levi-Civita symbol. Further, Gi1 and
G129 always contribute to MOKE signal in a form of their difference G; = G171 — G12.
The parameter AG = G5 — 2G44 then describes anisotropy strength of the quadratic
MO tensor G of cubic crystal structure [38].

2.2.4 Permittivity tensor with misaligned axes

So far, we described permittivity tensor & of cubic crystal structures up to second or-
der in magnetization, but only for the case when crystallographic axes are align with
axes of Cartesian coordinate system zyz. Now, we need to extend this description for
cubic crystal structure with general orientation in our coordinate system zyz. Such a
permittivity tensor will be described as

£y = (0) + Kijp Mk + G MM, (2.2.17)
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where
55?), = Qimjnelo), (2.2.18a)
Kz{jk = aimajnakoKmnm (2218]:))
;jkl = aimajnakoalmenop‘ (2.2.180)

Here a, . (v,w = z,y, z) are elements of 3x3 matrix @ which represent the Cartesian

vector transformations and can be expressed as product of three rotation matrixes

cos?, —sind, 0 costy 0 sindy| |1 0 0
a= |sind, cosd, O 0 1 0 0 cos¥, —sind,|, (2.2.19)
0 0 1| |=sindy 0 cosdy,| |0 sind, cosdy,

representing the rotation around z, y, z axis of our coordinate system by angle 9,9, 9.,
respectively and strictly in that order. Thus, through &' we can fully describe permit-
tivity of cubic crystal structure with arbitrary orientation and up to second order in
magnetization. Note that only quadratic MO tensor G is anisotropic here, i.e. it will
change its shape upon transformation described by Eq. (2.2.18¢). In contrary, e and
linear MO tensor K are isotropic and will not be affected by transformations described
by Eq. (2.2.18a) and Eq. (2.2.18b), respectively. Nevertheless, with other crystal struc-

tures this may no longer hold true.

2.3 Propagation of electromagnetic waves in an anisotropic

planar multilayer structure

The description of the Yeh’s formalism in this section is inspired by Ref. [33]. Further,
to prevent any confusion, we emphasise that upper index in the bracket denote here the
position of the layer in the multilayer stack and not the order in M. We will hold this

nomenclature only through this single section.

Now, let’s consider the case of a planar multilayer structure composed of N layers that
are sandwiched between two halfspaces as sketched in Fig. 2.1. For our purpose, we will
treat upper half space (0) as air, while the lower half space (N + 1) is the substrate at
which our multilayer stack has grown. Note that if the backside of the substrate would be
polished and hence specular reflection would occur at the lower interface of the substrate,
we couldn’t treat the substrate as the semi-infinite halfspace, but as another (but thick)

layer, where incoherent propagation of light occurs.” The theory on how to deal with

"The decision if the layer is thin or thick is actually made by the coherency of the probing light.
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FIGURE 2.1: Sketch of a multilayer stack composed from the N layers and sandwiched

between two semi-infinite half-spaces. The positive direction of z axis, and thus positive

direction of EM wave propagation, is downwards. The drawing is inspired by drawing
in Ref. [33]

presence of optically thick layers in the multilayer stack is well explained in Ref. [103],
but as this is not the case of any samples studied in this work the semi-infinite halfspace

(N + 1) can be safely described by the properties of the substrate.

The idea behind this formalism is as follow. We will solve wave equation (2.1.15) for each
layer of the multilayer stack and its half-spaces. This will provide us with four solutions,
i.e. four EM waves for each layer. One set of two waves is propagating upwards in the
layer and other set of two waves is propagating downwards in the layer (with respect
to z direction). Those two waves of each set create a basis for arbitrary polarization
state of light, i.e. they are proper polarization modes for the given medium. For case
of isotropic, non-absorbing meterial (such as air — the upper halfspace), any set of two
orthogonal polarization modes will do. For our purpose it is advantageous to chose s-
and p- polarizations as the proper polarization modes for the upper halfspace (as in our
experiments one of those polarization states is used to probe the sample). But in the
n-th layer of the multilayer stack, where permittivity could be of general shape, the
set of upwards or downwards propagating waves will be described by two orthogonal
eigenmodes of general elliptical polarization. Their exact shape must be found from
wave equation (2.1.15) and will be dependent on crystallographic anisotropy, direction
of magnetization inside the layer and the angle of incidence (Aol) of EM wave on the
multilayer stack. Then, we can describe propagation of the arbitrary polarization state

of light through this layer by decomposition of this polarization state into the layer’s
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polarization eigenmodes. With the use of boundary conditions we can treat the EM

waves at the interface Z(") and continue with propagation in the subsequent layer.

2.3.1 Proper polarization modes in the n-th layer

Let’s start with the solution of the wave equation [Eq. (2.1.15)] for the n-th layer of
the multilayer stack. The n-th layer is bounded by its upper interface Z(~1 and lower
interface Z(" and is characterized by its permittivity tensor ™ and thickness d(™) =

2(ZM) — z(Z(™=Y). The propagation vector in the n-th layer is
) — (g L pMg L pms) = Y (N0 (n)g (n) 2
k f<k:x &+ kMg + K z>fc(N$ 2+ NWg + N z), (2.3.1)

where Nm(n), N?S”) and N, Z(") can be understood as directional components of the propa-
gation vector in the n-th layer and &, ¢, 2 are cartesian unit vecotrs. From the Snell law
(boundary conditions), the parallel and planar components of the propagation vector to
the interface must be constant through all layers in the multilayer stack® (pay attention

to the superscripts in the following equation)

”~ w 0 -~ ~ w 0 ~
0.6 =NO & K= YN0 g (2.3.2)
In a wisely chosen coordinate system, being xyz cartesian coordinate system with yz
plane parallel to the plane of incidence (where z is pointing into the multilayer structure
and y have the same direction and sign as k, component of the propagation vector of
the incident light), we can set

N =0, N =N, =Nsin(Aol), (2.3.3)

As we already mention above, the upper half space (0) from where is EM wave incident
on the multilayer structure is treated as air here and, thus, we can set NZS”) = sin (Aol).?
Now, we can write wave equation (2.1.15) for anisotropic material in the n-th layer of

the multilayer structure as

NZENP? o el el B
2
= —eln) N2 N, N® B =0, (2.3.4)
—ely) ~Ny N =) N2 - EY
N——
W(n) E(()n)

8Note that this condition will not be valid for the multilayer stack with wedge-like layers in it.
9In our numerical code exact value of index of refraction of air was used.
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Here, only unknown to us is the directional component Nz(n) of the propagating vec-
tor. To obtain a nontrivial solution determinant of W must be equal to zero. This
condition will in general lead to polynomial equation of 4th order with four roots of

N, Z(n) =N Z(;L), j=1,....,4 (two double roots for the case of isotropic material).

Now, we can solve Eq. (2.3.4) for each Nz(;i) by finding the null-space of the matrix
W™ ie. we are looking for such E(g?) = Eé?)eg-n) that Wj(n) . Eé?) = 0, with eg-n)
as the j-th proper polarization eigenmode of the n-th layer and E(()?) as its amplitude.
Each of those four proper polarization modes propagate through the n-th layer without
change of polarization, but each with different phase speed and different attenuation.
Further, we are adopting here a widely used convention that directional components
N, Z(;L) and N g) define the downwards propagating eigenmodes (i.e. positive direction of
z), whereas N, Z(;l) and N (Z) define the upwards propagating eigenmodes (i.e. negative

4
direction of z)!°

The electric field vector of EM wave in the n-th layer can be therefore described as

4
n) _ (n) (n) : w
E™ *ZEOJ' e, expq —t wt—;

Ny + N (z —z (I("))>] . (2.35)

j=1

To obtain magnetic field of the proper polarization modes, we can simply apply Faraday

law from Maxwell’s equations [i.e. Eq. (2.1.6¢)].

n) _ (n)p(n) - w
cB( )_ZEOj b, expq —i wt—;

Jj=1

Ny + N <z p (Z(”)))] , (23.6)

where

b\ = (Nyz? + N(j),e) x e (2.3.7)

z

"When one is putting this formalism in use, the way how N.; are sorted is a crucial part of the
numerical calculs and extra care must be taken in this step.
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FIGURE 2.2: Sketch of the electric field amplitudes at the boundaries of the n-th layer.

2.3.2 Propagation through the whole multilayer stack - Yeh’s formal-

ism
From boundary conditions we know that the tangential field components must be con-

tinuous through the interface. Thus, at the interface Z(»~1

4

n—1) (n—1) o LW (n) 4(n
ZE((” eg ) —ZEOJ j - & exp —ZEN(»)d() , (2.3.8a)
j=1

4
S Y AR T S ] Nt

4
n—1);(n—1) 4 (n)g(n) 4 W () 4(n
ZEO b( - & —jz::l on)bg- - & exp —Z;Nz(j d™ 4, (2.3.8¢)
. w
n— 1 n)q(n ~ . n) 4(n
S By ZEO b g exp{—chz(j)d( >}. (2.3.8d)
j=1

The tangential electric and magnetic fields of the wave in the layer (n—1) at the interface
Z(=1) are equal to tangential electric and magnetic fields of the wave in the layer (n) after
propagation through the layer of thickness d from interface Z(™ to interface Z(—1 11
The propagation of the j-th proper polarization mode through the n-th layer from
interface Z(™ to interface Z(~Y is described by the factor exp{—i%N Z(;L)d(”)}. See the
Fig. 2.2. The fact that in Eq. (2.3.8) the dependence on the position z was substituted
by the dependence on the layer thickness d allow us to employ matrix formalism for

description of EM wave propagation through the structure.

"Note that here our choice of time convention will play important role. We remind that we are using
time convention exp{—iwt}.
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We can rewrite Egs. (2.3.8)(a)-(d) as

n— n—1 n n n
D=V = pt) pe) glm), (2.3.9)
where _ _
egn) - & eén) 2 M.z efln) &
-5 o g g b g
D — (2.3.10)
egn) - egn) - eén) - X ein) I
g by g by b g
is so called 4 x 4 dynamic matriz,
_exp{—i%N§?>d(n>} 0 0 0
0 exp{—i2NGa™ | 0 0
pn —
0 0 exp{ ~i2NGa™ | 0
0 0 0 exp{—i2 NG a™
] (2.311)
is so called 4 x 4 propagation diagonal matriz, and
Egy)
E;’ = - (2.3.12)
Egs
757 |

is four-component vector of the complex proper polarization amplitudes. Those matrixes
were firstly introduced by Pochi Yeh [104]. The dynamical matrix serves us to relate
amplitudes of the proper polarization modes from two adjacent layers, while propagation

matrix describe propagation of proper polarization modes through the layer.

Then, we can bind proper polarization mode amplitudes from (n—1)-th layer at interface

Z(»=1) with proper polarization mode amplitudes from n-th layer at interface Z(") as
E"Y = pin-tm glm) (2.3.13)

where

-1




Chapter 2 Classical theory behind magnetooptic effects 35

is so-called tramsfer matriz. This transfer matrix, that is describing the propagation
from the (n — 1)-th layer to the n-th layer, is the main building block of the Yeh’s
formalism. The propagation through the whole multilayer stack, i.e. relating the proper
polarization mode amplitudes in upper half space (0) and lower halfspace (N + 1), is

described as
N+1

B - I T ENTY = MENTY (2.3.15)
n=1

where M is so-called total matriz of the whole multilayer structure. Note that if the
multilayer stack would be reduced to single interface, i.e. N = 0, the total matrix M

would be equal to transfer matrix 701

with its propagation matrix P = 1, as thickness
of the interface is d = 0. Propagation matrix P = 1 is also employed in the last transfer
matrix in the multilayer stack to obtain proper polarization mode amplitudes in the

lower hlafspace (N + 1) at the interface W),

2.3.3 Reflection from the multilayer stack

Let’s assume that the multilayer stack is only irradiated by EM wave from the upper

halfspace (0), which is in agreement with the experiment. Then we can set E(()/Q\/H) =
E(()Q/H) = 0 (recall our convention on upwards and downwards modes) and we can write
é(l)) Myy Mis Mz My Eéjlvﬂ)
Eég) Moy Mz Maz Moy 0
= » (2.3.16)
0 1
E(()g) M3y Mz Mgz Msy E((]g 1)
Eéi) My Mgz Myz My 0

Further, if we assume that the multilayer stack is illuminated with EM wave of sin-

gle proper polarization mode of the upper half space (0), we can show that reflection
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coefficient of that multilayer stack are

PON+1) Eég) _ Mo Mz — M3 Ms (2.3.17a)
21 E((](l)) My M3z — MysMs ’
p=o
SON+D) Ejy _ M Mss = MazMs (2.3.17b)
41 E((]?) My M3z — M3 M3 ’
=0
PON+1) E(()Z) _ My Myg — My Mg (2.3.17¢)
43 E((]g) . M1 Mss — Mg M3y ’
Eél>:0
e (EY_Manaman, oo
23 PO My1 Ms3 — My3Ms,
03/ gO_g

The reflection of light from multilayer stack is then described by Jones formalism as

0 0,N+1 0,N+1 0
E(()2) 7"51 ) ) 7“53 ) ) E(()l)

o [ oty x| | po] (2.3.18)
0 ON+1 0N +1 0
Egy, T41 » T43 | | Eo3

As was told at the beginning of this section, in the upper halfspace (0) (air) we can
choose arbitrary set of orthogonal polarization eigenmodes. For our purpose set of s-
and p- polarized waves is needed, as this is the polarization state of light that we use to

probe the samples in our experiments. From formalism then follows

Tss = T21 Tsp = T23
(2.3.19)

Tps = T41 Tpp = 743

Nevertheless, if we would want to use this formalism to process, for example, some
XMCD results, it would be wise to chose RCP and LCP waves as our set of proper

polarization modes in the upper halfspace (0).

Finally, transmission coefficient of the multilayer stack can be easily deduct from total
matrix M through the similar logic as the reflection coefficients of Eq. (2.3.17). As the

transmission coefficient are not needed in this work we do not show them here.
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2.4 Description of light polarization by the Jones formal-

ism

Jones formalism is used to describe propagation of fully polarized light through the
optical setup. This means that light is propagating through air — a homogenous isotropic
medium. Whenever the light interacts with some optical element (polarizer, sample etc.)

the interaction is handled by 2x2 Jones matrix, e.g. the reflection matrix of the sample.

2.4.1 Jones vectors

In the Jones formalism 2x1 Jones vector is used to describe polarization state of fully
polarized light. One way how to describe general state of polarization through Jones

vector is
cos Y
Jys = | | sl (2.4.1)
sin - e’
where tant = E,/E,, where Ey, E, are amplitudes of s-, p- polarization eigenmodes,
respectively and § is a phase shift between them. Therefore, Jones formalism does not
posses information about the amplitude of EM wave. If we choose cartesian basis for

description of light (our case), those two eigenmodes of linearly polarized waves are
E, = , E, = . (2.4.2)

In the circular basis, RCP and LCP eigenmodes are then describe by Jones vectors as

1 |1 1 1
Ercp = ﬁ AR Ercp = \ﬁ - (2.4.3)
(3 —1

2.4.2 Description of optical elements by the Jones formalism

With the description of polarization state of light in hand, we now need to describe
how such a polarization state of light is altered by an optical element. For this purpose
2x2 matrix is employed in Jones formalism. Examples of Jones matrixes for few opti-
cal elements are shown in Tab.2.1. Polarization state of incident light J;) is changed
through optical element (described by Jones matrix L) to polarization state of outgoing

(reflected / transmitted) light J o) as



38 Chapter 2 Classical theory behind magnetooptic effects

Definition of optical elements in Jones formalism

optical element mnon-rotated rotated by angle ¢
. 10 cos’¢  cos(sin(
Polarizer [O 0] cosCsin¢  sin?(
o , .
ez 0 ;e | cos?C+sin?Ce™™  cos(sin( (1 — e*w)
Modulator [ 0 e_ié’] ©* [cos ¢sin¢ (1 —e )  sin®( + cos® (e~
s 0 s | cos?C+sin?Ce™™  cosCsin¢ <1 — e*i5>
Compensator ) e’z ) )
0 e'2 cos(sin( (1 — e*“;) sin? ¢ + cos? (e~

TABLE 2.1: Definition of Jones matrix for polarizer, modulator and compensator. In
case of modulator ¢ stands for phase of modulation, being generaly function of time.
In case of compensator, § stands for retardation angle, being a constant.

For example, if linearly polarized light at 45° pass through polarizer at 0 © we will have
10
= . (2.4.5)

Here it may seems that we forgot to write prefactor 1/y/2. Nevertheless, as Jones
formalism does not treat the amplitude of light, we do not have to bother about such
prefactors. It’s just the ratio of the elements of Jones vectors that cary the information

about the polarization state of light.

Now, if there is n elements in the optical path, we can substitute all n matrixes by one

effective Jones matrix

Lgg=1Ly, Ly 1. Ly L. (2.4.6)

Then, the propagation of light through such a train of optical elements write
Jo)y = Let - J(1)- (2.4.7)

Note that such a train of optical elements could be e.g. MOKE setup built on the optical
table.

2.4.3 Description of MOKE by the Jones formalism

MOKE is described through Kerr rotation and Kerr ellipticity, thus we need description

of the elliptical polarization in the Jones formalism using azimuth 6 and ellipticity e.
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Let’s have elliptically polarized light where major axis is parallel with direction s (see
Appendix A). For such elliptically polarized light azimuth # = 0 and phase shift must
be 90 degrees (6§ = 7). From Eq. (2.4.1) we can see that in this special case ellipticity
€ =1, s0

cos €

J.= . (2.4.8)

18in e
To rotate this ellipse by azimuth 6, rotational matrix

cos) —siné
Ry = (2.4.9)
sinf cosf

is applied, which will leave us with general description of polarized light through Jones

vector using rotation 6 and ellipticity e.

cos@ —sinb coSs € cosfcose —isinfsine
Joe=| o = ‘ . . (2.4.10)
sinf cosf isine sinf cose + i cosfsine

The complex polarization parameter @, that itself fully describe polarization state of

light, is defined as the ratio of the second and first component of the Jones vector Jy..

sin # cos e 4+ i cos @ sin e tanf 4+ itane

b = = . 2.4.11
cosfcose —isinfsine 1—itanftane ( )

If we consider small angle approximation ( < 1°, € < 1°) we can write
b =0+ ie. (2.4.12)

Note that arbitrary polarization can be described through this notation, as linearly
polarized light is actually elliptically polarized light with ¢ = 0 and circularly polarized

light is eliptically polarized light with € = 7.

Now, the reflection of the incident s-polarized light from the sample is described as

T'ss Tss Tsp 1
= , (2.4.13)
Tps Tps Tpp| |0
and the reflection of the p-polarized light from the sample is described as
Tsp rss Tsp| |0
= . (2.4.14)
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The Kerr angles are thus defined through the same way as is complex polarization
parameter .

@S — _% :68+i687 @p: Tﬂ :0p+’i6p, (2415)
Tss Tpp

The minus sign for reflection of s-polarized light is stemming from historical MOKE sign
conventions (see the Appendix A). Intuitively, the minus sign should be present with
®,, as the positive direction of p-polarized light is changed upon reflection (consider, for
example, reflection under normal incidence when both, incident and reflected beam, are
described by right-handed system). Nevertheless, as definition of positive Kerr rotation
is in fact in contrast with definition of positive rotation inside our coordinate systems
(e.g. optical element rotation in coordinate system s, p, k), the negative sign is with the

d, instead.

2.5 Separation of linear and quadratic MOKE - concept of
the 8-directional method

So far, we provided the theory on how to build the reflection matrix of the multilayer
stack with FM layer in it. We also explain above that Kerr effect is described through
those reflection coefficients. Thus, we posses tool that fully'? describes Kerr reflection

from the multilayer structure.

Although this description is well suitable for processing of our experimental data, it is
too clumsy to express some equations in human-readable form. Also, note that for each
sample the equations could differ according to number of layers in multilayer stack. But,
for our understanding and to develop some measurement algorithm, it would be handy
to have some more simplistic equations describing dependence of Kerr effect on the MO
parameters, M direction and sample orientation. Here, we present an equations that
are, to some extent, valid to any multilayer stack with FM layer of (001) oriented cubic

crystal structure [13].

The analytical approximation for MOKE with the permittivity &’ of the FM layer in the
sample is [24]

r e e
o ps / yzCzx /
Qs =—"—=As | ey — ey + Bselys

(2.5.1)

r el ¢

_ Sp _ / ZY-xz /

¢, =—=-4, Egy — + Bpey.,,
Tpp €d

2Up to second order in magnetization.
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where weighting optical factors A/, and B, , include influence of the other layers in the
stack and they are very roughly even and odd functions of the Aol, respectively. The
permittivity tensor of the FM layer is described by the Eq. (2.2.17). This permittivity
tensor €' covers any possible orientation of cubic crystal structure, including arbitrary

rotation around its surface normal.

From now onwards, we will limit ourself to in-plane normalized magnetization

Mr Cos [

M
Mp| = |sinp|, (2.5.2)

I

with p as the angle between M direction and z-axis of our coordinate system (see
Appendix A). Then, for the FM layer of (001) oriented cubic crystal structure with

sample orientation « (see Appendix A), the elements sgj of the Eq. 2.5.1 are

AG
e = [2(}44 + =5 (1= cos 404)] M My
AG
+=7 sinda (M% - Mg) : (2.5.3)
1
/(f?i) = ==+KM, (2.5.4)
001
Oy = =+KMp, (2.5.5)

and, thus, from Eq. 2.5.1 Kerr amplitude is

K2 AG

s/p

A 2.5.
T Ay [f sin4a] (M% — M,%) (2:5.6)

+B, KMy, .
When M components are expressed through the angle x of the M in-plane direction'?

2Gu K2 AG .
. = tAs)p 2 oo, +— (1 — cos 404)] sin(2u)

2.5.
+A, [%f; sin 404] cos(2u) (257)

+B,/, K sin 1.

BMLMr = cospsinp = §sin (2u), Mz — M7 = cos® p — sin® pu = cos (2p).
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This equation show dependence of Kerr angles on MO parameters K, G5 and 2G4, on

sample orientation o and on magnetization direction u, within validity of Eq. 2.5.1.

From those dependencies, the separation process known as 8-directional method can
be developed [13]. In Eq. (2.5.6) we can distinguish three contributions with different
dependence on the components of M. Separation technique is based on appropriate
summations of Kerr angles with eight different magnetization directions pu = k - 45°,
where k£ = 0,1, ...,7. Those contributions are separated by 8-directional method:

1 =90° —270°
5 (@52 — @) = 4B, K, (2.5.82)

LinMOKE ~ Mj, (i.e. LMOKE)

1/ ase a9 1350 w815 K2 AG
5 (@“—45 Y Vi Vs ) = £ A, 260 — — + = (1 - cosda) |,
€d

s/p s/p s/p s/p s/p

QMOKE ~ My My
(2.5.8b)

1 —0° —180° —90° —270° AG .
5 (@50 + @I e @l — A | S sindal (2.5.8¢)

QMOKE ~ M2 — M2

Thus, with in-plane magnetization of the sample we can distinguish two different QMOKE
contributions ~ MpMr and ~ (M#% — M?)* and one LinMOKE contribution, being
LMOKE. Note that due to optical interplay of two off-diagonal permittivity elements in
Eq. (2.5.1), the QMOKE ~ My My is partly stemming also from linear MO parameter
K, i.e. contribution K?/e4. Thus, due to this optically induced quadratic in magneti-
zation contribution, the statement that QMOKE arise from quadratic MO tensor G is

not completely accurate.

2.6 Conclusion

This chapter did provide sufficient theory to understand how the MO parameters K,
G and 2Gyy can be yielded from the measurement of the Kerr angles. Section 2.5 did
describe how to ensure that the Kerr angles we have measured are stemming from those
MO parameters. When we posses the measurement of both, Kerr rotation and Kerr
ellipticity, we can bound those to the reflection coefficients through Eq. (2.4.15). The

reflection coefficients are then depending on many parameters, among them the MO

1 Note that those two QMOKE contributions are analogous to d.c. magneto-transport effects known
as anisotropic magnetoresistance (AMR) ~ (M7 — M?) and planar Hall effect (PHE) ~ My Mr. See
Tab.1.2.
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parameters of the FM layer in the stack. Now, if we will posses knowledge of all the
other parameters of the stack, the MO parameters can be set as free variables in the
model based on Yeh’s formalism described in Sec. 2.3. We may know some of those
parameters directly from the experiment, auch as the photon energy (i.e. the radial
frequency of the EM wave) or Aol. Others, that we do not directly know, such as the
permittivity €4 and thickness of each layer in the multilayer stack, have to be actually
obtained through some experimental techniques, e.g. x-ray reflectivity or ellipsometry.
In the next chapter, we will take a look at this issue. Note also that the process can be
reversed, i.e. if we posses all information about the multilayer stack, MO parameters

included, we can simulate the Kerr angles from it.






Chapter 3

Experimental techniques, sample

preparation and characterization

This chapter will introduce and describe the experimental MOKE techniques together
with description of two MOKE setups, which were used to acquire experimental data for
our research. A short discussion about the Python based numerical code used for the
MOKE simulations and experimental data post-processing is presented as well. Further,
we will briefly discuss the theory of thin film sample preparation and the theory of
structural, optical and magnetic characterization. In the second half of this chapter we
present all the samples investigated in this work. We discuss their preparation and all
the characterization that is needed before we will start with LinMOKE and QMOKE

investigations of those samples in the subsequent Chapter 4 and Chapter 5.

3.1 MOKE characterization techniques

In this section, we will look at methods and techniques used for MOKE experimental
measurements and we will describe the setups used in our experiments. Furthermore,
we will explain the MOKE techniques used for magnetic characterization together with
loop symmetrization - a simple process that can, under some circumstances, separate
QMOKE contributions from the hysteresis loops. Finally, we will discuss the numerical

calculus that is used for the MOKE simulations.

3.1.1 MOKE detection techniques

There is several ways how to detect MOKE signal. We will briefly discuss some of those
methods shortly, but before we would like to comment one thing that all of those MOKE

45
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detection techniques have in common. The Kerr angles are not measured absolutely, i.e.
we do not directly measure Kerr rotation and/or ellipticity of incident s- or p- polarized
wave upon reflection from sample that is magnetized into desired direction. Instead,
we measure change in polarization state of light with change of M direction (in the

LinMOKE case we usually just invert M direction).

There are two main reasons for this. (i) It is technically very hard to find absolute zero
of MO signal. With majority of the setups (or at least with all the setups known to us)
some offset is present, that depend on current setup alignment and sample alignment.
The offset also often slowly drift in time. (ii) There could be other effects that cause
change in the polarization state of light upon reflection, like natural anisotropy of the
crystal (not the case of cubic crystals), strain etc. Thus, this differential measurement
for two (or more) M directions can efficiently filter out those effects, as they are not M
direction dependent. Although with measurements of hysteresis loops Kerr angles are
measured directly, we are interested here in the shape of the loops and not in the exact
value of the Kerr angles, where those loops usually posses considerable offset. In the
case when we need to obtain exact value of Kerr angles from the loops, we must centre
them around zero, which is in principle adequate to differential measurements when M

is reversed.

Besides, there is one more thing that almost all MOKE measurement methods have in

comimon.

Measurement of Kerr ellipticity

All the methods described below are only able to directly detect change in the rotation
of the plane of polarization, but are not able to directly detect ellipticity of the polar-
ization. This should be common to all detection techniques that employ polarizers and
are based on measurement of intensity change at the detector. Thus, to measure Kerr

ellipticity, quarter-wave retarder (i.e. compensator 6 = T, see Tab.2.1) is employed in

2
the optical pathway (in our case right behind the sample). Such a compensator will
literary swap the ellipticity angle for the rotation angle and vice versa. Thus, with the
compensator present, the setup is still only detecting changes in the rotation of the plane
of polarization, but this rotation angle is now proportional to the ellipticity of polarized
light that is reflected from the sample, but didn’t pass through compensator yet. Hence

the Kerr ellipticity is actually being measured.
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In Jones formalism quarter-wave compensator writes:

C =t (3.1.1)

As discussed in previous chapter in Sec. 2.4, (i) in the Jones formalism we can discard
the prefactors (e'7 in this case) and (ii) we can join two or more Jones matrixes into
one effective Jones matrix. We will do so for the reflection matrix of the sample and the

Jones matrix of the compensator.

Tss T'sp

CEZIR = (3.1.2)

—iTps —iTpp
If we will now yield Kerr angles from this effective reflection matrix, we will have

@sc(i) S L —€s + 0, (I’z?(f) =it = —ep + iy, (3.1.3)
Tss Tpp

where we see that rotation have been swapped for ellipticity and vice versa.

Nearly crossed polarizers

The simplest method for MOKE detection utilize so-called nearly crossed polarizers.
One polarizer is in the incident beam pathway and the second polarizer (which we call
analyzer) is in the reflected beam pathway. With crossed polarizers no light intensity get
pass the analyzer to the detecetor. With magnetized sample the Kerr rotation is induced
upon reflection and thus some of the light intensity will pass to the detector. Note that
the rotation of analyzer and Kerr rotation of reflected beam, both have the very same
effect on the intensity at the detector. This is being used to calibrate the setup and
obtain volt-degree characterization for the measurement of Kerr angles. Because with
completely crossed polarizer and analyzer the Kerr angle sign would be indistinguishable
(from zero intensity we can go only up), the analyzer is slightly turn away from the
crossed position (ca. 5° from crossed position), and therefore "nearly crossed polarizers”.
Then, the intensity drop or rise provide information on the sign, while absolute change

in intensity give us information on the Kerr effect strength.

Intensity differential measurement — use of Wollaston prism

Another technique for MOKE detection utilize Wollaston prism. Wollaston prism is a

polarizer that split incoming light into two beams of linear polarizations orthogonal to
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each other, where both beams are deviated from the original path by an angle. How
much intensity goes into each of the branch depends on how is the Wollaston prism
balanced with respect to incoming polarization. If Wollaston prism will be balanced
precisely at 0 degrees, the incoming s-polarized light will be split into two beams with
linear polarization rotated by +45°. Then, if we will turn Wollaston prism by 45°, one
of the beam will be fully extinct and all the intensity will be in the other. Again, as in
the previous case, rotation of Wollaston prism and rotation of polarization are relative
to each other. Each of the beam is then detected by its own detector (usually some
photodiode). With balanced Wollaston prism intensities on both diodes are the same.
When Kerr effect is introduced through sample magnetization (or rather reversion of
M), intensity I; at one diode will rise whereas intensity I at the other diode will fall.
From the difference I; — Iy we can calculate the Kerr angles. This technique is employed
with the Vector MOKE setup based at Bielefeld University as will be discussed later in
the text.

Polarization modulation technique

This modulation techniques employ modulation of polarization state of light. This means
that the polarization state of light will harmonically oscillate in time, producing also
harmonic changes of the intensity at the detector. The signal is then being measured
through lock-in amplifier. This provide us with much better signal-to-noise ratio, same
as in the case of intensity modulation technique (where chopper is usually used), but

furthermore filter out also effects as e.g. depolarization of the sample.

To modulate the ellipticity of polarization, photoelastic modulator (PEM) is used. The
device act as a compensator with time-varying phase shift. Fused silica block inside
the PEM is periodically compressed by a piezocrystal at frequency w being usually
50 kHz. By the amplitude of compression, the amplitude of phase shift is given. To
modulate rotation of polarized light, Faraday cell with capacitor (together forming LC
oscillator) is used. Faraday cell consist of a coil with fused silica block inside. Magnetic
field produced by the coil will induce Faraday rotation to the light passing through the
fused silica. The higher the field the higher the Faraday rotation. These are the most
conventional technique for modulation, but with rapid advance of technology there will

be surely other approaches as is for example nematic liquid crystal modulator [105].

The measurement principle with modulation technique require more detailed treatment
by Jones formalism to obtain Intensity dependencies of Iy, and Iy, being intensities
at first and second harmonic of modulation frequencies measured by lock-in amplifier,

respectively. With this technique it is actually possible to measure ellipticity without use
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of compensator, as the signal of Iy, is usually proportional to Kerr ellipticity and I, to
Kerr rotation, yet the principle from point of physics is similar to the use of compensator
(as PEM is compensator with time-varying phase shift). However measurement of Kerr
ellipticity through I7,, does not have to be a rule. With our Spectroscopy MOKE setup
based at Technical University of Ostrava, that employ modulation technique through
PEM, the Kerr ellipticity is still measured through use of compensator and detection of

15, as calibration of Iy, is problematic in our case.

There is multiple way how to obtain calibration, i.e. volt-degree characterization of Io,,,
of this technique. Similar calibration as in the case of nearly crossed polarizers could
be done (i.e. by small analyzer rotation). Some setups may also employ null technique,

that is described below, to measure Kerr effect.

Null technique

This technique is usually combined with the modulation technique using Faraday cell,
although in principle could be used on its own. Another Faraday cell, so-called null cell,
is employed within the setup, and is used to compensate Kerr effect from sample through
feedback loop. Calibration of the null cell will provide us with ampere-degree charac-
terization, i.e. we can calculate the Kerr angles from the current needed to compensate

the Kerr effect from the sample.

3.1.2 Description of the MOKE setups

Here we will describe two setups used within our research.

The first setup, called Vector MOKE setup, is located at Bielefeld University and em-
ploy Wollaston prism based intensity differential method. Setup is well suitable for
8-directional method and for hysteresis loops and other Vector MOKE measurements
due to its 3-axes electromagnet and rotational sample stage that allow precise alignment

of the sample.

The second setup, MOKE spectroscopy setup, is located at Technical University of
Ostrava, and employ PEM modulation technique. Setup can obtain LinMOKE and
QMOKE spectra in spectral range 0.8 eV — 5.5 eV. Although measurement of 8-directional
method is not so convenient here, still for some cases the samples could be align to run
such a measurement. Setup use permanent magnets, thus no hysteresis loops can be

obtained here.
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F1GURE 3.1: Sketch of the VectorMOKE setup from Bielefeld University. Multichannel
source is connected by 4 fibres with optical switch, where each fibre is guiding one of
the four wavelengths, being 670 nm, 636 nm, 488 nm and 406 nm, respectively. Through
optical switch we then choose one wavelength, that is guided by single fibre to the
collimator. Iris is used to control diameter of the beam, whereas polarizer 1 is used to
control the intensity of the beam. Polarizer 2 is then used to yield s- or p- polarized
light that is afterwards split by beamsplitter and hit the sample under normal incidence
and angle of incidence 45°, respectively. Sample holder is mounted on the rotational
axis, allowing full 360° rotation, and is placed inside 3-axis electromagnet. Reflected
light from the sample is then detected by two detectors, each for one beam. Detectors
consist of Wollaston prism and two photodiodes. In order to balance the Wollaston
prism with photodiodes prior to measurement, detector itself can be rotated around
axis given by incoming beam.

Vector MOKE setup at Bielefeld University

This experimental setup consist of: multichannel fibre coupled laser source — collimator
— polariser — beamsplitter — sample & electromagnet — two detectors. Source with 4
laser diodes can emit light at wavelengths 670nm (1.85eV), 635nm (1.95eV), 488 nm
(2.54eV) and 406 nm (3.05eV), respectively. The laser light is guided to the collimator
by fibre. Beamsplitter provide us with two probing beams, one is reflected from the
sample under normal Aol, while the other is reflected under 45° Aol. The sample is
placed on a rotational stage that can be tilted for adjustment so that the Aol is kept
constant through full 360° rotation of the sample. The sample holder is mounted inside

a 3-axes electromagnet. The maximum strength of the magnetic field is tuneable by
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poles of the magnets, that can be screwed in or out. With poles completely sheet in,
we may apply field up to 381 mT. Nevertheless, in the case of y-axis magnets, the poles
that are completely sheet in obstruct the beam at 45° incidence. Therefore, if we wish
to probe the sample under 45° Aol, the maximum magnetic field we may apply in y-axis
is 235 mT. The beam that is incident under normal Aol is passing through a drilled hole
in the yoke of the z-axis coil of the electromagnet. Each of the beams reflected from a
sample is detected by its own detector. Each of those two detectors consist of Wollaston
prism with two balanced photodiodes. Stepper motor allow us to balance the detector
by rotation around the propagating light axis. The setup is controlled via an in-house

written code in Python language.

The Kerr rotation of the sample can then be determined by the difference of the intensity
signal on those two diodes. Due to constant Aol with sample rotation, the setup is well
suitable for 8-directional method measurement and, due to three axis electromagnet, for

Vectorial magnetometry [17].

Detailed description of this setup can be found in literature [106] (written in german

language).

Spectroscopy MOKE setup at Technical University of Ostrava

This experimental setup employ PEM modulation technique, and consist of: Lamp —
monochromator — poalrasier — sample & magnets — (compensator) — PEM — analyzer —

detectors.

The Xenon short arc lamp (extended to UV region, 300 W) is followed by a grid
monochromator (Oriel Cornerstone 260 1/4 m) in Czerny-Turner optical configuration.
A Rochon prism polarizer is then used to yield s-polarized or p-polarized incident wave.
The sample is mounted on a holder that allow us to rotate the sample by an arbitrary
angle o and is placed inside magnetic circuit with permanent magnets (300mT). Per-
manent magnets can be in-plane rotated by an arbitrary angle p. After reflection from
the magnetized sample, the light travels through an optional optical element - quarter
wave Fresnel rhomb (achromatic compensator). The light further propagates through
a PEM (Hinds Instruments PEM-100) that is bound with an analyzer (Rochon prism)
at 45° and they are as such mounted on the rotational stage. Afterwards, one of the
three detectors, being infrared diode (Newport 7032 8NS) or photomultipliers for visible
(Hamamatsu H7712-13) or ultra-violet (Hamamatsu H9307) light, detects the reflected
light, respectively. To guide and focus the light through the setup only parabolic mir-
rors are used and hence our setup is completely chromatic-aberration free. The spectral

range of the setup (determined by the spectral characteristics of lamp, monochromator



52 Chapter 3 Experimental techniques, sample preparation and characterization

LMOKE OMOKE
arrangement arrangement o
- <
5 _ IR N
N Vig 8
5 0V g :
v g i
. S ov]e
| | pEM v —‘
g
g/
| | pEM
S KIO'J;
Compensator Polarizer §@~
<
\\ I—I ) (,\-OO
Sample 39
=
Magnetic
stage

FicUrRE 3.2: Sketch of the optical elements of the setup on the optical table. The
optical elements are: lamp—monochromator—polarizer—sample with magnetic stage—
(compensator)-PEM and analyzer—detectors. The optical path denoted by the red
beam is stable for both, LMOKE and QMOKE configuration. To measure LMOKE;,
the green path is used while to measure QMOKE the blue path have to be arranged.

and detectors) is 0.8eV — 5.5eV. For the sketch of the setup’s placement on the optical
table, see Fig. 3.2.

Lock-in amplifier (Stanford Research System SR830) is used to process signal from the
detector, where reference frequency bis provided by PEM. The setup is controlled via an
in-house written code in Python language, using the pyVisa interface to communicate

with the hardware of the setup.

We will now discuss measurement principle of this setup little bit more into detail. The
response of the polarization state of light propagation through the setup is described in

the Jones formalism as
Jaet = AP(C'))RJ,, (3.1.4)

which can be written in matrix form as

1 0 cosf sinp
1 0 %] |—sin B8 cosf

(3.1.5)
el 0 Tss Tsp| [COSE

T .
0 e '4 Tps Tpp| |sing
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Jin is the Jones vector of the incident light, which is chosen by the polarizer at angle &.
We use £ = 0°, £ = 90°, being [1,0], [0, 1] for s-, p- polarized incident light, respectively.
Reflection from the magnetized sample is described by reflection matrix R. C(1) is the
optional optical element - achromatic quarter-wave compensator. Analyzer A at 45°
is bounded with PEM (P) and they together can be rotated by an angle 3. Phase of
modulation is ¢ = @g + @4 sin (wt), where pg is phase shift constant in time, @4 is the
modulation amplitude and w is frequency of PEM. Finally, electric field amplitudes at
the detector are described by Jget. Fo is a constant prefactor and its absolute value is

not important for our investigation.

Intensity at the detector is I = |E|?, where E = ,/E2 + EZ. But because analyzer is
oriented at 45°, thus F; = F,, we can introduce the overall electric field intensity as

E=+V2E, = \/ﬁEp and therefore write the intensity at the detector as I = 2|FE,|?.

To analyze equations of intensity at the detector following steps and approximations are
made: (i) We apply small angle approximations for Kerr angles 6, /ps €s/p and angle 3.
This imply that we neglect all the terms with square of the Kerr angle (i.e. with square of
the off-diagonal reflection coefficients) and that cos § = 1 and sin § = . (i1) We expand
e’ into Bessel functions [107] using terms up to 2wt. The calibration of PEM provide
us with pg ~ 0 which allow us to set sinpg = 0 and cospg = 1. Then the expansion

into the Bessel functions write €™ = Jo(¢a) + i2J1(¢) sin (wt) + 2J2(p4) cos (2wt).

We use second harmonic Intensity I, to measure both , Kerr rotation and Kerr ellip-
ticity alike, where compensator is add into the setup in order to detect Kerr ellipticity.
The signal of I, measured by lock-in amplifier for s-polarized incident beam with and
without compensator and for p- polarized incident beam with and without compensator

is

159 = —Lifrssl® (s + 8s) = 49 (e, + 8) (3.1.6a)
I = —Lilrsl?(0s+ 8 = 9 (0, +8) (3.1.6b)
LY = ~Ilryl? (ep — By) = 7#9 (e — B) | (3.1.6¢)
L) = Ll (0, +85) = A® (6, +6) (3.1.6d)

respectively. Here superscript (c¢) denotes the presence of the quarter-wave compensator
in the setup, w is modulation frequency of the PEM and I, = 4.J2(pa)kay, o, where ko,
is transmission coefficient for electronic equipment of the setup at 2w frequency and Iy

is intensity prefactor (Ip = |Ep|?).
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Measurement techniques

Measured Kerr effect D, o,
Polarizer orientation E=0 §=73
Rotation measurement 0, = ?7](%) 0, = ?j(%)
Ellipticity measurement €5 = ?71(52’: &= — ;Ié;;)

TABLE 3.1: The measurement techniques for the setup with arrangements of optical

elements: polarizer—sample—(compensator)-PEM and analyzer—detector. The calibra-

tion slope ~(#)/(5:0)/(P)/(P.¢) ig obtained from a calibration measurement provided by
precise PEM+analyzer rotation.

As can be seen I, has a same linear dependence v for the Kerr angle and angle 5.
Thus, this volt-degree characterization factor v can be obtained through rotation by
small angle 8. With knowledge of v Kerr angles can be easily measured. Note that this
volt-degree conversion factor « is unique for each wavelength. In ideal case v should be
same for any sample orientation. But as the beam does a little bit travel on the surface
upon the rotation of the sample and the sample is not ideal (reflectivity can be little
bit different for different areas of the sample) and/or (in the case of small sample) the
beam can be cut by the edge of the sample, we perform calibration of factor v also with

each sample orientation.

The measurement method for both polarizations and for both Kerr angles are summa-
rized in Tab. 3.1. Description of this setup with detailed calculation can be found in
literature [31, 99].

3.1.3 MOKE for thin film magnetic characterization

The MOKE is powerful tool in investigation of magnetic properties of thin films. With
use of the electromagnet the magnetic field strength can be modified at will, thus hystere-
sis curves, that provides information about remanence, coercivity or saturation value,
can be measured. Magnetic properties of the sample are obtained through observation
of the hysteresis curve shape and its change with the sample orientation « (see Appendix

A for conventions).

Combination of electromagnet and rotational sample stage allow us to measure magnetic
anisotropy — the position of easy and hard magnetic axes of the thin film FM layer. This

is done through measurement of LMOKE hysteresis loop for each step in 360° rotation of
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the sample. The value of MOKE at remanence (i.e. at zero magnetic field) from each loop
is then plotted against the angle o of the sample rotation. If the easy axis is align with
the y-axis of our coordinate system, the sample will have M = [0, M, 0] at remanence,
which will provide larger value of LMOKE than in case when easy axis is rotated e.g.
by 45° with respect to y-axis of our coordinate system, where M = % [Mr, Mr,0] at

remanence.

Note that not all samples posses a considerable remanence, which could make it prob-
lematic to probe magnetic anisotropy through the above mentioned manner. In the case
of a very soft magnetic material the domain in the sample can close at zero magnetic
field (i.e. order in such a manner that there is almost no net magnetization), which
would provide random and negligible value of the MOKE. This can be easily fixed by
taking the value of MOKE at some very weak magnetic field instead of zero magnetic
field . Thus, at such samples, a weak magnetic field will still produce net magnetization
of the FM layer, but will not be strong enough to force M to tilt from its easy axis to
align with the magnetic field (unless both are collinear). Technically, the strength of
this ” weak magnetic field” we need to use is unique for each sample and we have to find
the right value from the measurement of hysteresis loop (preferably with the very fine

step in the magnetic field strength.)

Further, note that there is also more comprehensive technique known as vectorial mag-
netometry MOKE measurement (Vector MOKE), which allow us to track the magne-
tization reversal in the sample and separately determine individual components of M.
The hysteresis curves with incident s- and p- polarized light are recorded for two exter-
nal magnetic fields, one being parallel and one perpendicular to the plane of incidence.
The details of this technique are well described in Ref. [17]. Nevertheless, note that in
description of MOKE we use normalized magnetization M, thus the quantitative infor-
mation on M value cannot be extracted from MOKE investigations in contrast to e.g.

vibrating sample magnetometry.

When the MOKE is employed for thin film magnetic characterization, QMOKE is ac-
tually unwanted artefact in our measurements, as we are interested solely in signal that
is linearly proportional to M. Thus if the QMOKE contribution (even in M part of
the hysteresis loop) is substantial, we should separate the loop in its odd and even part
[17, 18]

1 1
2 = 2 [Bine(Bo) — Paee(Bo)] . 87" = 3 [Pine(Bo) + Pae(Bo)] . (3.17)

!Note that we actually never took value of MOKE at zero magnetic field as the yoke of the electro-
magnet posses some small remanence as well, not to mention the Earth’s magnetic field. Nevertheless
those magnetic field can be usually neglected in such investigation.
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where ®;,,. and Pg,. corresponds to part of the loop with increasing and decreasing mag-
netic field By, respectively. Then, ®°99 corresponds to LinMOKE and ®°¥" corresponds
to QMOKE part of the loop. Note that if M reversal process is not fully antisymmetric,
i.e. M is reversed through the same direction of M component My, this separation

process can’t be used anymore, thus one should be careful when putting this in use.

Measurements of hysteresis loops and remanence magnetic anisotropy are important
to us as we need to be assured that we are saturated for any in-plane magnetization
direction when performing 8-directional measurements or QMOKE spectroscopy mea-

surements.

3.1.4 Python based numerical model for MOKE simulations

To analyze the measured MOKE data we use model that is described within Sec. 2.3
of Chapter 2, which can provide full reflection matrix of any planar multilayer system.
The permittivity tensor of FM layer in this model is treated exactly as described in
Sec. 2.2. Kerr angles are then obtained from reflection coefficients through Eq. (2.4.15).
Note that if the small angle approximation would not suit us, we can always use exact
formula of Eq. (2.4.11).

The model was coded using the Python programming language and we took advantage

of the following libraries.

e NumPy - package contain powerful N-dimensional array object that was most

useful for our numerical simulations.
e SciPy - fundamental library for scientific computing.

e Matplotlib - 2D plotting library used for visualisation in our numerical simulations.
Furthermore, all the figures (except some sketches) presented in this work are
plotted with use of this library (and occasionally finished in Inkscape - an open-

source vector graphic editor).

Note that although we discuss this numerical model only briefly in this text, its creation
was substantial part of this work and was considerably time-consuming especially when
counting in its optimisation and debugging. Further, as the code is rather extensive, it
is complicated to be ensured that no mistake is present in the code, and that computed
outcome is in exact accordance with equations of Sec. 2.3. Thus, the code have been

checked by multiple tests.



Chapter 3 Experimental techniques, sample preparation and characterization 57

PMOKE [mdeg]
L L
o O
o O

=500 1 = O (analytical model) 6 (numerical model)
—600 1 £ (analytical model) == == & (numerical model) L
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
E [eV]

FIGURE 3.3: Simulation of PMOKE reflection at Fe/vacuum interface in spectral range

0.8eV — 5.5eV for normal Aol. Spectral values of €4 and K of Fe was taken from

investigation of our samples (sample with a nominal thickness of 12.5nm as will be

presented later in the text). Full lines are simulated according to Eq. (3.1.8), whereas
dashed lines are simulated through our numerical model.

First part of the tests was to simulate well known physical phenomena as are e.g. total
reflection and reflection under Brewstrew’s angle [34], or to analyze amplitude and phase
of the reflected wave. Second test, most suitable for our type of investigation, was to
compare the simulated Kerr effect (spectra) with some analytical description. Such
analytical description exist e.g. for single interface created by cubic FM material at

Polar magnetization and vacuum [33].

Ex

o = Wy—sd) (3.1.8)
where €, and g4 are permittivity tensors elements of FM halfspace as defined in Sec. 2.2.
Note, that this comparison will also attest the sign of computed Kerr angels, being quite
important as will be shown in Sec. 5.2.5. In Fig. 3.3 we show comparison between
our numerical model and analytical formula of Eq. (3.1.8) for simulation of PMOKE
reflection from Fe / vacuum interface at normal Aol. The permittivity of Fe half-space
is described solely by our data obtained from one of our samples, as will be described

later in this text.

Finally, we would like to mention one imperfection that was deliberately introduced into
the code. With transversal magnetization (u = 0°,180°), the permittivity tensor of FM
layer is of high symmetry which make it problematic to find polarization eigenmodes.
The dynamical matrix become singular, which make it impossible to compute its inver-

sion. The problem is not of physical nature, but rather of technical nature of the code.
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The eigenmodes with transversal magnetization do exist, but we have to treat the situ-
ation as an exception and find them analytically. Nevertheless, we preliminary reach for
easy solution — we deflect the M direction in the code by negligibly small and random
angle Ay = £(0.1 — 0.01) mdeg, which was very efficient and simple fix that survived
to the current stage of the code. Nevertheless, when we will probe some very small and
almost negligible effects of 8-directional method in the subsequent Chapter 4, this will
result in some noise in numerically calculated data. Although this numerical noise may
be suppress if the Ap will not be random but static, we rather keep the deflection Au
random, thus it cannot generate some artefact. Moreover, this imperfection of the code
does not have to bother us very much as the numerical noise is deep below any realistic
noise-to-signal ratio of the real experimental MOKE setup and in the real experiment
the precision of M direction control is much less than this random number we imple-
mented into the code. Further, with the QMOKE spectroscopy data processing, this fix
does not have to be put into use, as we do not use transversal M directions where this

problem occurs.

3.2 Optical characterization technique - ellipsometry

The Ellipsometry is powerful optical characterization technique that is well known in
thin film samples characterization. It can provide information on permittivity, thickness
and roughness of each layer in the multilayer stack. In the case of standard ellipsometry
(our case), no conversion of s-polarized state into p-polarized state and wice versa is
considered, thus it is suitable for isotropic and amorphous sample characterization. For
anisotropic case, generalised ellipsometry have to be used. The standard ellipsometry
measure ratio of diagonal reflection coefficients r,,/rss. The linearly polarized light at
45°, i.e. composed of s- and p- polarized wave of the same amplitude and zero phase
shift, is incident onto the sample. Each of polarization eigenmodes is then reflected with
different amplitude and with different phase, providing elliptically polarized light upon

reflection.

T tan e (3.2.1)

7“SS

where tant is ratio of E,, F, amplitudes upon reflection and ¢ shift between them

[recall Eq. (2.4.1)].

We use ellipsometry to obtain g4 spectral dependence of layers in the sample. If perturba-
tion of permittivity through magnetization is not considered, cubic samples are isotropic

and thus ellipsometry is adequate technique for that. All the ellipsometry measurements
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were carried out on Mueller matrix ellipsometer Woolam RC2 with spectral range 0.7
— 6.4eV. The measured data are processed within CompleteEASE software [108], that
is based on multilayer optical model from Sec. 2.3. Note that there is no possibility to
anyhow utilize this software for our MOKE measurements as the permittivity is treated
here as scalar and the software is not open source, thus no customisation is possible to

the code and only data from Woolam RC2 ellipsometer can be processed here.

To withdraw trustful information from the ellipsometry measurement we have to posses
good information about the sample. If permittivity, thickness and roughness of each
layer in the sample will be free variable of the fit, those parameters will strongly corelate
between each other and the fit will be questionable. In our case we posses information
on layers thicknesses and roughnesses from x-ray reflectivity method (described below)
and the permittivity function of substrate and capping layer is taken from literature, or
measured separately (for those purposes we prepared samples of substrate with capping
layer only). Thus, in the ideal case, the permittivity 4 of FM layer in our sample is
the only variable of the fit. To describe its spectral dependence we usually use B-spline
method [109] accompanied with Kramers-Kronig relations. On one hand B-spline is a
fast and sturdy method for determining spectra of €4, but on the other it does not provide
direct information about the electronic structure of the material. This downside is of
little importance to us as our data are accompanied by ab-initio calculations, and even
so we are interested in MO investigation here. Yet, for such a purpose Lorentz-Drude

model would be suitable in case of FM material.

3.3 Techniques for sample preparation and structural char-

acterization

In this section we will describe some basic theory needed to understand the preparation

process of our samples and the subsequent structural characterization.

3.3.1 Techniques for thin film preparation

There are various methods for thin film preparation, but the physical vapour deposition
(PVD) and chemical vapour deposition (CVD) are the ones that allow layer-grow control
on the atomic scale. The technological aspect of both methods is quite similar. The
substrate, the medium on which the layer is growing, is placed into the vacuum chamber
together with material precursors or targets. The targets are being vaporized, emitting
its particles into the free space of the chamber, followed by deposition of those particles

on every surface inside the chamber including the surface of the substrate. In the case of
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CVD, there are more precursors that undergo some controlled chemical reaction during
the deposition process, whereas in the case of PVD no chemical reaction is present. As
we are probing here FM materials that consist of single elements (3d transition metals),

or Heusler compounds, the PVD is the technique suitable for us.

The PVD methods are distinguished by the process used for the vaporization of the
target’s particles into the chamber. Most common methods are e.g. pulsed laser deposi-
tion, electron beam evaporation, molecular beam epitaxy or magnetron sputtering. The
latter two are the techniques that were used for preparation of the samples investigated

in this work and will be discussed below.

For the preparation of crystallographic layers, the substrate plays an important role for
the epitaxial growth. Epitaxial means that there is a relation between crystal lattice of
the layer and of the substrate. Thus, the layer is supposed to grow as a single crystal
with the surface orientation given by the crystal lattice and surface orientation of the
substrate. Such a growing process is a must in our case as the orientation of the crystal,

thus, the orientation of the permittivity tensor, play a crucial role in our investigations.

Magnetron sputtering

Magnetron sputtering? utilizes ions of inert gas (usually argon) to bombard the target
of a material and sputter the atoms or cluster of atoms from the target. To ionize the
Ar, the target is negatively charged, emitting high energy electrons into the chamber.
Those electrons then ionize the Ar atoms, which become positively charged and are
accelerated towards the negatively charged target by the electric field. The magnetron
furthermore utilizes a strong magnetic field to trap those electrons in the vicinity of the
target and force them to follow helical paths, which results in more ionizing collisions
with Ar atoms near the target surface, providing significant boost in the efficiency of
the sputtering process. To start the above described process, the right conditions in the
chamber must be met, being mostly right Ar pressure and right power at the target.
Furthermore, note that above described case is rather valid to well conducting materials,
like metals. For dielectric targets, the argon must be ionized through radio frequency

waves instead (so called RF sputtering).

In Fig. 3.4 two magnetron sputtering systems from Bielefeld University, which were used
for preparation of some of our samples, are described in a nutshell. For further details

about magnetron sputtering, see for for example Ref. [110, 111]

2The word originates from latin word ”sputare”, which mean ”to spit”.
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FIGURE 3.4: Sketch of the two sputtering systems from Bielefeld University and their
tabular summary.

Molecular beam epitaxy

Molecular beam epitaxy is a method that employs heating of the targets (here rather
called filaments) by a Knudsen cell. The material will thus sublime and condensate
on the substrate. This method can grow the most pure films, as ultra high vacuum is
needed in the chamber and no gasses are present as in case of magnetron sputtering.

The deposition rate here is usually very low, allowing good epitaxial growth.

3.3.2 Techniques for thin film structural characterization

With the samples prepared by methods discussed above, we need to investigate if the

samples grown truly epitaxially in the form of crystalline films. For this purpose, the
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x-ray diffraction (XRD) has been used. Further, we need to investigate the thicknesses
of the layers in our samples for the purpose of further data processing in our optical and
MO models. This has been done by x-ray reflectivity (XRR).

X-ray diffraction

The wavelength of the x-ray radiation is in the range that the atomic structure of the
material will serve as a grating on which diffraction of the x-ray EM wave occurs. Thus,
each atom of the lattice will serve as a new source of radiation. This can be equivalently
understood as x-ray radiation reflecting from each lattice plane in the sample and those
reflected rays will interfere with each other. If the path difference of the rays reflected
from different planes will induce constructive interference, we will observe diffraction

peaks. This is described by the Bragg law
2asin© = nA, (3.3.1)

with a as the distance of lattice planes, © as the angle between incident ray and crys-
tallographic planes, which distance is to be probed, and A as the x-ray wavelength (see
Fig. 3.5).

The most common XRD measurement is a specular diffraction scan known as ©-20
scan. Here, the diffracted beam lies within the plane of incidence, spanned by the
incident beam and the surface normal, and the condition ©-20 is fulfilled. Thus, we are
sensitive to atomic planes parallel to the sample surface and perpendicular to the z—axis
of the sample, although this claim is slightly simplified. Our substrates on which the
layers are epitaxially grown, are not ideal, e.g. the MgO(001) substrate can have (001)
planes slightly tilted with respect to its surface, which is called miscut. The difference is
usually no more than a few tenths of degree, yet, if we will not consider the miscut during
the alignment of the sample, the difference could cause significant drop in the measured
Bragg peak intensity and, thus, it could be problematic to observe Bragg peaks for some

thinner layers.

In some cases we also need to investigate the in-plane crystallographic ordering. For
example, the Fe(011) layer grown on MgO(111) will have three possible growth directions
each rotated by 120° from each other [112] (this is known as twinning). Note that for our
8-directional measurement, this in-plane crystallographic uniformity is quite important.
In order to study this, off-specular scans using an Euler cradle can be used. The Euler
cradle allows a tilt ¥ of the sample and a rotation x around its normal axis. This
actually allows us to probe the whole reciprocal space of the sample measuring ©—20

scans for a full 360° rotation of x and for every possible angles ¥. However, such a
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FicUre 3.5: Sketch of the Bragg condition for x-ray diffraction. a is lattice plane

distance, © is angle of incidence with respect to probed crystallographic planes. asin ©

presents half of the path difference possessed by the beam reflected from lower crys-

tallographic plane when compared to beam reflected from the upper crystallographic
plane.

measurement would be time demanding. Thus, we usually choose 20 to satisfy Bragg
condition for a desired peak and then scan x for 360° or 180° rotation for each ¥ that
is in the range to cover the vicinity of the selected peak. Such a measurement is then
usually graphically presented in a pole figure known as texture map. We will show and

discuss those for some of our samples.

All our XRD measurements were carried out by a Phillips X’pert Pro MPD PW3040-60
machine using a Cu-K, source (A = 1.5418 A).

X-ray reflectivity

For this technique we use the same equipment as for the XRD method. The difference is
that for small angles of incidence © (compared to XRD), ca. 0° — 10°, the interference
of the x-ray radiation on the layers in the multilayer stack will be observable (note
that here in XRR we define ©® with respect to the surface plane and not with respect
to surface normal as we do in optics for Aol). The XRR curve, the pattern created
by the dependence of reflected intensity on ©, is defined by thickness, roughness and
index of refraction of each layer (in principle the XRR reflection is described by same
physics as was presented in Sec. 2.3 dealing with EM wave propagation in multilayers).
Nevertheless, the periodicity of oscillation in the XRR curve is mainly given by layer
thicknesses in the multilayer stack. Thus, this method is much more reliable for layer

thickness investigation than ellipsometry, for example.

In Fig. 3.6 we present a sketch of XRR reflection, with scatering vector q = k, — k;,

where k, and k; being the wave vector of reflected and incident wave, respectively. The
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FiGURE 3.6: XRR reflection from a multilayer stack. d is thickness of the layer, ©
is angle of incidence, k., and k; is wave vector of reflected and incident beam, q is
scattering vector.

magnitude of k is |k| = £ = 2T, thus

4
q = 2|k|sin® = 7” sin ©. (3.3.2)

All our XRR curves will be plotted with dependence on scattering vector q. The oscil-

lations with length Ag will then originate from the layer of thickness d = i—’;.

Further, all our XRR data are analyzed with the open-source program GenX [113] based
on the Parratt algorithm [114].

3.4 Preparation and characterization of samples investi-

gated in this work

Up to now, only the theory and the description of the experimental techniques and setups
used in this work were discussed. In the rest of this chapter, the samples investigated in
this work will be introduced. We will describe the preparation of samples and provide
all the necessary characterization that is needed for the further MOKE data process-
ing, being XRD, XRR, Ellipsometry and hysteresis loop measurements with remanence

magnetic anisotropy measurements.

All the samples presented below are thin film multilayer stacks. In our investigation we

probed the following samples or sample series:

e MgO(001) / Fe(001) / Si — sample series with variation of thickness (2.5 nm —
30nm) of the Fe layer, prepared at Bielefeld University by magnetron sputtering.
Samples were fabricated mainly to test the QMOKE spectroscopy in general, and
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to detect the QMOKE spectra of Fe in particular. This series was further accom-
panied by samples of the same stack composition prepared by MBE at Osnabriick
Univeristy in order to compare the Fe MO parameters spectral dependencies ob-

tained from samples prepared by different deposition methods.

e MgO(001) / Cr(001) / Co;MnSi(001) / Al — Heusler compound sample
series with variation of different post annealing temperatures (300°C' — 500°C),
mainly used for QMOKE spectroscopy. A different annealing temperature leads
to different ordering (B2 — L2;) of this Heusler compound. The effect of different
ordering on the spectral dependence of the MO parameters has been investigated.

Samples were fabricated at Tohoku University in Sendai by Takahide Kubota.

e MgO(111) / Fe(011)/ Pt — several samples prepared by magnetron sputtering
at Bielefeld University in order to probe the 8-directional method of FM layers

with (011) oriented cubic crystal structures.

e MgO(011) / Co(011) / Pt — two samples prepared by magnetron sputtering at
Bielefeld University in order to probe the 8-directional method of FM layers with

(011) oriented cubic crystal structures.

e MgO(111) / Ni(111) / Si— sample prepared by magnetron sputtering at Biele-
feld University in order to probe the 8-directional method of FM layers with (111)

oriented cubic crystal structures.

The sample stacks are composed of MgO substrate, FM layer and capping layer (Si, Pt
or Al) in order to prevent oxidation. In case of CoaMnSi(001) a Cr buffer was used to

improve the growth of the Heusler compound.

3.4.1 Fe(001) — layer thickness variation series

The series contains nine samples of MgO(001)/Fe(001)/Si/SiO, thin films multilayer
structures. The thickness of the Fe layer vary across the samples in the range of 2.5 nm—
30nm. The Fe layers were grown on MgO(001) substrates at room temperature (RT)
using magnetron sputtering (Leybold CLAB 600) in Ar atmosphere of 2.1-1073 mbar
and with a growth rate of 0.25nm per second. To prevent oxidation, the Fe layer
was capped with approximately 2.5nm of silicon under the same conditions and with
a growth rate of 0.18 nm per second. The thicknesses of the Fe layers we were aiming
for are: 2.5nm, 5nm, 7.5nm, 10nm, 12.5nm, 15nm, 20nm, 25nm, 30 nm. Those are
the nominal thicknesses of the individual samples, which will be used to address the

samples in the following. The real thickness of the Fe and Si layers of each sample was
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FIGURE 3.7: (a) © — 20 scan of the sample with a nominal thickness of 20nm for

large range of 20= 30°-140° (b) XRD © — 20 scans of the samples with a nominal

thickness > 10nm. Thinner samples do not provide sufficient peak intensity, due to

lack of material in the layer. (c¢) Off-specular XRD scan (Euler’s cradle texture map) is

presented for the Fe{110} peaks at 20=44.738° of the sample with a nominal thickness

of 20nm. The measurement was performed for full 360° sample rotation (angular axis
of the plot) with tilt of the sample ¥=(40°,50°) (radial axis of the plot).

determined through XRR as will be discussed below. Further, an additional sample of
the MgO substrate with only silicon capping was prepared in order to determine the

optical parameters of the capping layer independently.

XRD characterization

In Fig. 3.7 we present various XRD scans that have been performed on this sample series.
In Fig. 3.7(a) we see a © — 20 scan of the sample with a nominal thickness of 20 nm in
the range of 20= 10°-140° and an integration time of 1s. The peaks are described as
marked in the graph. See that the characteristic peak of the Fe layer around 20 = 65°
is very well pronounced. In Fig. 3.7(b) we show scans around this characteristic peak
for other samples in the series with sufficiently thick Fe layer providing a strong enough
diffraction peak. For this measurement the integration time was 10s, yet the intensity of
the peaks is much lower than in Fig. 3.7(a). This is due to a lower width of the detector
slits, which provide us a better resolution of the peak position. Finally, in Fig. 3.7(c)
we show an off-specular texture map. We scan V¥ in the range of 40°-50° for full 360°
rotation of k when tuned to 20 = 44.738° which corresponds to Fe{110} peak. The
plot shows four peaks in 4-fold symmetry with no diffusion ring around. This indicates
good epitaxial growth and good in-plane crystalline orientation that is necessary for our
QMOKE investigation.
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FIGURE 3.8: Exemplary XRR scans (blue dots) and their simulation (red line) for sev-

eral samples from the series. The periodicity of oscillations is well described, providing

us with reliable information about the thickness d of the layers in the samples. The

damping of oscillations is low, suggesting a low roughness o of the interfaces within the
samples. The curves are shifted vertically for clarity.

Note that the orientation of the sample in the Euler cradle is rather random, as to
align the height of the sample in the setup the sample stage has to be screwed up or
down. Thus, the Fig. 3.7(c) cannot be used to determine the Fe[100] in plane direction
in the layer (unless the sample position on the sample stage is marked for correction).
Nevertheless, this is not necessary in this case, as from the lattice mismatch between
Fe and MgO we know that Fe grows 45° rotated with respect to MgOJ[100] in-plane
direction, which is given by the edge of the substrate.

XRR characterization

Each sample in the series was characterized using XRR. In Fig. 3.8 XRR curves of some
exemplary samples are shown. The periodicity of the oscillations is described very well
by the model, which provides us with reliable information about the thicknesses of the Fe
layers dp. and the capping layers dcap. The densities of the layers were fixed parameters
of the fit and all values were taken from literature [115, 116]. Because Si and SiO,
have very similar densities, the thickness of the native silicon oxide could not be clearly
determined by XRR. The thickness of silicon oxide was estimated (0.9 nm) with respect
to the growth dynamics of the native silicon oxide [117]. In the table presented in the
right side of Fig. 3.8 we summarize all the thicknesses and the roughnesses provided by

the XRR data fits.
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FIGURE 3.9: Magnetic characterization of the sample with a nominal thickness of

12.5nm. (a) The LMOKE hysteresis loops at Fe[100] and Fe[110] external field direc-

tions. About 75mT is sufficient to saturate the sample in the in-plane hard axis. (b)

In-plane magnetic anisotropy, with the in-plane magnetic easy and hard axes along
Fe(100) and Fe(110) directions, respectively.

Hysteresis loops and magnetic anisotropy

In Fig. 3.9 (a) we present LMOKE hysteresis loops along Fe[100] and Fe[110] directions
measured at A=670nm (1.85eV). From Fig. 3.9(a), where anisotropy of magnetic re-
manence is shown, we identify the magnetic easy and hard axes along the Fe(100) and
Fe(110) directions, respectively. From the plot it may be apparent that magnetic easy
and hard axes are slightly counter-clockwise rotated with respect to the crystallographic
directions. However, this is due to the QMOKE contributions in the MOKE loops as
identified in the inset of Fig. 3.9(a), and possibly by slight misalignment of the sample
in the setup with respect to a = 0°. To keep the sample magnetically saturated in
magnetic in-plane hard directions, a magnetic field of ~75mT is sufficient. Thus, the
magnetic field of 300 mT used within QMOKE spectroscopy is by far enough to keep

the sample saturated for any in-plane M direction.

Optical characterization

The spectra of €4 of Fe were determined by a multilayer optical model [104] and processed
using CompleteEASE software [108]. In the CompleteEASE software, thicknesses and
roughnesses of the layers were stable parameters as determined by XRR measurements.
The permittivity of MgO and native SiO, was taken from the literature [118]. From the
measurement of the reference sample (MgO with the Si capping only, with nominal Fe
thickness 0 nm), the permittivity of the Si layer was obtained. Thus, with all the Fe
layered samples, €4 of the Fe layer was the only unknown and free variable of the fit.

The spectral dependence of the imaginary part of e; were described by B-spline [109],
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FIGURE 3.10: The (a) real and (b) imaginary part of £4 of the Fe layers. Black dashed
lines are the €4 of Palik [118] and were used as an initial guess for the fit of the g4 of
the Fe layers for all the samples (full, coloured lines).

while complementary spectra of the real part were determined through Kramers-Kronig

relations.

The resulting spectra of the real and imaginary part of Fe layers are presented in Fig. 3.10
(a) and (b), respectively. Only the sample with a nominal thickness of 2.5 nm is deviating
from the others, which could possibly be due to low crystallographic quality of the film.
Note that the characteristic peak at 2.5 eV in the imaginary part of spectra is not
present in the spectra taken from literature (by Palik [118]). Nevertheless, the presence
and position of this peak is fully consistent with other reports and with our ab-initio

calculations as shown in Fig. 5.6 presented in Chapter 5.

Complementary samples prepared by MBE

Furthermore, another set of MgO(001)/Fe(001)/ Si samples were prepared by MBE
method by our colleagues Jannis Thien and Olga Kuschel from Osnabriick University.
The samples of that series were characterized in the same way as described above. Since
the preparation and structural characterization of the MBE grown Fe films was the main

part of Jannis Thien’s Bachelor thesis [119], we just summarise the results here.

Fe and Si films were prepared on single crystalline MgO(001) substrates. Prior to depo-
sition, the substrates were annealed at 400°C for 1h in a 1-10~% mbar oxygen atmosphere
to remove carbon contamination and obtain defined surfaces. Fe films were deposited by
thermal evaporation from a pure metal rod at a substrate temperature of 250°C. Silicon
capping layers were evaporated at room temperature using a crucible. The deposition
rates of 1.89 and 0.3 nm/min for Fe and Si, respectively, were used and controlled by
a quartz microbalance next to the source. The base pressure in the UHV chamber was

10~8 mbar.
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One of the samples from the this series was used for QMOKE spectroscopy processing
in order to compare QMOKE spectroscopy results of samples prepared by two different
techniques. Through XRR measurements we determined a thickness of the Fe layer to
12.6 nm and thickness of the Si+SiO, capping layer to 8.1nm. XRD © — 20 scan was
performed to check that the sample is of good crystalline quality [119].

3.4.2 Co,MnSi(001) — post annealing temperature variation series

The Heusler compound CoaMnSi is a half-metallic ferromagnet [120, 121] with a band
gap of 0.4 to 0.8 eV [122, 123] and Curie temperature of 985 K [124]. It was demonstrated
that the magnetic properties of Heusler compounds depend on crystallographic ordering
[125]. Co2MnSi provides a transition from B2 to L2; crystallographic ordering with
increasing annealing temperature [16, 29, 126]. In case of L2; the lattice is composed
of four interpenetrating fcc sublattices, where two of them are occupied by Co atoms

[positions (1, 1 1y and (2, 3, 2)] and another two by Mn and Si atoms [positions (0,0,0)

4> 40 4 4> 4> 4
and (%, %, %)], respectively. The dependence of L2; ordering on annealing temperature

for CoaMnSi Heusler compounds has been reported in Ref. [16].

This sample series was prepared by Takahide Kubota from Tohoku University in Sendai.
The samples consists of a 30 nm-thick CooMnSi layer grown on a MgO(001) crystal
substrate with 40 nm thick Cr buffer layer. To prevent oxidation 1.3 nm thick Al capping
layer is used. The samples were grown by inductively coupled plasma-assisted magnetron
sputtering. Each sample was annealed in situ at different temperature, being 300°C,
350°C, 400°C, 450°C, 475°C and 500°C.

XRD & XRR characterization

The detailed structural characterization of those samples is discussed in detail in liter-
ature by Wolf et al. [29], where the information about Heusler compound ordering is
obtained through off-specular Euler cradle measurements of CooMnSi {220} peaks and
CooMnSi {111} peaks. The results of those XRD investigations show that annealing
at higher temperatures promotes higher degree of L2 ordering. Namely, with samples
annealed at 300°C and 350°C no L2; ordering was observed. First change of crys-
tallographic ordering to L2y structure occurs at 400°C and gets stronger with higher
annealing temperatures [16, 29]. Here, in Fig. 3.11, we show our ©-20 scan in the range
of 20 = 25° — 95° (140°) for the sample annealed at 300°C (500°C). From the descrip-
tion of peaks within the figure, we can see that samples are indeed of good crystalline

quality.
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F1GURE 3.11: X-ray diffraction ©-20 scan for the CooMnSi samples annealed at 300°C
and 500°C.

The thicknesses of the layers of the samples provided by Wolf et al. [29] and mentioned
above in the text do not seem to be exact numbers, but rather estimated from growth
rate and deposition time. However, small deviations from the reported values should
not be too crucial for our investigation. In Fig. 3.12 we present XRR data for samples
annealed at 300°C and 500°C. The thickness of the Cr buffer layer and of CooMnSi is
close to the estimated values, but the Al capping thickness is much larger than reported
(see the table in the right side of the Fig. 3.12). This may be connected to the fact
that the samples are already some years old, thus aluminium oxide has formed in the
capping layer which could have lead to larger thicknesses. On the other hand, in the
XRR curve of the 500°C annealed sample, the Kiessig oscillations with the longest period
(presumably caused by the capping layer), are not described very well by the fit, thus

the information on the Al cap thickness has some additional uncertainty.

Hysteresis loops and magnetic anisotropy

In Fig. 3.13 (a) and (b) we show the hysteresis loops of the samples annealed at 300°C
and 500°C, respectively. In Fig. 3.13 (c) the Kerr magnetic remanence pole figure is
displayed. We can see in-plane magnetic easy and hard axes, parallel to CooMnSi (110)
and (100) directions, respectively (which is in agreement with previous findings [29]).
Note that the orientation of the in-plane easy and hard axes does not change upon
annealing. Further, a magnetic field of 300 mT used within our spectroscopic setup is by

far enough to magnetically saturate the sample in any in-plane magnetization direction,



72 Chapter 3 Experimental techniques, sample preparation and characterization

10° : '
XRR data  — Simulation

i P o Al (1.3 nm)
T p-a. at 500C Co,MnSi (30 nm) p.a. at p.a. at
. 300°C_ 500°C
g 10°7 dcr nm] 385 37.1
- dcognsi [nm]  25.9  26.7
G da1 [nm] 5.1 3.7
3 Cro0c ocr [nm] 0.5 0.7
s p-a.a OCosMnsi (1] 0.4 0.4

10% 1 oAl [nm] 1.0 1.4

0.0 0.1 0.2 0.3

Scattering vector g [A~1]

FIGURE 3.12: Exemplary XRR scans (blue dots) and their simulations (red lines)

for two samples from the series. The damping of oscillations is low, suggesting a low

roughness of the interfaces within the samples. The curves are shifted vertically for
clarity.
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FiGure 3.13: LMOKE loops at a wavelength of 670 nm of the sample that was post

annealed at (a) 300°C and (b) 500°C. Loops were interpolated and divided into odd

and even part, only odd part of the loop is shown here. (c¢) Kerr remanence pole figure

of samples anealed at 300°C and 500°C. The crystallographic directions (110) and (100)

in the CooMnSi layer are directed towards the in-plane magnetic easy and hard axes,
respectively.

since a magnetic field of less then 25 mT is needed to saturate the samples in its in-plane
hard axis [Fig. 3.13 (a) and (b)].

Optical characterization

The optical characterization of this samples were carried out by my colleague Daniel
Kral from Charles University in Prague. The optical response of the samples were mea-

sured using a dual rotating compensator RC2 Woollam ellipsometer. The measurements
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FIGURE 3.14: Real (a) and imaginary (b) part of the spectral dependence of ¢4 of all
CooMnSi samples.

were carried out in reflection mode with the angles of incidence 60°, 65°, 70°. Prior to
each measurement, the samples were cleaned using UV spectroscopy-grade (99.8% pu-
rity) ethanol. The spectral dependencies of the ellipsometric parameters ¢ and § were
obtained in the spectral range of 0.7eV—-6.5eV. The spectra of diagonal permittivity
in the Oth order e4 were calculated from 1 and ¢ using the Drude model and three
Lorentzian oscillators to describe the electron transitions located at approximately 1.7,
1.8 and 5.5eV. The spectra were processed using the CompleteEase software. The real
part of the spectra of g4 is shown in Fig. 3.14(a) and the imaginary part of the spectra
of €4 is shown in Fig. 3.14(b).

3.4.3 Fe(011) samples grown on MgO(111) substrates

Multiple samples of MgO(111)/Fe(011)/Pt (or Si) have been prepared by magnetron
sputtering (Bestec system). For each sample, slightly different deposition conditions
were chosen. We pick to present here three samples, named as RS210917, RS260917
and RS020718. Sample RS210917 seemed to be of very good crystalline quality, yet its
MOKE investigations show some unexpected and interesting results, as will be discussed

later in the text in Chapter 4.

The MgO(111) substrate treatment and Fe layer growth process was inspired by Ref. [127]
and Ref. [112], respectively. Each of the MgO(111) substrates was ultrasonically cleaned
in acetone, isopropanol and ethanol for 15-20 minutes in each of the solvents. Immedi-
ately after, the substrate was dried in Ny atmosphere and transfered to the deposition
chamber. Here, each substrate was annealed at ca. 700°C? for 120 min at a base pressure

of 81078 mbar. From this point onwards the preparation of each sample varied.

3Temperature at heater set to 850°C, which should provide a temperature of ca. 700°C at the
substrate carrier following the temperature calibration curve of the sample holder.
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FIGURE 3.15: (a) XRD ©-20 scan of the sample RS210917 (red colour). The scan
represented by blue colour is of pure MgO(111) substrate. (b) The off-specular texture
map of Fe{001} peaks with ¥ = (30°,55°) and 20 = 65.518°.

The Fe layer of the sample RS210917 was grown at 300°C with an Ar pressure of 2.2-1073
mbar. The deposition process took 390 s with a growth rate of 0.0512nm/s providing us
a ca. 20nm thick layer. Afterwards, the sample was cooled down to RT and a Pt capping
layer was sputtered for 22s with a growth rate of 0.09nm/s, which should result in a
2nm thick Pt capping layer. In the case of the sample RS260917, the only difference was
that the Fe layer was grown at 580°C and the deposition took 220s (ca. 11nm thick).
Also, the capping layer was deposited at a slightly higher temperature of 40°C.

The third presented sample was prepared with time-distance of almost a year from the
first two. The Fe layer was also grown at 580°C but the growth rate was not calibrated
and only estimated from previous numbers. The Fe target was sputtered with half
a power on the magnetron compared to previous samples. The deposition time was
1800, which should result in a Fe layer dozens of nm thick. The Ar pressure during the

deposition was 9.7-1073 mbar and the Si capping layer was used instead of Pt.

For the Fe(011) layer grown on MgO(111) there are 3 possible in-plane growth directions
rotated by 120° from each other. Nevertheless, it is possible that one of those direction
could be preferable due to miscut of the substrate, as proposed by Mattson et al. [112].
Yet, all three samples were post annealed ez-situ at 500°C for 60 min in a magnetic field

of 650mT in hope of recrystallization towards a single in-plane Fe[011] direction.

XRD & XRR

The XRD specular ©-20 scan of the sample RS210917 is presented in Fig. 3.15(a).
Characteristic peaks of the Fe(011) layer, located at 20 = 44.65° and 20 = 99.11°
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FIGURE 3.16: (a) XRD ©-20 scan of the sample RS260917 (red colour). The scan
represented by blue colour is of pure MgO(111) substrate. (b) The off-specular texture
map of Fe{001} peaks with ¥ = (40°,50°) and 20 = 65.096°.
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FIGURE 3.17: (a) XRD ©-20 scan of the sample RS020718 (red colour). The scan
represented by blue colour is of pure MgO(111) substrate. (b) The off-specular texture
map of Fe{001} peaks with ¥ = (40°,50°) and 20 = 65.082°.

are very well pronounced. We attributed remaining two peaks at 20 = 41.50° and

20 = 89.20° to the Pt(111) capping layer, although those peaks are 1.3° and 5° away

from the positions reported at the Materials Project website [128], respectively. Though,

the crystallographic structure of the capping layer is of no significance to our research.

In Fig. 3.15(b) we present an off-specular texture map. The scan is performed with
U = (30°,55°) and full 360° rotation of x when tuned to 20 = 65.518° corresponding
to Fe{001} peaks. Only two significant peaks are present at ¥ = 45° separated by 180°

in k, confirming well grown Fe(011) layer with almost no in-plane twinning.

In Fig. 3.16(a), the specular ©-20 scan of the sample RS260917 is presented. The scan
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is almost identical to the previous case with negligible change in the position of the
Fe(011) characteristic peaks and minor change in the position of the first Pt(111) peak,
being 20 = 49.92°. The second peak of Pt(111) is very broad and weak. The texture
map of this sample, presented in Fig. 3.16(b), have been measured with ¥ = (40°, 50°),
full 360° rotation of k and 20 fixed to 65.096°. In addition to a set of two pronounced
peaks separated by 180° in x we may notice here additional 4 peak, where all 6 peaks
are separated by 60° in . This indicate in-plane twinning in the layer, although one of

the twins clearly predominates.

Finally, the XRD specular ©-20 scan of the sample RS020718 is presented in Fig. 3.17(a).
The characteristic peaks of the Fe(011) layer are again well pronounced and with negli-
gible change in peak positions with respect to previous samples. For the capping layer,
Si was used, thus obviously no Pt(111) peaks can be observed. Figure 3.17(b) presents
the texture map scan with U = (40°,50°), full 360° rotation of ~ and 20 fixed to
20 = 65.082°. In this case, the twinning in the sample is most pronounced, as all 6
peaks separated by 60° in k are of comparable amplitude. Thus, this sample is only
presented here to show that substantial twinning can occur when Fe(011) layer is grown
on MgO(111) substrate, and we will not use this sample in further investigations and

analysis of the 8-directional method.

The XRR curves of all three samples are shown in Fig. 3.18. We were only able to
extract reliable information from the sample RS210917, as the latter two samples seem
to have too large roughnesses for any ongoing Kiessig oscillations to appear. Although
we present the simulation for the XRR curve of the sample RS260917, it should be
taken with care, as we have to change the density of the Fe layer by 30% and the
extracted thickness of the Fe layer dp, does not correspond with thickness estimated
through deposition time and growth rate. We ware not able to describe the XRR curve
of RS020718 by any reasonable model.

Magnetic characterization

The magnetic characterization through MOKE hysteresis loops and remanence magnetic
anisotropy measurements is presented in Fig. 3.19 for the sample RS210917 and in
Fig. 3.20 for the sample RS260917.

Figure 3.19(a) shows the hysteresis loops at the sample orientation o« = 0° and o =
90°. Both loops are clearly magnetically saturated at a magnetic field of 200mT. In
Fig. 3.19(b) we show the same loops for a smaller magnetic field region. Here one
can clearly recognize that the loops are not symmetric. With the assumption of fully

antisymmetric M reversal, this odd in M contribution to the loops can be attributed
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Ficure 3.18: XRR characterization of Fe(011) samples. The simulation of the

RS210917 XRR curve provides reliable information, whereas the simulation of the

RS260917 sample should be taken with care, as the fit parameters bounds have to

be very loose to enable a sufficient matching between experimental data and simulation
fit. We were not able to describe the XRR curve of RS020718 by any model.

to QMOKE. Thus, we separated the loops to its odd and even parts in M according
to Eq. (3.1.7), being presented in Figs. 3.19(c) and (d), respectively. We show two
magnetic field loops which have unusual remanence values with respect to the angular
dependence presented in Fig. 3.20(e). The remanence magnetic anisotropy suggests one
major easy in-plane axis and one hard in-plane axis rotated by 90° with respect to each
other. In addition, there are two minor easy in-plane axes, each tilted by ca. 15° from
the hard in-plane axis. We show comparison of remanence magnetic anisotropy yielded
from raw loops of Fig. 3.19(a) and from odd loops from Fig. 3.19(c). Only negligible
changes can be observed. However, we further applied a similar set of measurements
as needed for the vector MOKE technique [17], i.e. measurements of loops with s- and
p- polarized light for external magnetic field parallel and perpendicular to the plane
of incidence and with Aol of 45° and 0°. Here, we found out that the magnetization
reversal is not fully antisymmetric in the range of a = (356°,12°) and a = (174°,192°)
as indicated in Fig. B.1 in the Appendix B. Therefore, it is not justified to use the
separation process of Eq. (3.1.7) here, and loops that were separated as odd in M
can still possess some QMOKE contribution. Nevertheless, the measurements of the
hysteresis curves with normal Aol indicate that some out-of-plane component of M
could be present during the magnetization reversal process for some sample orientations
«. This would contribute to the measured signal in form of PMOKE, which will have
some implications for the 8-directional method measurement of this sample which will
be discussed in Sec. 4.2.3. For more details concerning antisymmetric reversal process
and contribution of PMOKE, see Appendix B.

In Fig. 3.20(a) we show hysteresis loops of the sample RS260917, which are surprisingly
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Ficure 3.19: MOKE magnetic characterization of the sample RS210917 at a wave-

length of 670 nm. (a) Hysteresis loops measured for the sample orientation o = 0°,90°.

(b) Close-up of those loops. (c¢) Odd part of the loops and (d) even part of the loops.

Remanence magnetic anisotropy presented in (e) when yielded from raw loops (b) and
from odd loops (c).
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Ficure 3.20: MOKE magnetic characterization of the sample RS260917 at a wave-
length of 670nm. (a) Hysteresis loops measured for the sample orientation o = 66°
and 156°. (b) Remanence magnetic anisotropy.

substantially different from the loops of sample RS210917. It seems that the sample is
not magnetically saturated even at a magnetic field of 200mT and also its coercivity
is considerably larger than for the previous sample. The shape of the remanence mag-
netic anisotropy does not posses such an unusual shape anymore, and we can identify
a small difference between the remanence at o = 66°(+180°) and o = 156°(4180°),
which may correspond to a magnetic easy and hard axis, respectively. Such a two fold
magnetic anisotropy is expected for a (011) oriented surface and the fact that it is not
much pronounced could be attributed to some twinning in the layer as indicated by
Fig. 3.16(b). We did not apply decomposition of the loops into its odd and even parts

in M, as the loops look symmetric with respect to origin, thus the correction to the
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magnetic remanence plot would be negligible.

3.4.4 Co(011) samples grown on MgO(011) substrates

The deposition process of Co(011) epitaxial layers on Mg(011) substrates was inspired by
Ref. [129]. The MgO(011) substrates were ultrasonically cleaned in acetone, isopropanol
and ethanol for 15 minutes in each of the solvents and dried in No atmosphere. Imme-
diately afterwards, the substrates were transfered to the deposition chamber and in situ
annealed at 660°C for 120 min. The Co layer was deposited at a substrate temperature of
300°C and Ar pressure of 2.1-1073 mbar and a growth rate of 0.064 nm/s. Two samples
were prepared, one with a deposition time of 312s and other with a deposition time of
110s resulting in samples with ca. 20nm and ca. 7nm thick Co layer, respectively. The
deposition of a 2nm thick Pt capping layer (growth rate 0.09nm/s and deposition time
22s) took place at RT. The samples were then ez-situ annealed at 500°C in a magnetic
field of 650mT.

In Fig. 3.21(a), we show the XRD ©-20 specular scans for both samples. The character-
istic Co(011) peak is present only for the sample with a nominal thickness of 20 nm. In
Fig. 3.21(Db), the off-specular scan is presented for the sample with a nominal thickness
of 20nm. The sample was aligned on the Euler cradle in such a way that the MgO edge
was parallel to the y axis of our coordinate system at &« = 0. The ¥ was scanned in
the range (30°,55°) for full 360° rotation of x, when tuned to the Co{200} peaks at
20 = 51.615°. Two peaks at ¥ = 45° in two-fold symmetry indicate a well grown Co
(011) epitaxial layer. The XRR curve of the 20 nm thick Co(011) sample is presented in
Fig. 3.22, where on the right side the results of the fit are summarized in the table.

The magnetic characterization is presented in Fig. 3.23. In Fig. 3.23(a) we show magnetic
field loops at @ = 12° and o = 102° and in Fig. 3.23(b) we show a close-up of the M
reversal of the same loops. In Fig. 3.23(c) and (d) we present odd and even in M
part of those loops, that were separated according to Eq. (3.1.7). The two loops were
chosen with respect to the shape of the remanence magnetic anisotropy plot, presented
in Fig. 3.23(e). Its shape has just minor correction when yielded from the raw loops from
Fig. 3.23(a) or from odd loops from Fig. 3.23(c). The shape indicates well pronounced
easy and hard in-plane magnetic axes, although 12° rotated from the position where we
would expected it to be compared to the off-specular XRD scan presented in Fig. 3.21(b).
It seems that for the magnetic hard axis at a« = 12°(4180°), the sample is not yet fully
saturated with a magnetic field of 235 mT, which will make it problematic to use this

sample for 8-directional investigation in our vector MOKE setup.
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FIGURE 3.21: (a) XRD ©-20 scan of the Co(011) sample with a nominal thickness of

20 nm (red colour) and with a nominal thickness of 7nm (blue colour). Only the 20 nm

thick sample provides a characteristic Co(011) peak. (b) The off-specular texture map
of Co{002} peaks with ¥ = (30°,55°) and 20 = 51.615°.
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FIGURE 3.22: XRR curve and its simulation of the Co(011) sample with a nominal
thickness of 20nm. Results of the fit are summarized in the table on the right side of
the figure.

3.4.5 Ni(111) sample grown on MgO(111) substrate

For the (111) orientation, only a single sample was prepared. The deposition process was
inspired by Ref. [127]. The substrate was ultrasonically cleaned in acetone, isopropanol
and ethanol for 15 minutes in each of the solvents and dried in No atmosphere. The
substrate was then in-situ annealed for 60 min. at ca. 800°C — 850°C. The Ni layer was
deposited 350°C with an Ar pressure of 2.1-1073 mbar and a growth rate of 0.066 nm/s
resulting in ca. 22nm thick layer after a deposition time of 333s. An approximately
4nm thick Si capping layer was sputtered at RT with a growth rate of 0.0374nm/s and

a deposition time of 107 s.

The XRD ©-20 specular scan is shown in Fig. 3.24(a). The blue curve belongs to a pure
MgO(111) substrate, whereas the red curve is of the Ni(111) sample. The characteristic
peaks of Ni(111) at 20 = 44.55° and Ni(222) at 20 = 98.67° show good epitaxial growth
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FIGURE 3.23: Magnetic characterization of Co(011) sample with a nominal thickness

of 20nm at a wavelength of 670 nm. (a) Magnetic field loops measured at a sample

orientation of & = 12° and o = 102°, which corresponds to magnetic in-plane hard and

easy axis, respectively. (b) Close-up of the magnetic field loops which were separated

into their (¢) odd and (d) even parts. (e) Remanence magnetic anisotropy yielded from
raw loops (a) and odd loops (c).
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FIGURE 3.24: (a) XRD ©-20 scan of the Ni(111) sample (red colour). The scan
represented by blue colour is of a pure MgO(111) substrate. (b) The off-specular texture
map of the Ni{002} peaks with ¥ = (50°,60°) and 20 = 52.809°.

of the Ni layer. In Fig. 3.24(b), we show the off-specular texture map for ¥ = (50°, 60°)

and

full 360° rotation of x when tuned to 20 = 52.809°, which corresponds to the

Ni{002} peaks. Three peaks in a three fold symmetry confirm that the layer has good

in-plane uniformity.

The XRR curve with the simulation is shown in Fig. 3.25, where on the right side of

the

figure the values of the fit are summarized in the table. Although the simulation

does not describe the experimental XRR curve very well, the periodicity of oscillations



82 Chapter 3 Experimental techniques, sample preparation and characterization

E' 109 L
c XRR data — Simulation
> ~
g 106 p dni [nm] 22.2
) dsi [nm] 3.5
2 103 omgo [nm] 0.9
n
c oNi [nm] 1.9
9]
= . , . osi [nm)] 0.1
0.0 0.1 0.2
Scattering vector g [471]
FIGURE 3.25: XRR measurement and simulation of the Ni(111) sample.
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FIGURE 3.26: MOKE magnetic characterization of the Ni(111) sample at a wavelength

of 488 nm. (a) Magnetic field loops measured at a sample orientation of o = 45° and

a = 111°. (b) Close-up of the magnetic field loops which were separated into their (c)

odd and (d) even parts. (e) Remanence magnetic anisotropy yielded from raw loops
(a) and odd loops (c).

is sufficiently described providing us with information about the layer thickness, which
is in good match with our prediction from the deposition process. The first two dips
that appear in the simulation are not that pronounced in the experimental data. This

could be possibly addressed to slightly inaccurate densities of layers in the model.

The hysteresis loops and Kerr remanence magnetic anisotropy measured at a wavelength
of 488 nm is shown in Fig. 3.26. As can be seen from Fig. 3.26(a) and (b), a magnetic field
of ca. 10mT is sufficient to magnetically saturate the sample in any in-plane direction.
We also separated the loops into their odd and even parts, although the contribution of
QMOKE is minimal here as shown in Fig. 3.26(c) and (d). In Fig. 3.26(e) the remanence
magnetic anisotropy plot is shown. We observe a two-fold symmetry, indicating a clear
magnetic easy in-plane axis. Additional peaks at o = 135° and 315° are present and

have been observed already in literature as discussed in Ref. [130].
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3.5 Conclusion

In this chapter, we introduced all the techniques and setups that have been used for
the MOKE experimental data gathering. We also briefly introduced the techniques of
thin films preparation and structural characterizations. Further, we have introduced all
the samples that will be investigated from point of MOKE and QMOKE in particular.
The Fe(001) thickness dependent sample series and CooMnSi Heusler compound sample
series are the two main sample sets used fro QMOKE spectroscopy investigations. The
residual samples are used for the investigations of the 8-directional method of cubic

crystal structures with various surface orientations.






Chapter 4

The 8-directional method of
(001), (011) and (111) oriented
thin films with cubic crystal

structure

The 8-directional method of (001) oriented cubic crystal structures has been already
introduced in Sec. 2.5. In this chapter, we will examine this method in more detail and

we will further extend it to (011) and (111) oriented cubic crystal structures.

The derived equations for each surface orientation are compared to numerical simulations
of the Python based code that was introduced in Sec. 3.1.4. Through this comparison
we are testing approximative description of Kerr angles through Eq. (2.5.1), being

r e &
ps / Yyz-zx /
b=~ P = A (e, — 2| 4 Bicl,,
d

Recall that this equation was adopted to obtain human-readable dependence of Kerr
angles on MO parameters K, G, 2G44, on sample orientation « and on in-plane com-
ponents of M or on p, the in-plane direction of M. Thus, we will employ Eq. (2.5.1)
again to derive equations of the 8-directional method of (011) and (111) oriented cubic

crystal structures.

85
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Further, we present here experimental measurements of the 8-directional method for all
three surface orientations. The results are compared to derived equations and numerical
simulations. Finally, the 8-directional method of each surface orientation is analyzed to

be further utilized for the QMOKE spectroscopy measurement.

As a reminder, the 8-directional method assumes only in-plane M and thus M =
[Mp, Mp,0] = [cos u, sin p, 0], where p is angle between z-axis of our coordinate system
and in-plane M direction (see Appendix A). Measurements of Kerr angles for eight
different magnetization directions (u = k - 45°, where k = 0,1,2,...,7) provide basis of

this method. Separation of individual contributions works as follows.

5 (@g/p%" — @4 20%) = @y, contribution, (4.0.1a)
1 o o

5 (@117 + @l — @ @) — @y ay, contribution,  (4.0.1b)
1 0° 180° 90° 270° R

3 <<I>g/p + <I>f:/p (IDf:/p -l ) = @22 contribution, (4.0.1c)
1 o °

B (q)g/po - (I)g/plso ) = @)y, contribution, (4.0.1d)
17

3 Z <I>’: /:pk’45 = ®onst.(Constant Kerr contribution). (4.0.1e)

Here, we may see that two additional contributions ®,/,, and ®const. are added in com-
parison to description of the 8-directional method in Sec. 2.5. Although for (001) orien-

tation those two contributions are zero, for (011) and (111) orientations they are not.

4.1 The 8-directional method of (001) orientation

4.1.1 Equations of 8-directional method of (001) orientation

The equations of 8-directional method of (001) oriented cubic crystal structures have
already been discussed in Sec. 2.5 and were originally published in Ref. [13]. Kerr angles
are described through Eq. (2.5.6):

K? A
N — 442Gy, — — TG (1- cos4a)] MpMr
d

s/p s/p

+A4,, [iG sin 404] (M% - Mg)

s/pKM[n
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and when in-plane magnetization is expressed through p (as shown in Eq. (2.5.2)), we
obtain Eq. (2.5.7):

2
2G44 & + AG (1 —cos4a) | sin(2pu)

(001)
) =+A 20 1

s/p s/p

+A, [%461 sin 404] cos(2u)

+B, /K sin .

Three non-zero contributions to Kerr angles can be separated through Eqgs.(2.5.8a)-
(2.5.8¢), being in analogy with Egs.(4.0.1a)—(4.0.1c). The contributions are (i) LMOKE

contribution ®,s, that is proportional to +B,,,K. This contribution is isotropic, i.e.

s/p
independent of sample orientation a. (ii) QMOKE contribution @, a7, that is pro-
portional to +4,/, [2G44 —|— (1 —cos4a)|. This contribution is composed of

isotropic part and anisotroplc part Wlth cos 4a dependency. (iii) The QMOKE contri-

AG

bution ¢ M2—M2 proportional to £ 4,57 sin4a. This contribution is purely anisotropic

with dependency sin4a.

4.1.2 Comparison of 8-directional equations of (001) orientation to

numerical simulations

Within numerical code we simulate Kerr angels separately for eight M directions of
the 8-directional method and then apply separation process as describe by Eqs. (4.0.1a)
—(4.0.1e). When this is done for each sample orientation « in the full 360° rotation (e.g.
with step of 1°), we can plot numerically calculated dependence of each contribution
on the sample orientation a. Thus, this way we can compare behaviour of numerically
calculated contributions to their description through equations of 8-directional method

and see if, or how much, do they comply.

Figure 4.1 shows the results of such numerical simulations. For all Figs. 4.1 (a) — (f)
we hold constant only (i) photon energy of incidence light, being 1.85€V, (ii) diagonal
permittivity ;4 = —3.02 4 28.24¢ (which is value of £4 of Fe at 1.85eV that was obtained
by ellipsometry measurements as described in Sec. 3.4.1) and (iii) linear MO parameter
K = 0.09¢4. Rest of the parameters were tuned for each of the subplot separately in order
to observe changes and compare them to predictions of Eq. (2.5.6). The structure of the
simulated sample is the bulk FM/air interface, except for the last graph [Fig. 4.1(f)],
where the simulation of 20 nm thin film FM layer on MgO substrate is presented. Note
that FM material of those calculations is not real as MO parameters are fabricated to

our liking (all the MO parameters are chosen to be fraction of €4). Although we actually
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FIGURE 4.1: Numerical simulations of the 8-directional method of (001) oriented cubic
crystal structures. For all six graphs we hold photon energy of incident light at 1.85¢eV,
eq = —3.02 4 28.247 and K = 0.09 - 4. Rest of the values are changed with each
simulation, where all the values are stated as the text insets in the individual graphs.
The text inset 'bulk’ means that structure in the calculation is FM/air interface. In
the last graph (f), MgO substrate/20nm FM layer/air structure is used instead with
£4(Mg0)=3.0+0i. Aol stands for angle of incidence.

posses values of all MO parameters in case of Fe (as will be presented in Chapter 5) it

make more sense to use fabricated one, as we need to tune the values in this investigation.

In Fig. 4.1(a) we present simulation for p-polarized incident light under normal Aol.
Quadratic MO parameters G, and 2G44 are "switched off”, i.e. Gy = 2G44 = 0. Thus,
we only see here @, 37, contribution proportional to A,K 2/eq. Note that LMOKE
® ), contribution is zero due to normal Aol (B?/%I:O =0). In Fig. 4.1(b) we "switched
on” quadratic MO parameters and set them both to equal value G5 = 2G44 = 0.005¢,
thus AG = 0. This means that G tensor is isotropic in this case. The value of ® s, as;,

contribution went down, being in accordance with Eq. (2.5.6) where 2G44 and K? /g4 do
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posses opposite sign. In subsequent Fig. 4.1(c), 2G4 is lowered to 0.002¢4 which is pro-
viding us with AG = 0.003¢4 and, thus, the anisotropic part of QMOKE contributions
has emerged. We can now observe cos 4« and sin 4« oscillations of contributions ®ar, ar,
and @2 2, respectively. When Aol is raised to 45° [Fig. 4.1(d)] the LMOKE ®,;,
contribution spring up as expected. Effect of polarization change from p-polarization to
s-polarization is then presented in Fig. 4.1(e). Change of sign of individual contributions
follow well predictions of Eq. (2.5.6). Note that also change of absolute values of indi-
vidual contributions take place, because for Aol# 0 we have A, # Ay and B, # B, [17].
In the last graph Fig. 4.1(f), we have changed the structure from FM(bulk)/air interface
to MgO/FM(20nm)/air thin film layer. We may observe some change in the value of
the contributions, but the symmetry remain the same as it should. All the changes
described in graphs Figs. 4.1(a)—(f) follow very well all the predictions of Eq. (2.5.6).
Although approximative relation of Eq. (2.5.1) was derived for thin FM layer [24], it
obviously hold well for bulk material as well. Finally, note that contribution ®j;, and

Donst. are in all 6 graphs zero as expected.

Now, although from the graphs in Fig. 4.1 it looks like all the contributions follow well
their symmetry and predictions of Eq. (2.5.6), we will examine these more thoroughly
by means of the fast Fourier transform (FFT). The individual frequencies per 360° sam-
ple rotation of contributions ®us,, ®as, vy, P M2-M2> ®p, and Pconst. are shown in
Figs. 4.2(a),(b),(c), (d) and (e), respectively, being the FFT of the individual contribu-
tions in Fig. 4.1(f). The value of amplitude in millidegrees is marked whenever the value

rise above 1073 mdeg. Smaller values can be safely omitted.

The analysis by FFT show us negligible discrepancy of contributions ®s,, ®57, and
Pconst. Wwhen compared to the theory, i.e. to Eq. (2.5.6). All the contributions have
negligible anisotropic four-fold contribution that is not predicted by equations of 8-

directional method.

In Figs. 4.2(f)—(j) we show zero-fold amplitude (i.e. isotropic part, or offset) dependence
on Aol for each contribution separated by 8-directional method. In Figs. 4.2(k)—(o) their
four-fold amplitude (i.e. anisotropic part) dependence on Aol is shown instead. We see
that the four-fold dependence of contributions ® s, , @z, and Pcongt. stay in negligible
values for all the angles of incidence. However, as the dependence on Aol is clearly
pronounced, we are assured that those contributions have real origin in the physical
model. In contrary, the offset dependence on Aol for ® M2-M2> Dz, and Poonst., that
is shown in Figs. 4.2(h)—(j), respectively, is just the noise of the calculations caused by

deflection of M by random angle Ay as was discussed in Sec. 3.1.4.

Nevertheless, we should keep in mind that MO parameters that were used in those

simulations were fabricated. In case of a material with different MO parameters, this
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FIGURE 4.2: In (a) — (e) we show FFT of Fig. 4.1(f) contributions ®ps,, ®Pas, riy,

P M2 M2 D, and Pconst., respectively. Colours are in compliance. Rest of the

graphs (f)—(o) are dependencies on angle of incidence of zero-fold and four-fold part of
each contribution. The graphs are column and colour sorted.

four-fold behaviour of ®s,, ®pr,. and Poonst. could be more pronounced!. From our
experience, that we gained by debugging and ”playing around” with numerical code,
those four-fold oscillations of ®ys, , @z, and Pconst. contributions get stronger whenever
AG and/or K is of higher value. Thus, we believe that those oscillations are stemming
from some interplay of K - AG, although more rigorous examination should be done to
make this claim sound. Further, note that the best of our experimental measurements
does not have noise smaller than 0.5 mdeg, and usually the noise is rather around 1 mdeg
or more. Thus, the oscillations would have to grow in amplitude by more than two orders

to become visible in our experiments, otherwise they would be lost in noise.

'See e.g. Ref. [28] where such a behaviour of LMOKE is reported with cubic (001) system. Yet,
we do not claim that this oscillations reported in this literature is of same origin as in our numerical
calculations.
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4.1.3 Experimental measurements of Co,MnSi(001) Heusler compound

samples, comparison to the theory and to numerical calculations

To compare real experiment with the equations of 8-directional method and with numer-
ical calculations is the next step in our investigations. In Fig. 4.3 we show 8-directional
measurements of the CooMnSi sample annealed at 500°C (introduced in Sec. 3.4.2) that
were collected at vector MOKE setup (described in Sec. 3.1.2). The 8-directional method
was measured with Aol=45° and with Aol=0° for both polarization of incident light, s

and p. The wavelength of the probing light was 670 nm.

Experimental data points are marked as crosses. The fit of the simple goniometrical
function, O 4+ A cos (da + ¢) with O as offset, A as amplitude and ¢ as phase shift, to
the experimental data is draw by lines of the same colour as the experimental data points
and denoted with suffix ”fit” in the legend. Residual lines in Fig. 4.3, that are described
in the legend with suffix ”simulation”, represent the numerical code simulations. The
parameters used in numerical calculus were taken (i) directly from experiment (photon
energy, Aol, polarization of incident wave) (ii) from investigations presented in Sec. 3.4.2
(thicknesses and 4 of each layer) and (iii) from QMOKE spectroscopy which will be
described in Chapter 5 (MO parameters). Used optical and MO parameters of CoaMnSi
are g4 = 1.21 + 22.61¢, K = —0.1302 — 0.2238i, G5 = 0.002729 — 0.03244¢ and 2G4y =
—0.0127 — 0.014573.

We can see that Figs. 4.3(a) and (c) have much better noise-to-signal ratio than Figs. 4.3(b)
and (d). This is due to fact that detector at normal incidence was harder to calibrate
than detector at Aol=45°. In the Tab. 4.1 we compare the values of numerical simula-
tions to the values of fit to the experimental data. Each of contributions of every graph
in Figs. 4.3(a)-(d) is described through its offset (i.e. zero-fold symmetry amplitude)
and four-fold symmetry amplitude (i.e. amplitude of oscillations). From all the contri-
butions in all the graphs the QMOKE & M2 M2 have best agreement between numerical
simulation and experiment, with difference in amplitude of oscillations around 1 mdeg or
less. For QMOKE contribution ®s, a7, the compliance is not so good. The differences
in offset are in the range of 1-4 mdeg and the differences in amplitude of oscillations are
in the range of 0.4-1.1 mdeg. The larger discrepancy in graphs (b) and (d) can be, to
some extend, assign to the large noise of the experimental data, but clearly the difference
is there. The fit to experimental data of LMOKE contribution ®,7, at normal incidence
[Figs. 4.3(b) and (d)] can be omitted, as it is just fit to noise around zero signal. The fit
to LMOKE experimental data at Aol=45° [Fig. 4.3(c)] provide amplitude of oscillations
0.58 mdeg, but this again is rather fit to slightly noisier region o = (135°,315°) of the
experimental data. Otherwise the agreement between fit and simulation is in perfect
match. On the other hand, in Fig. 4.3(a) there is about 1 mdeg shift in the LMOKE



92 Chapter 4 The 8-directional method

x Oy experiment x Opypy, experiment x Oyz_y2 experiment x Oy experiment

-_— (DML fit —_— ‘DMLMT fit —_— ‘DM%—ME fit —_— G)MT fit
— Oy, simulation — Opym,u, simulation  — ®y2_pz simulation ®y, simulation
20
15 1 Aol=0 deg , s-pol (b)
a x
o}
e
E
[
o
e
8
e
g
v
—15 | Aol=45 deg , s-pol (a) b

20
151 Aol=45 deg , p-pol MO
(o]
()]
e
E
[
kel
s
e
g

—15 1 Aol=0 deg , p-pol L
(d)
—-20 + T T T T T T T -20 T T T T T T T
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
sample rotation [deg] sample rotation [deg]

FIGURE 4.3: The measurements of the 8-directional method of CooMnSi sample an-
nealed at 500°C. All measurements were carried out at wavelength 670 nm. Polarization
of incident wave and Aol is stated for each measurement as inset in the graph. Full
lines designated as fit in the legend are fit of simple goniometrical function of four-
fold symmetry to experimental data, where offset and amplitude were free parameters
of that fit. Full lines designated as simulation in the legend are numerical calcula-
tions with the same parameters as in the experiment and with MO parameters ob-
tained from QMOKE spectroscopy (K = —0.1302 —0.2238i, G5 = 0.002729 — 0.032444,
2G44 = —0.0127 — 0.014574).

offset. Finally, in the Figs. 4.3(a) and (c) the experimental @, contribution have clear

offset of ca. 1.5 mdeg, whereas simulation is sharp zero.

All those discrepancies can stem from multiple sources. (i) As will be explained below in
the text, the MO parameters were obtained only from three experimental points from all
the points shown in Fig. 4.3. (ii) The MO parameters were acquired on different setup
than is the setup used for measurements presented in Fig. 4.3. (iii) In our numerical
simulations we expect ideal sample with perfect cubic structure, with layers of homoge-
nous thickness, etc., where all this is just approximation of the real sample that was
measured. (iv) The setup does not have to be artefact-free. For example, the offset of

® ), contribution in Figs. 4.3(a) and (c) could be explained by slight offset of magnets
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Contribution [mdeg] Fig. 4.3(a) Fig. 4.3(b) Fig. 4.3(c) Fig. 4.3(d)

&y, off. fit 11.441 0.253 -17.366 0.266
@y, off. sim. 10.527 0.000 -17.605 0.000
®pr, amp. fit 0.065 0.187 0.580 0.222
®py, amp. sim. 0.002 0.064 0.000 0.000
Drr, v, off. fit -3.961 -6.098 -0.147 -0.314
® s, vy off. sim. -4.979 -4.159 2.269 4.159
D7, v amp. fit 7.141 7.913 7.670 6.409
®pr, v, amp. sim. 6.182 6.764 7.070 6.764
(IDM%fMg off. fit -0.142 -0.217 -0.008 -0.110
@M%_M% off. sim. 0.000 0.000 0.000 0.000
q)M%—Mf amp. fit 7.154 7.666 7.427 6.628
@M%_M% amp. sim. 6.182 6.764 7.070 6.764
@y, off. fit -1.346 0.343 1.691 0.168
Oy, off. sim. 0.000 0.000 0.000 0.000
®pr, amp. fit 0.024 0.307 0.071 0.319
® 7, amp. sim. 0.031 0.033 0.005 0.000

TABLE 4.1: The table compare offsets and amplitudes of individual contributions from
Fig. 4.3 obtained from fit to experimental data and from numerical simulations.

with respect to the plane of incidence, thus, with magnetic field applied by x-axis mag-
nets the sample may posses some small part of M magnetization in reality. Note that
alignment of the system is quite crucial with the MOKE measurements and realignment
of the setup is often a must to obtain a good results. Thus, it could easily happen that

the artefact that is present at one measurement is not present in the another one.

4.1.4 Utilizing 8-directional method of (001) orientation for spectroscopy

With QMOKE spectroscopic measurements, we are interested in such contributions to
the MOKE signal, where only one of the quadratic MO parameters G or 2G44 contribute
to the signal. When processing the data of such a contribution, we can set only one of the
quadratic MO parameters as free variable, whereas second one can be omitted and set
to zero. Positions of those contributions in the 8-directional method can be easily found

from Eq. (4.1.1), where MOKE dependence on sample orientation aw and M direction p
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FIGURE 4.4: The 8-directional measurement at wavelength 670nm (1.85eV), with
Aol=45° for the sample from Fe(001) series with a nominal thickness of 12.5nm. Sev-

eral MOKE values are designated in the graph, being @) = A, (2G44 - I;—;), ® =
2
4, (Gs~£2), © = B.K and © = 4,AG.

is shown separately for each MO parameter.

(001) 2Gy . )
o, =+ As/p{ 1 [(1 + cos 4av) sin 2 — sin 4o cos 2]

G
+ TS [(1 — cos4a) sin 2p + sin 4a cos 2]

K2
———sin 2,u}
2e4

+ By, Ksinp.

(4.1.1)

In Fig. 4.4 we present 8-directional measurement of the sample from Fe(001) sample se-
ries with a nominal thickness of 12.5nm (sample series described in Sec. 3.4.1). Several

values are indicated in the graph. The value () = BsK denote the LMOKE ®,;, con-

tribution that originates only from MO parameter K. The value @A) = As (2G44 — K—2>

€d
and B = As (GS — I;—;) originates from quadratic MO parameters 2G44 and Gg, re-
spectively. Thus, those points are ideal for QMOKE spectroscopy measurements. The
contribution of I;—; can be accounted for, as will be discussed in the Chapter 5. Value
O = AsAG then stems from anisotropy of quadratic MO tensor G. The measurement
of values @), @) and ©) is thus used in QMOKE spectroscopy of cubic (001) oriented

samples.
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4.2 The 8-directional method of (011) orientation

4.2.1 Equations of 8-directional method of (011) orientation

In order to get cubic crystal structure from (001) orientation to (011) orientation, we
have to rotate cubic crystal structure (i.e. permittivity tensor) around the z-axis of
our coordinate system by angle 9, = 45°. Further, 9, = 0° while 9, = «, being the
rotation of (011) surface oriented sample around its surface normal. Then, elements of

the permittivity tensors that appear in Eq. (2.5.1) are [38]

3
5;(2}:,1;; = {2G44 + gAG (1 —cos 404)} MMy
3 3 2 2
- [16AG (sm404)} (a2 - n2) (4.2.1)

1
+ éAG sin 2a,

7(011)

el = TKMp, (4.2.2)
n(011)
ey = TEMp. (4.2.3)

We apply those permittivity tensor elements in Eq. (2.5.1) which give us

O _ 4, logu, - < 4 3ac (1 — cosda) | MM
s/p s/p 44 iy 3 LT

A LSGAG sin 404] <M% - Mf)

(4.2.4)
1
A gAGsin 2«
+B, KMy,
When M components are expressed through M angle u, Kerr angles are
(011) 2Gy  K? | 3 .
S, =+Ap 5 o, + EAG (1 — cos4da) | sin(2u)
3 .
+ A EAG sin4a| cos(2u) (4.2.5)
1
+Ag, gAG sin 2«
+B,/, K sin .

If compared to Eq. (2.5.7) of the (001) oriented cubic crystal structures, we can observe

two changes. First change is the different amplitude of anisotropic part of QMOKE
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contributions ®n; nr and P22, which is 2 AG in the case of (011) orientation
compared to %AG in the case of (001) orientation. Thus, the amplitude of anisotropic
oscillations in the case of the (011) oriented samples should be 75% of the amplitude of
anisotropic oscillations in the case of the (001) oriented samples. Second change is that
Dronst. 18 no more zero but has anisotropic behaviour with two-fold symmetry and with

the amplitude %AG.

4.2.2 Comparison of 8-directional equations of (011) orientation to

numerical simulations

We again employ numerical code to make simulations of the 8-directional method of
(011) oriented cubic crystal structures. All the used parameters in numerical code
are the same as in the case of (001) orientation, we only rotated the crystallographic

structure to (011) orientation. Thus, we can directly compare the changes.

As shown in Figs. 4.5(a)—(f) all the predictions of Eq. (4.2.5) are well in place. The
LMOKE @, contribution and isotropic part of QMOKE @/, 37, that stems from
2G4+ K? /g4 [Figs. 4.5(a) and (b)] are the same as for (001) orientation. In Figs. 4.5(c)-
(f) the anisotropic oscillations of QMOKE @/, 57, and @ m2— 2 contributions have
lower amplitude than in the case of the (001) simulations. The ®copgt. contribution with
two-fold symmetry is well pronounced with all graphs where AG # 0. For more detailed
analysis and comparison, let’s see the FFT analysis of Fig. 4.5(f)

First, let’s discuss the well pronounced characteristics of contributions in 8-directional
method. In Fig. 4.6(a) the offset (i.e. zero-fold symmetry amplitude) of LMOKE &/,
contribution have the same value as for (001) orientation (if difference of 0.003 mdeg is
neglected). The change of the prefactor of AG (1/4°00) — 3/16(°11)) affects the offset of
the QMOKE @y, ps,. contribution [Fig. 4.6(b)] and the amplitude of four-fold oscillations
of QMOKE @y, a1, and @2 2 contributions, Figs. 4.6(b) and (c), respectively. Note
that change of the amplitude from 16.093(°°Y) mdeg to 12.074(°1Y) mdeg is exactly? 75%
as predicted by our equations. Furthermore, the amplitude of two-fold oscialtions of
P const. contribution is exactly three times smaller then QMOKE @/, ys,, and ® M2 M2
four-fold oscillations amplitude. Although from equations above it seems that it should
be only 3/2 times smaller, see Eqgs. (4.0.1a)-(4.0.1e) on how those contributions are

obtained and wherefrom the factor of 2 is stemming from.

Further, the FFT analysis also discovered some behaviour that is not predicted by
Eq. (4.2.5). For @), contribution [Fig. 4.6(a)] the four-fold symmetry oscillations hold

the same amplitude compare to (001), but now also two-fold symmetry oscillations are

2When rounded to 3 decimals: 75,026%
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FIGURE 4.5: Numerical simulations of the 8-directional method of (011) oriented cubic
crystal structures. For all six graphs we hold the same (i) the photon energy of the
incident light at 1.85eV, (ii) e = —3.02 4+ 28.244, (iii) K = 0.09 - £4. Rest of the values
were changed with each simulation and all the values are stated as the text inset in the
individual graphs. Bulk means that structure in calculations is FM/air interface. In
the last graph (f) MgO substrate/20nm FM layer/air structure was used instead with

(ea(Mg0O)=3.0+0i). Aol stands for angle of incidence.

present as well. The exactly same behaviour is valid for ®,7, contribution shown in

Fig. 4.6(d). Furthermore two-fold symmetry and six-fold symmetry oscillations emerged

for the QMOKE contributions ®py; v and ®pp2 2, Figs. 4.6(b) and (c), respectively.

The four-fold symmetry oscillations of ®const. contribution are again in the same mag-

nitude as in the previous (001) case. Nevertheless, all of those oscillations, that are not

covered by Eq. (4.2.5), are of negligible amplitudes and most probably would not be

observable in the experimental data.

Furthermore in Figs. 4.6(f)—(j) we show dependence of the offset of each contribution

on Aol and in Figs. 4.6(k)—(0) we show dependence of amplitude of superposition of all

the oscillations on Aol.
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FIGURE 4.6: In (a) — (e) we show FFT of Fig. 4.5(f) contributions ®ps,, ®Pas, rip,

P M2 M2 D, and Pconst., respectively. Colours are in compliance. Rest of the

graphs (f) — (o) are dependencies on angle of incidence of each contribution, separated

to offset (zero-fold amplitude) (f) — (j) and amplitude of superposition of all oscillations
(k)—(0). The graphs are column and colour sorted.

4.2.3 Experimental measurements of the Fe(011) samples, comparison

to the theory and to numerical calculations

For the means of 8-directional method measurements of (011) oriented cubic crystal
structures we are in possession of Fe(011) and Co(011) samples, as discussed in Sec. 3.4.
Nevertheless, as the Co(011) sample is not saturated with all in-plane directions at
maximum magnetic field of our vector MOKE setup (235mT), we will present here 8-
directional measurements of Fe(011) samples only. Also, from the QMOKE spectroscopy
of the Fe(001) oriented sample series (presented in subsequent Chapter 5), we are in
possession of spectral dependence of all MO parameters of Fe, hence we may compare

our measurements with numerical model in this case.

In Fig. 4.7 we present 8-directional measurement of the sample RS210917 (for its char-
acterization see Sec. 3.4.3) at wavelength 670nm. Polarization and Aol of each mea-

surement is stated as the text insets in the graphs (a)—(d). To check the symmetry of
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FIGURE 4.7: The 8-directional measurements of Fe(011) sample RS210917 at wave-

length 670 nm (1.85eV). Polarization of incident wave and Aol is stated as text inset in

each subplot. Optical and MO parameters used in numerical simulations are £4(Pt) =

12.89 + 21.22i, £4(MgO) = 3.0 + 0i, eq(Fe) = —3.02 + 28.24i, K = —1.356 + 0.2604i,
G5 =0.001862 — 0.052774, 2G44 = —0.01075 — 0.01489:.

individual contributions, as predicted by Eq. (4.2.4) and by numerical calculations, we
further present fit of function O + Acos (4o + ¢) to the experimental data of @, ar,
and ®pp2 2 and of function O + A cos (da + ¢1) + Az cos (2a + ¢2) to experimental
data of ®;7, and ®,r,., where offset O, amplitude A, A; > and phase shift ¢, @12 were
free variables of the fit. Finally, the numerical simulations for each measurement is pro-
vided. Thicknesses of layers in the sample was used as obtained from XRR, optical and
magnetooptic parameters were obtained from ellipsometry and MOKE spectroscopy of
Fe(001) oriented sample, (the values are stated in the caption of Fig. 4.7), photon energy

and Aol is known directly from the experiment.

We may immediately notice strange behaviour of LMOKE @), contribution in all the
measurements of Figs. 4.7(a)—(d). From prediction of Eq. (4.2.4) this contribution should
be isotropic, but from prediction of numerical calculus some (negligible) oscillations

of two-fold and four-fold symmetry may be present. Nevertheless, the fit of function
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with such a symmetry was not able to describe experimental data, and our numerical
calculations also do not posses any oscillations observable by a naked eye. Note that
oscillations of ®js, contribution do not vanish with the normal Aol, therefore we may
exclude anisotropic LMOKE (more precisely anisotropic MO tensor K) as the origin.
Furthermore, the same behaviour is displayed also for @, contribution (that is expected
to be zero), although shifted by ca. 90° in a. The contributions ®,s, and ®,s,. from
Figs. 4.7(a) — (d) were centred around zero and fit with function A;cos(a+ ¢1) +
As cos (3 + ¢3) as shown in the Figs. 4.8(a) — (d), respectively. We see that function of
such a symmetry can describe the contributions perfectly, except small discrepancy in
® ), contribution at Aol of 45°. The results of fit are summarized in the table that is
part of the Fig. 4.8. We can see that for each measurement the amplitudes of one-fold
and three-fold oscillations are the same for ®5;, and ®,/,.. In both cases dependence on
Aol is very shallow. With change of polarization the sign is not reversed and only small

change in amplitude is observable.

We propose explanation of this behaviour as additional PMOKE contribution that is
caused by easy magnetic plane which is tilted from the surface plane of the sample. See
Fig. B.3 from Appendix B, where this idea is proposed and discussed. Our external
magnetic field is not strong enough to force the magnetization off the tilt of the easy
magnetic plane, thus the M posses some out-of-plane component M,. Exception is the
intersection of the surface plane and the easy magnetic plane, which would correspond
to y-axis direction when the sample is at &« = 0° or a = 180° as indicated by dependence
of ®,, in Fig. 4.8 and by discussion in Appendix B. The reversal of sign with sample
rotation by 180° is in agreement with this theory, as M, component will reverse its
direction upon such a rotation, providing opposite sign of PMOKE. Further, PMOKE
do not change sign with the change of incident light polarization and its dependence on
Aol is very shallow [33], which is exactly the behaviour we observe here. Finally, the
90° shift between ®j7, and ®);,. is also in perfect match with this prediction as well as
one-fold symmetry of those contributions. On the other hand, this tilted easy magnetic
plane do not explain three-fold symmetry of ®,;, and ®,s, contributions, unless some
curvature of the plane is taken into account. Small change in the amplitude upon change
of polarization of the incident light can be explained by slight deviation from normal
Aol.

When we will get back to Fig. 4.7, notice that mean value of ®,;, contribution in
Figs. 4.7(a) and (c) is roughly given by fit to the experimental data and correspond to
the ®,7, value when magnetization is align with intersection of surface and magnetic
easy plane. The difference of ca. 10 mdeg from numerically calculated value may seemed
a lot, but keep in mind that the value of K and other MO parameters were acquired on

completely different sample of Fe.
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@y, Amp. 1-fold 5.322 5.378 7.322 6.374
® 7, Amp. 3-fold 2.612 2.688 3.470 3.111
@7, Amp. 1-fold 5.311 5.339 7.201 6.640
® 7, Amp. 3-fold 2.610 2.554 3.442 3.238
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FIGURE 4.8: Contributions ®;, and @)y, taken from the Figs. 4.7 (a) — (d) are shown
here in subplots (a) — (d), respectively. Contribution ®,;, was centred around zero.
Fit of function Aj cos (o + 1) + As cos (3a + p3) to both contributions is presented,
where A; 3 are amplitudes of one-fold and three-fold oscillations and ¢, 3 is phase shift
of one-fold and three-fold oscillations. Results of the fit are summarized in the table.

The QMOKE ®), p7,, and ® M2 M2 contributions in Fig. 4.7 follow predicted four-
fold symmetry. Evaluated comparison of experimental data fit with numerical model is
presented in Tab. 4.2. If we consider that MO parameters were obtained from different
sample, the agreement in case of ® M2 M? contribution is perfect. In the case of ® s, v,
contribution the amplitude of oscillations is also not in such a bad agreement, but
the offset is off quite a bit, maybe except Fig. 4.7(c). Also, notice that the four-fold
oscillation of this contribution are not so regular as in the case of ® M2z oscillations.
First of all, there are those dips at at sample orientation « of 45° and 135°, 225° and 315°
in Figs. 4.7(a), (c¢), respectively. Then, it seems that amplitude of oscillations is not same
for full 360° rotation. It seems that those irregularities are to some extent in correlation
with one-fold and three-fold oscillations of ®,;, contribution. If we would lower one-
fold amplitude and then superimpose those oscillations on the regular four-fold shape of
® s, v, curve, the outcome should be somewhat similar to the measured experimental
data. Only exception is in Fig. 4.7(d), where this trend is opposite then in the rest

of the subplots, which may be related to the opposite sign of ®,s, a7, contribution in
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Contribution [mdeg] Fig. 4.7(a) Fig. 4.7(b) Fig. 4.7(c) Fig. 4.7(d)

® s, v, off. fit 10.195 12.157 -9.172 -6.163
®rr, vy Off. sim. 7.197 7.299 6.617 -7.230
®rr, v amp. fit 2.793 3.81 3.511 3.693
D7, My amp. sim. 5.198 5.708 6.217 5.708
Ppp2 gz off. fit -0.965 -0.718 1.309 0.591
Pppzpp2 off. sim. 0.000 0.000 0.000 0.000
Pppz 2 amp. fit 3.154 3.369 3.941 3.721
®p2 g2 amp. sim. 5.198 5.704 6.213 5.704

TABLE 4.2: The table compare offsets and amplitudes of ® s, ar, and @ M2 M2 Con-
tributions from Fig. 4.7 obtained from fit to experimental data and from numerical
simulations.

this case. Note that tilted easy plane of the sample would not explain this behaviour, as
® s, prp contribution is obtain through Eq. (4.0.1¢), which would effectively filter out this
PMOKE contribution. Introducing some curvature to magnetic easy plane, as suggested
before, could explain such behaviour due to different magnitude of M, component with
each of four directions required by Eq. (4.0.1¢) (and thus the PMOKE contribution
would not be filter out in ®ps, ar,.), but then the same behaviour should be observed

with @y 2 (with 45° phase shift in «), which is not the case of our measurements.

To ensure that we are not observing just some artefact of the vector MOKE setup,
we are showing here measurements of the same sample at MOKE spectroscopic setup
(described in Sec. 3.1.2), where we were able to align the sample well enough to provide
measurement with full 360° rotation of the sample. The results for several wavelengths
are shown in Fig. 4.9. The values of optical and MO parameters used in numerical
simulations are summarized in the table that is part of the figure. We will not discuss
comparison of fit to experimental data with numerical calculations in such a detail as
before, but note that when experimental results are compare to numerical simulations,
the offset of @/, as, have perfect match in Fig. 4.9(c), but is completely off in Fig. 4.9(d).
This just show that spectra of MO parameters yielded from Fe(001) sample with nominal
thickness 12.5 nm are in good match with MO parameters of Fe(011) sample (RS210917)
at some photon energies, but quite off at others photon energies. Overall comparison is
then summarized and evaluated in Tab. 4.3. Furthermore, we would like to point out
two things: (i) the irregularities in ®yy, a7, contribution present with measurements on
vector MOKE setup, which slightly questioned our theory of tilted magnetic easy plane,
are not present in those measurements anymore, (ii) one-fold and three-fold oscillations

of @y, and @y, contribution do not vanish even in Fig. 4.9(d) where ®y/, a7, and



Chapter 4 The 8-directional method

103

x Oy, experiment x Oypy, experiment x ®yz_p2 experiment x @y, experiment
— Oy, fit (1 &3)-fold — Oy,p, fit — Opz_pz fit — Oy, fit (1 & 3)-fold
— Oy, simulation — Opy,m, simulation — O®p2-pz simulation ®y, simulation

—20{ (a) 0.85eVv

Kerr rotation [mdeg]

Kerr rotation [mdeg]

0 45 90 135 180 225 270 315 360
sample rotation [deg]

20

(b) 1.0 eV

0 45 090 135 180 225 270 315 360
sample rotation [deg]

(a) (b) () (d)
£4(MgO) 2.94+0i 2.95+0i 2.99+0i 3.25+0i
e4(Fe) -16.64+51.27i ~11.17+44.10i -3.23+30.00i -5.21+8.27i
eq(Pt) -23.25+70.44i -25.76+56.27i -15.13+25.48i -2.64+6.44i
K -3.616-+2.558i -2.912+1.819i -1.562+0.467i -0.159-0.107i
e} -0.2111-0.0449i  -0.1416-0.0613i  -0.0172-0.0633i  0.0025-0.0028i
2G4 -0.0611-0.0450i  -0.0290-0.0203i  -0.0140-0.00961  0.0024+0.0024i

FIGURE 4.9: 8-directional measurement of Fe(011) sample RS210917 executed on Spec-

troscopy MOKE setup. Incident wave was s-polarized and Aol=5°. Photon energies

of probing light is sated as insets in each graph. Table summarize optical and MO
parameters used in numerical simulations.

®,2_pr2 oscillations are almost extinguished due to small AG parameter. This also
T L

further supports our assumption of tilted magnetic easy plane.

Now, we take a look on another Fe(011) sample to see if the behaviour of sample

RS210917 is consistent. In Fig. 4.10 we present the 8-directional measurements of the

sample RS260917 measured on the vector MOKE setup for all 4 available wavelengths,

where used optical and MO parameters for numerical simulation are summarized in the

table that is part of the figure.



104 Chapter 4 The 8-directional method

Contribution [mdeg] Fig. 4.9(a) Fig. 4.9(b) Fig. 4.9(c) Fig. 4.9(d)

@, 0, off. fit -41.471 -21.711 8.163 -9.484
® s, v, off. sim. -32.620 -16.766 7.957 1.109
® s, v, amp. fit 4.002 0.772 4.537 0.510
D7, v, amMp. sim. 5.991 1.409 6.653 0.837
@M%fMg off. fit 2.384 1.251 -0.441 0.681
‘bM%—Mg off. sim. 0.000 0.000 0.000 0.000
@M%sz amp. fit 3.712 0.924 4.177 0.287
‘I)M%—Mf amp. sim. 5.991 1.409 6.653 0.837
®,y, fit 1-fold Amp. 10.257 9.816 7.217 7.621
@y, fit 3-fold Amp. 5.032 4.66 3.498 3.902
@y, fit 1-fold Amp. 10.264 9.768 7.243 7.514
@y, fit 3-fold Amp. 4.874 4.590 3.473 3.866

TABLE 4.3: Offsets and amplitudes of ® s, ar,, and @2 52 contributions from Fig. 4.9
obtained from fit to experimental data and from numerical simulations. In case of
contributions ®,s, and @z, we show only outcome of the fit to experimental data.

Contribution [mdeg] Fig. 4.10(a) Fig. 4.10(b) Fig. 4.10(c) Fig. 4.10(d)

&y, off. fit 37.194 40.508 43.200 41.952
@y, off. sim. 34.238 36.809 41.506 41.328
® s, v, off. fit 1.221 0.247 -1.878 -2.007
D s, off. sim. 3.083 3.729 8.348 9.233
® s, 0, amp. fit 0.370 0.183 0.908 1.199
D1, My 2MP. sim. 1.417 0.342 5.441 6.165
@M%_M% off. fit -0.366 -0.344 -0.692 -0.865
(I)M%fMg off. sim. 0.000 0.000 0.000 0.000
‘@M%—Mg amp. fit 0.105 0.147 1.017 1.033
(I)M%—ME amp. sim. 1.417 0.342 5.441 6.165
@y, fit 2-fold Amp. 0.572 0.600 0.720 0.774
@y, fit 4-fold Amp. 0.034 0.230 0.182 0.164
Dy, fit 2-fold Amp. 0.756 0.929 0.873 0.801
Dy, fit 4-fold Amp. 0.153 0.042 0.0413 0.074

TABLE 4.4: The table compare experimental values (fit to experimental values) and

values of numerical simulation from Fig. 4.10. We show only comparison for QMOKE

contribution ® s, ps, and ¢ M2 M2~ In case of contribution ®,;, and ®pr,. we compare

only offset. The values from fit to the oscillations of ®;, and ®js,. contribution are
then presented in the lower part of the table.
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x Op experiment x Opypy, experiment x Op2_p2 experiment x ®p, experiment

—_— (DML fit _— oMLMT fit _— (DM%—MLZ fit _— (DMT fit
— Oy, simulation — ®p,m, simulation — O®pz2_pz simulation ®y, simulation
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o
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Kerr rotation [mdeg]
N
o

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

sample rotation [deg] sample rotation [deg]

(a) (b) (¢) (d)
e4(MgO) 3.104-01 3.054-01 3.014-01 3.00+0i,
eq(Fe) -8.51+16.231 -6.704-22.63i -3.184-27.51i -3.024-28.251
eq(Pt) -5.2749.971 -7.604-13.071 -11.87+19.49i -12.894-21.22i
K -0.398-0.210i -0.735-0.198i -1.266+0.1731 -1.356+0.2601
G 0.00584-0.0019i 0.0220-0.0054i 0.0086-0.0475i1 0.0019-0.0528i
2G4y 0.0111-0.0012i 0.0086-0.01451 -0.0074-0.01631 -0.0108-0.0149i

FI1GURE 4.10: 8-directional measurement of sample RS260917 with incident s-polarized
light. Used wavelength is stated in each graph as text inset. Experimental points of
® ), and Py, contributions are fitted with goniometrical function of two-fold and four-
fold symmetry. Further, a detail of experiment with fit and numerical simulation of
LMOKE &), contribution is shown in each graphs in form of two insets, respectively.
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The scenario of ® 7, and ®,y,, contributions is now different from the previous case. We
observe no one-fold or three-fold oscillations anymore with this sample, but contributions
are not isotropic either. The fit of function O + Aj cos (4a + 1) + Az cos (2a + p2)
describes now the experimental data well. The amplitudes of two-fold and four-fold
oscillations of ®,;, and @z, contributions from Figs. 4.10(a)—(d) are summarized in
Tab. 4.4. In all the measurements the amplitudes are <1 mdeg, which is ”"small enough”
to possibly have the same origin as the two-fold and four-fold oscillations in our numerical
model. But, on the other hand, the oscillations simulated using MO parameters of Fe
are in all four cases about 1-2 orders lower than the one observed in the experiment,
as indicated by the insets in Fig. 4.10. Thus, it is also plausible that the correlation
here is rather random and further systematic investigation is needed to provide evidence
that this two-fold and four-fold anisotropy of ®,;, and ®,;, contributions are of MO
origin same as in our numerical simulations. The isotropic part (offset) of LMOKE &/,
contribution is here in much better agreement with numerical simulation than within
sample RS210917, especially in case of measurements at wavelength 635 nm and 670 nm,
being presented in Figs. 4.10 (c) and (d), respectively. Contribution ®pz, have in all
graphs clear offset, that is too strong to be explained by misaligned z- axis magnets.
All this together may be caused by the fact that the sample is not 100% saturated with
any sample orientation a as Fig. 3.20 suggest. Non of the two loops measured in the
magnetic in-plane easy and hard axis (although the difference between easy and hard
magnetic axis is quite small here) are in full saturation. Concerning this issue, we would
like to mention here rotating field separation method [19], allowing the separation also
for sample that are not fully saturated. But note that this would not solve the problem
with the saturation in this case, as even rotating field method require full saturation at

least with magnetic easy axis, which is not the case of sample RS260917.

Figure 4.10 (d) and Figure 4.7 (a) show measurements of smaple RS260917 and RS210917
under same conditions, respectively. The oscillations of ®s, 37, and ® M2 M2 contribu-
tions are half that strong in the case of the sample RS260917. This may be connected
with different thickness of the samples, but also with some in-plane twinning of the
sample RS260917 as was shown in Fig. 3.16 presented in Sec. 3.4.3. Nevertheless, the
substantial difference in offset of ® s, ar,, should not be affected by twinning to any ex-
tent, as this isotropic part of QMOKE should be independent of crystal orientation and
should be present even with polycrystalline samples. Note that prediction of numerical

model are also quite higher than the real experimental values.

At the end of this discussion about experimental results of Fe(011) samples, we would
like to comment on the results of Liang et al. from Ref. [36], where the measurements of
Fe(011)/GaAs(011) sample by rotating field method are discussed. In their study they

experimentally show that LMOKE contribution posse two-fold anisotropy. Furthermore,
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they also present that contribution & ~ M% (contribution they use in contrast to our
d M2—M? contribution) poses strong four-fold as well as strong two-fold anisotropy. They
support the findings with the theoretically predicted dependence of the off-diagonal per-
mittivity tensor elements [Eq. (4.2.1) at the beginning of this section]. But interestingly,
their equations have a different shape than ours, although the reference is given to the

same literature [38].

We believe that two-fold anisotropy of their ® ~ M2 contribution originate from what
we present as ®Pconst. contribution. Nevertheless, this would suggest that their measure-
ment is not differential and they are able to measure MOKE signal absolutely instead. In
our case, measurements of contributions ®s, , ®ar, s, @ M2z and @y, according to
Egs. (4.0.1a)—(4.0.1c), respectively, all are differential measurements, i.e. filter out any
static contribution that is not dependent on M direction as is e.g. ®Pcopnst. contribution.
The reason why we did not show ®cgpst. contribution in any of our experimental mea-
surements is that absolute measurement of MOKE signal is technically very demanding,
and although we tried to do so, we were not able to conclusively separate which part of
the measured signal is originating from MO effects, i.e. ®onst. contribution, and which

is caused by e.g. negligible sample wobbling upon its rotation by angle «.

The two-fold symmetry of LMOKE contribution measured on Fe(011)/GaAs(011) has
roughly same amplitude as the amplitude of two-fold oscillations of ®,;, experimentally
observed on the sample RS260917. Thus, the origin of those two-fold oscillations could
be the same in both cases, although in our case we would need more satisfying evidence
that those oscillations are really of MO origin. Further, in the case of Fe(011)/GaAs(011)
we would suggest to consider also contribution of interface, which was recently reported

to be source of two-fold anisotropy of PMOKE measured on Fe/GaAs system [131].

Finally, Liang et al. also used numerical calculations based on Yeh’s formalism to
describe their experimental observations. The numerical calculus indeed described those
LMOKE two-fold oscillations, but the result posses also four-fold oscillations — same as
is the case of our numerical simulations. The shape of the numerically calculated curve
describing LMOKE dependence on sample orientation a presented by Liang et al. is in
exact match with shape of our numerically calculated LMOKE ®,,, contribution (see
insets in Fig. 4.10). Note that if we would not use MO parameters obtained by QMOKE
spectroscopy of Fe(001) samples, but instead fit the numerical model into the measured
8-directional method (for this we would need measurement of Kerr ellipticity as well)
with MO parameters as free variable of the fit, we would also probably obtain result
that would describe those oscillations, but from our point of view the MO parameters
that would be found by the fit would be questionable. Although MO parameters of Fe

may quantitatively differ from sample to sample (as will be shown in Chapter 5), the
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qualitative aspect of MO tensors K and G should be in principle same and independent

from surface orientation.

4.2.4 Utilizing 8-directional method of (011) orientation for spectroscopy

Although we do not present any spectroscopy of (011) oriented cubic crystal samples in
this work, we offer here an idea how the measurement process should be done. Same as
in the case of cubic (001) oriented samples we present here in Eq. (4.2.6) description of

MOKE with dependence on individual MO parameters.

D, =+ A, 42
s/p S/”{ Ga |\ 76 T 16

(5 + i cos 4a> sin2p — % sin 4 cos 2u]

3 3
+ G [16 (1 — cosda)sin2u + 16 sin 4« cos 24

K2
———sin2u
2€d

K sin p.

(4.2.6)

+ By/p

Here we can see that with sample orientation o = 0° the ®,y, pz,, contribution is depen-
dent only on 2G44. But there is no point in the 8-directional method of (011) oriented
cubic crystal structures, where the MOKE would stem from G4 without any contribution
of 2G44. Nevertheless, if we extract value of K from the LMOKE measurement, and
then the value of 2G44 from the QMOKE measurement at @ = 0°, we may then mea-
sure QMOKE response with some other sample orientation where G4 contribute to the
MOKE signal and include the contribution of K and 2G44 from previous measurements,

thus extract solely value of Gi.

On the other hand, if there is such a anisotropic contribution to LMOKE signal as was
presented within the samples above, this process will not be valid anymore. Of course,
we can always run fit to whole 8-directional method measurement at each wavelength
and set all the MO parameters as free variables of the fit, yet, such an access would be

considerably time demanding for experimental data gathering.
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4.3 The 8-directional method of (111) orientation

4.3.1 Equations of 8-directional method of (111) orientation

In order to get permittivity tensor of (111) oriented cubic crystal structure, we have to
rotate (001) oriented cubic crystal structure (i.e. permittivity tensor) around the z-axis
of our coordinate system by angle ¥, = 45° [which get us to (011) orientation| and
subsequent rotation around y-axis by angle ¥, = 35.26° [arcsin(ﬂy) = 1//3] will get
us to (111) orientation. Another possibility is to make single rotation of (001) oriented
cubic crystal structure by angle ¥_,, = 54.73° [arcsin(V_gy) = v2/v/3] around —ay
axis. The latter approach was used in the Ref. [38], which provide us with

111 1
6;(58/901)/ = [2G44 + 3AG] My Mr, (4.3.1)
1 .
;(;/12 = —gAG (cos 3a + sin 3a) M Mp
1
+6AG (cos 3ar — sin 3«) (M% — Mf)
LR M, (4.3.2)
1 .
;,(Zl/lzl; = —gAG (cos 3a — sin 3a) M Mp

1
—EAG (cos 3a + sin 3a) (M% - Mg)
+K My, (4.3.3)

The permittivity tensor element €., /., is now isotropic, i.e. independent on the sample

orientation . However, the rest of the off-diagonal elements ¢, /.., and ¢ that

yz/zy»
were in all previous cases only linear in M, are now, for the first time, also quadratic in
M and dependent on the sample orientation «. This is making things more interesting,
because those elements are intermixing in the cross-term of Eq. (2.5.1). In the previous
cases this intermixing only caused optically induced quadratic in M contribution K2 /g4

to QMOKE. But now, we should see optically induced contributions of 34 and 4** orders
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in M. The outcome of Eq. (2.5.1) for (111) oriented cubic crystal structures is

(111) _ AG K
(I)s/p = :EAS/p (2044 + 3 e My, My

A
+ By/p {j:KML — TG (cos 3a + sin 3a) M My

+A6G (cos 3 — sin 3a) (M% - M%)]

KAG
—As/p {2% [(cos 3a + sin 3a) My M2 + (cos 3o — sin 3a) M%MT}

Optically induced
3' order KAG

o [(cos 3a + sin 3a) M} + (cos 3o — sin 3a) M%} }
d
\

)
AG?
+A,, {95d sin 6o (MLM% - MgMT)

Optically induced

4t order AG?
+

365d

[2 cos 6aM? M# — cos 6a <Mrj‘~ + Mé)] } :
(4.3.4)

When this is expressed through in-plane M direction angle p we have

111 2Gu | AG  K?*)
L —iAs/P< 5 T 6 2, ) S

2
+ Byp | K sinp — {AG sin <3a + Z) sin 2
2
—|—£AG cos <3a + F) cos 2,u]
6 4
Optically induced 2
p 1;:12?51 zrl(;leruce —Agp gé;KAG sin <3a + Z) sin 3u + cos <3a + Z) cos B;L]
Optically induced AG? . 6o sin 4 AG? 6 4 AG? 6
A ordor s/p @Sln asindy — 22, cos 6 cos 4y — 22, cos b | .
(4.3.5)

The scenario is now very much different from the two previous cases. Isotropic part of



Chapter 4 The 8-directional method 111

contribution @z, ar, is still proportional to optical weighting factor Ay, i.e. is maximal

s/ps
with normal Aol, but the anisotropic part is now dependent on optical weighting factor

Bs/p7 s/p

and same as in previous cases do not posses any isotropic contribution (i.e. offset).

thus is extinct with normal Aol. Contribution ® M2 M2 is now dependent on B

Now, we are getting to the optically induced 3¢ and 4*" order in M contributions.
From their dependence on M direction we can see that optically induced 39 order, that
is odd in M, will be imposed to ®,7, and ®), contributions, whereas optically induced
contribution of 4*" order, that is even in M, will be imposed to ® My My and P M2 M2

contributions.

This may introduce little bit of confusion into the denomination of ®r,, P, aiys
P22 and @y, which are contributions separated directly from 8-directional method
as described in Egs. (4.0.1a)—(4.0.1d), respectively. In the case of (001) and (011) ori-
entations, the denomination of those contributions through M components is in perfect
match with their M dependence. But this is no more true for the (111) oriented cu-
bic crystal structures due to additional contribution of those optically induced 3'4 and
4™ orders in M, where their true dependence on M can be seen in Eq. (4.3.4) and
Eq. (4.3.5). Yet, to keep things consistent, we will hold the denomination of those

contributions same as in previous sections.

However, note that an objection is in place that our approach to approximations of
MOKE is not consistent with (111) oriented cubic crystal structures. On the one hand
we acknowledge ”only” contributions up to 2"d order in M to the permittivity tensor
e, but then, on the other hand, we acknowledge optically induced contributions of 3"
and 4" order in M. As will be shown below, the contribution of 4*" order can be safely
omitted, but this is no more true for the contribution of 3'4 order. If we would neglect it
as well, we would not be able to explain some features in the experimental observations of
8-directional measurements. Thus, if we do acknowledge optically induced contribution
of 3" order, we should also acknowledge some contribution of 3" order in M to the
permittivity tensor, i.e. some cubic MO tensor that would together with M3 give rise to
e®). However, all the experimental observations are qualitatively explained here just by
this optically induced contribution of 3¢ order and, thus, it seems that contribution of
such cubic MO tensor to permittivity tensor would only contribute quantitatively into
the signal. Thus, in this work we will acknowledge optically induced contribution of 34
order in the case of (111) oriented cubic crystal structure although no cubic MO tensor
have been introduced, and in the final conclusion of this work we will provide some ideas

on how to resolve this issue in the future.
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FIGURE 4.11: Numerical simulations of the 8-directional method of (111) oriented

cubic crystal structures. For all six graphs we hold photon energy of incident light at

1.85eV, ¢4 = —3.02 + 28.247 and K = 0.09 - ¢4. Rest of the values was changed with

each simulation, and all the values are stated as the text inset in the individual graphs.

Bulk means that structure in calculations is FM/air interface. In last graph (f) MgO

substrate/20nm FM layer/air structure was used instead with (e4(MgO)=3.0+0i). Aol
stands for angle of incidence.

4.3.2 Comparison of 8-directional equations of (111) orientation to

numerical simulations

We will again compare predictions of Eq. (4.3.5) with numerical simulations. In Figs. 4.11(a)
— (e) we show numerical calculations of contributions separated by the 8-directional
method of (111) oriented cubic crystal structures. We are holding the parameters of
numerical model same as they were with previous (001) and (111) orientations. Fig-
ures 4.11(a) and (b), where only K?/e4 and 2G4 — K? /g4 contributes, respectively, are
in exact match with previous cases. LMOKE ®),, is here extinct due to normal Aol.

The noise presented in inset of Fig. 4.11(b) is due to deflection of M by random angle
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Ay as is discussed in Sec. 3.1.4. In Fig. 4.11(c), where AG # 0, we may see that ® s, rr,.
and ¢ M2 M2 contributions still do not posses any oscillations, as their anisotropic part

is now ~ By, and thus is suppressed by normal Aol. Contribution of optically induced

s/p
4% order is not pronounced here, and we will take a closer look on it later. On the other
hand, optically induced contribution of 3'4 order is well pronounced with ® My, and @py,
contributions. The oscillations are not very strong and the inset of Fig. 4.11(c) is pre-
senting their close-up. When Aol is raised to 45° in Fig. 4.11(d), the anisotropic part
of ®ps, v, and @ M2 M2 spring up as expected. We may see that those oscillations are
slightly stronger than that of @), and ®,;,. Thus, in this case By, > A,/,K/eq4, but
this does not have to be rule in all cases, as is shown in Fig. 4.11(e), where change of
polarization of incident wave is enough to reverse the situation. Further, note that sign
changes of individual contributions are well in accordance with change of incident wave
polarization as is predicted by Eq. (4.3.5). When we switch from bulk material to 20 nm
thin layer, only absolute values of contributions are affected [Fig. 4.11(f)]. Finally, when
we compare Fig. 4.11 were anisotropic oscillations occur with Eq. (4.3.5), there is 45°
(i.e. m/4) phase shift discrepancy. This is caused by fact that Eq. (4.3.5) was derived
from permittivity tensor elements of cubic (111) surface orientation to which we get
through rotation around —xy axis as mentioned above [38]. But in our numerical calcu-
lations we rotate permittivity by ¥, = 45° and then by 9, = 35.26°. Both approaches
will provide permittivity tensor of cubic (111) surface orientation, but with 45° shift in
«a with respect to each other. We could provide numerical simulations using rotation
around —zy axis to hold this consistent, but the 45° shift does not play any important

role at this stage, and the plots are more clear and organised without the shift.

The FFT analysis of data from Fig. 4.11(f) is shown in Fig. 4.12. The amplitudes of
three-fold symmetry oscillation in all contributions are much lower then amplitudes of
four-fold oscillations with (001) and (011) oriented cubic crystal structures. Of course,
the strength of this amplitude will be dependent on many factors, mostly values of MO
parameters, but it seems that in general those three-fold oscillations will be much lower
in amplitude and, thus, harder to observe in the experiment. Further, we do not observe
any six-fold symmetry with ®,z, 7, nor ® M2 M2 contributions. This is due to fact
that those oscillations are so negligible that they get lost in the noise of simulation from
random deflection of M by Apu. Note that AG < 1 and g4 > 1 thus AG?/(36¢,) is

truly negligible in its value.

In Fig. 4.13 we show detail of numerical simulation of ®s, rr,., ® M2 M2 and Pconet.
contributions when we kept constant deflection Ay = 0.1 mdeg. Nice six-fold pattern is
observable with ®ay, ar,, contribution as shown in Fig. 4.13(a). Contributions @y 52
and Pcopst. also poses six-fold symmetry, as indicated in insets of Fig. 4.13(b), but as

those contributions are extracted from afflicted M directions p = 0°,180° (as discussed
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FIGURE 4.12: In (a)—(e) we show FFT of Fig. 4.11(f) contributions ®,s,, ®Pas, rip,

P M2 M2 D, and Pconst., respectively. Colours are in compliance. Rest of the

graphs (f)—(o) are dependencies on angle of incidence of each contribution, separated

to offset (zero-fold amplitude) (f)—(j) and to three-fold oscillations amplitude (k)—(o).
The graphs are column and colour sorted.

in Sec. 3.1.4) we may see some numerical instability at certain sample orientations,
indicated by the strong peaks. Further, although we do not present exact numbers here,
the amplitudes of oscillations are very different for each of those 3 contributions, contrary
to predictions of Eq. (4.3.5). This may be attributed to approximative Eq. (2.5.1) from

which Eq. (4.3.5) stems, or, of course, we could make a mistake during its derivation.

Nevertheless, this optically induced contributions of 4" order are so negligible that can
be safely omitted and, thus, we will not further investigate wherefrom the inconsistency
between derived equations and numerical simulations is stemming from. Further, re-
garding the numerical instability, note that maximum strength of those peaks is ca.
0.002 mdeg, which is deep below our experimental signal-to-noise ratio. Also, M di-
rections used to yield ®py, a7, contribution are clearly not affected by this numerical
instability (and those are M directions used with our QMOKE spectroscopy technique
discussed in Chapter 5).
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FIGURE 4.13: Detail of the 8-directional simulation with parameters taken from
Fig. 4.11(f), but with AoI=0. The random deflection of M in-plane direction was
switched off and kept to Ay = 0.1 mdeg.

4.3.3 Experimental measurements of the Ni(111)/MgO(111) sample,

comparison to the theory

Here we present 8-directional measurements of Ni(111) sample epitaxially grown on
MgO(111) substrate (as presented in Sec. 3.4.5). All measurements were carried out on
the vector MOKE setup. In Figs. 4.14(a) and (b) we present measurement with Aol=45°
at wavelength 488 nm for p-polarized and s- polarized incident wave, respectively. In
Figs. 4.14(c) and (d) same set of measurements at wavelength 670 nm is shown. Clear
three-fold symmetry is observable as predicted by the theory. Note that changes in
signs of individual contributions with change of polarization of incident wave are in ex-
act match with the predictions of Eq. (4.3.5) and predictions of numerical simulations.
Strength of amplitudes is summarized in the table that is part of Fig. 4.14. The ampli-
tudes of oscillations are very weak. To carry out those measurements, we actually had
to align sample and the setup very carefully and run the measurements multiple times in
a row, thus each presented data point is a mean value from multiple measurements. We
do not present any numerical calculations for Ni(111) sample, as we are not in possession

of MO parameters for this material yet.

Experimental data from second detector, i.e. detector at Aol=0°, are then presented in
Fig. 4.15. As all the contributions are quite noisy and with small or any offset, we split
contributions by set of two and plot them separately for better clarity of the graphs.
The labels of subplots in Fig. 4.15 are chosen with respects to labels of subplots in
Fig. 4.14. Figures 4.15(al) and (a2) refer to the same measurement (except Aol) as is
shown in Fig. 4.14(a) and et cetera. The amplitude of three-fold oscillations is again
summarized in the table that is part of the Fig. 4.15. The oscillations of ®,;, and
® ), contributions are clearly pronounced as predicted by the theory. The theory also

predicts no oscillations (neglecting optically induced 4" order) for ®y, s, and ® M2 M2
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sample rotation [deg] sample rotation [deg]
3-fold Amp. [mdeg] (a) (b) (c) (d)
Dy, 0.796 0.380 1.453 0.975
Dy 0.769 0.396 1.427 0.967
Dar, vy 0.708 0.336 0.595 0.668
@M%_M% 0.811 0.403 0.818 0.703

FIGURE 4.14: Measurements of the 8-directional method of the 22nm thick Ni(111)

layer grown on MgO(111) substrate and capped with ca. 4 nm of Si. Measurements were

carried our under Aol of 45° for two different wavelengths and different polarizations

of incident light, exactly as stated in the text insets of graphs (a) — (d). The amplitude

of three-fold oscillations of each of contributions is summarized in the table that is part
of this figure.
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X xx
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sample rotation [deg] sample rotation [deg]
3-fold Amp. [mdeg] (al) (b1) (c1) (d1)
Dy, 0.517 0.629 1.364 0.890
D, 0.476 0.620 1.366 0.903
3-fold Amp. [mdeg] (a2) (b2) (c2) (d2)
(I)MLMT 0.221 0.544 0.375 0.148
a2 0.220 0240  0.167  0.023

FIGURE 4.15: Measurements of the 8-directional method of the 22nm thick Ni(111)
layer grown on MgO(111) substrate and capped with ca. 4nm of Si. Measurements
were carried our under Aol of 0°. Otherwise, the conditions of the measurement in
(al) and (a2) are identical as in the Fig 4.14(a) and et cetera. Table that is part of the
figure summarizes amplitude of three-fold oscialtions from the fit to experimental data.

oscillations. In case of ® M2 M2 contribution the signal is truly noise around zero,
whereas for @y, 7, contribution, we may see some hint of oscillations in Figs. 4.15(b2)
and (d2). The fit to experimental data should not be much trusted here, as the data
are quite noisy, and the hint of the oscillations here may be attributed to some small

misalignment or artefact of the setup.
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4.3.4 Utilizing 8-directional method of (111) orientation for spectroscopy

In the case of the 8-directional method of (111) oriented cubic crystal structures, we
may isolate contribution of MO parameter K from contribution ®y;, at o = 0° (7/4
shift is not considered). Nevertheless, there is no such a sample orientation o where we
could isolate quadratic MO parameters from each other. Thus, at each photon energy
we would have to measure ® s, a7, contribution for several sample orientation « in the
range of a = (0°,120°) in order to extract value of AG from amplitude of oscillations

and value of 2G4y from its offset (and thus obtain value of G = AG — 2Gyy).

4.4 Conclusion

In this chapter, we introduced the equations of the 8-directional method of (011) and
(111) oriented cubic crystal structures in addition to the well known description of the
(001) oriented cubic crystal structures. The comparison with the numerical model, in
which the dependence of individual contributions of the 8-directional method is tested
concerning the change of MO parameters, change of Aol and change of polarization of
the incident wave, suggests that the equations are derived correctly. Only negligible
discrepancies may be found, which can be attributed to an approximative relation of
Eq. (2.5.1).

The comparison to the experiment was rather complicated in the case of cubic (011)
oriented samples. The contributions ®yy, (o) and @z, () posses quite unexpected be-
haviour of one- and three-fold symmetry for one of the Fe(011) samples. We explained
the one-fold symmetry oscillation by a PMOKE contribution caused by a magnetic easy
plane that is tilted from the surface of the sample. In the case of three-fold symmetry
oscillation, we were not able to provide reliable explanation, but it can be possibly con-
nected to MgO(111) substrate that could induce some additional magnetic anisotropy
of three-fold symmetry. The second Fe(011) sample demonstrates a weak two-fold sym-
metry regarding the sample rotation «, which is not predicted by the equations of cubic
(011) oriented 8-directional method, but very weak oscillations of such a symmetry
have emerged in the numerical model, as well. A correlation between those two-fold
oscillations in experiment and numerical model will be subject of future systematic in-

vestigations.

In case of experimental measurements of Ni(111) thin film samples, the results qualita-

tively support predictions of the theory. The complications here are that the anisotropic
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behaviour for cubic (111) oriented samples is less pronounced than for other surface ori-
entations. Note that we probed a few others cubic (111) oriented samples and the oscilla-
tions were usually even less pronounced than in case of Ni(111) at 670 nm. Nevertheless,
the noise-to-signal ratio could be still quite improved, especially with measurements at

a single wavelength where a stable laser light source can be used.






Chapter 5

QMOKE spectroscopy of (001)
oriented thin films with cubic

crystal structure

In this chapter technique of QMOKE spectroscopy is presented. The aim of QMOKE
spectroscopy is to obtain spectral dependence of quadratic MO parameters G5 and 2G 44
in addition to linear MO parameter K, that is necessary for QMOKE spectra processing.
Thin films of Fe and CoasMnSi are investigated and results are discussed. We would like
to recall here requirements that are presumed for QMOKE spectroscopy technique. (i)
The sample is of cubic structure, (ii) surface orientation is (001) (at least for now),
(iii) the sample is in-plane magnetically saturated for any in-plane direction of external

magnetic field.

5.1 Measurement principles and data processing

The separation process of the 8-directional method of (001) oriented cubic crystal struc-
tures, discussed in detail in previous Chapter 4, separate LMOKE @, contribution and
two QMOKE contributions ® s, rr,, and @ M2 M2 For QMOKE spectroscopy measure-
ment we need to isolate QMOKE contribution where only G4 or 2G44 contributes to the
signal. This can be done through measurement of ®s, 37, contribution under specific

sample orientations, as is discussed in Sec. 4.1.4. Thus, in our QMOKE spectroscopy

121
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technique we measure three kind of spectra.

QMOKE ~ Gy = Q, :

o = 450’ (511&)

u=45° u=225° ©u=135° u=315° K2
P s TN TN Y IS (Gs - 7) :

= Aol = 5°,
PI=AS | pH=2250 _ gu=1850 _ u=3150 _ 4o 4 (QG _ Kj) a=0°,
s/p s/p s/p s/p = s/p aua—) Aol — 5°
(5.1.1b)
LMOKE ~ K :
PE=I0° _ Gr=210° _ 4 op g OT arb. angle, (5.1.1c)
s/p s/p s/pt Aol — 45°.

Here, we are introducing abbreviation Qs and @44 for QMOKE spectra originating from
G and 2Gyy, respectively. Note that the Aol conditions in the equations above were

chosen with respect to the Aol dependence of the optical weighting factors Ag,, and

s/p
Bg)p. Thus, Aol will only affects the amplitude of the acquired spectra and is not
essential for the spectra separation process. On the other hand, sample orientation «

and the magnetization directions p are vital to the measurement sequences.

Now, if we will bind Eqgs. (5.1.1a)—(5.1.1c) with Tab. 3.1 (table summarizes the measure-
ment techniques of our spectroscopy MOKE setup), we will understand how 6, 6,, €
and ¢, for all those three spectra are measured. For measurement of Qs or Q44 spectra
we set Aly, = 15:450 + I;:QZSO - 1551350 - 15;3150 and for measurement of LMOKE

—90° =270°
spectra we set Aly, = Ik 0" _ I, o

The right side of Egs. (5.1.1a)—(5.1.1c) shows outcome of those measurement sequences
when using approximative description of MOKE through Eq. (2.5.1). Note that this
approximation is not used in the next step, that is to extract MO parameters G, 2G 44
and K. However, this approximative outcome of measurement sequences suggests in
which order to proceed. We have to extract spectral dependence of MO parameter K
from the LMOKE spectra first, to be able to compensate for the K?2/e4 contribution!
when processing ()s and Q44 spectra for extraction of spectral dependence of G5 and

2G 44, respectively.

The extraction process works as follow. Through Python based numerical model, dis-

cussed in Sec. 3.1.4, we reproduce measurement sequence of LMOKE [left side of Eq. (5.1.1¢)]

'Recall that this quadratic-in-magnetization contribution to MOKE arises from optical interplay of
two off-diagonal elements, both being linear in magnetization.
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with K set as a free parameter and Gs = 2G44 = 0. All other parameters required in the
numerical code are known from investigations presented in Sec. 3.4 or directly known
from the experiment. This model is then fitted into the LMOKE spectra obtained
experimentally, which will yield us spectral dependence of K. Then, we reproduce mea-
surement sequence of Qg [left side of Eq. (5.1.1a)] in numerical code with K spectra
included, where Gy is set as a free parameter whereas 2G44 = 0. The fit of this model to
experimental spectra )5 provide us with spectral dependence of G4. Finally, we repro-
duce measurement sequence of Q44 [left side of Eq. (5.1.1b)] in numerical model with
2G 44 used as a free parameter and where all other parameters are already known. This
provide us with spectral dependence of 2G44. Note that we are always processing Kerr
rotation and Kerr ellipticity of each measurement sequence at once and, thus, we are

yielding both, real and imaginary part of the MO parameters.

Now, there is one final thing that remains to be tested. Because right side of Egs. (5.1.1a)—
(5.1.1¢c) provides selectivity to Gs, 2G44 and K only within validity of Eq. (2.5.1), we
should try to do the extraction process iteratively. Thus, we will repeat the extraction
process described in the paragraph above, but this time we will use all the MO pa-
rameters from the first iteration and non of them will be set to zero. We tested this
for several samples and there was no difference between spectra from first and second
iteration. This again confirms that Eq. (2.5.1) is a fine approximation, as is shown in

Chapter 4 as well.

Finally, we will presented spectra of extracted MO parameters in two possible forms. (i)
The spectra will be presented in its pure shape, i.e. dependence of K, G4 or 2(G44 on
photon energy E [eV]. (ii) For better clarity, the spectra will be presented in the form
multiplied by its photon energy, i.e. dependence of K- F [eV], G- E [eV] or 2G44- E [eV]
on photon energy E [eV]. Note that this second expression is alternative expression of
the conductivity spectra, being analogous? to well-known relation of conversion between

complex permittivity and complex conductivity tensor [Eq. (2.2.3)].

5.2 Quadratic and linear MOKE spectroscopy of Fe(001)
epitaxial films on MgO(001) substrates

We present here LinMOKE and QMOKE spectroscopic investigations of Fe(001) thick-
ness dependent sample series [32]. The details on this samples with all necessary char-

acterization can be found in Sec. 3.4.1.

2There is difference in the factor h/eo.
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FIGURE 5.1: PMOKE spectra of (a) Kerr rotation 6, and (b) Kerr ellipticity €, at

Aol=5°, scaled to magnetization saturation. Spectra of (c¢) real and (d) imaginary

part of MO parameter K yielded from the saturated PMOKE spectra and, in case of

the sample with a nominal thickness of 12.5nm, from LMOKE spectra. (¢) LMOKE

spectra of the sample with a nominal thickness of 12.5nm. (f) Thickness dependence
of PMOKE at a photon energy of 1.85eV at Aol=5°.

5.2.1 Linear MOKE spectroscopy

Although PMOKE spectroscopy was not discussed in the text of this work, we present
PMOKE spectra for this sample series. Measurement process is technically similar to
LMOKE, but we use out-of plane magnetic external field, thus PMOKEz%(@i‘?f; —
@;/];4” ). The PMOKE spectra for all the samples are presented in Figs. 5.1 (a), (b) and
were measured on the setup at Charles University in Prague (not described within this
work) by my colleague Lukas Beran. In Figs. 5.1(c) and (d), we present the K spectra
obtained from the PMOKE spectroscopy and in case of the sample with a nominal
thickness of 12.5nm also from the LMOKE spectroscopy. The LMOKE spectra were

obtained at our spectroscopic MOKE setup and are shown in Figs. 5.1(e).
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Note that PMOKE spectra were measured with the magnetic field of 1.2 T which is not
enough to magnetically saturate the samples out-of-plane®. We were able to compensate
this through multiplicative factor 2.2, which was found through scaling of K spectra
from PMOKE to the K spectra from LMOKE (where the sample was fully saturated)
of sample with a nominal thickness of 12.5nm. In Figs. 5.1(c) and (d) we may see that
the scaled K spectra extracted from PMOKE are in perfect match with K spectra from
LMOKE. We find this excellent agreement and linear dependence of K on M as (i)
confirmation of sample quality, i.e. linear tensor K is truly isotropic for this sample,
(ii) another confirmation of the correctness of the determination of the optical constants
of ¢4 and K from experimental data. The K spectra of the sample with a nominal
thickness of 2.5 nm are deviating from others, which is not surprising as its €4 spectral
dependence (Fig. 3.10) from ellipsometry is also quite off with respect to other samples

in the series.

Finally, we present another test in Fig. 5.1(f), which is the dependence of the PMOKE
(scaled to the magnetization saturation) on the Fe layer thickness at a photon energy
of 1.85eV. The predicted dependence is calculated by numerical model using all the
parameters of the sample with a nominal thickness 12.5nm (MO parameter K is taken
from the LMOKE measurement) and only Fe layer thickness is used as variable. The
experimental data follows well the predicted dependence. There is small disagreement
between some experimental and calculated values which can be explained by slightly
different ¢4 and K for each sample from a series, as well as probable small difference in

the scaling factor for different Fe layer thicknesses.

5.2.2 Quadratic MOKE spectroscopy

We measured Qs and Q44 spectra for all the samples at our spectroscopic MOKE setup
in the range of 1.6eV — 4.8eV. When the spectral range of the setup was upgraded to
0.8eV — 5.5eV, the sample with a nominal thickness of 12.5nm was remeasured. Kerr
rotation and Kerr ellipticity of Qs is presented in Figs. 5.2(a) and (b), respectively. The
rotation and ellipticity of (44 is presented in Figs. 5.2(c) and (d), respectively. All
the measured spectra were digitally processed by Savitzky-Golay filter over the photon
energy to improve signal-to-noise ratio. Again, the thinnest sample with a nominal
thickness of 2.5 nm shows the largest deviation compared to the other samples of the

thickness dependent series.

3Due to high demagnetizing field in the case of out-of-plane magnetization of thin layer.
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FIGURE 5.2: (a) Kerr rotation 65 and (b) Kerr ellipticity €5 of Qs spectra. (c) Kerr
rotation 05 and (d) Kerr ellipticity €, of Q44 spectra.

The extracted spectra of the quadratic MO parameters G5 and 2G44 are then shown in
Figs. 5.3(a)—(d). The spectral dependence do not substantially change with the thick-
ness, showing that there is no substantial contribution from the interface. Only excep-
tion, excluding the sample with nominal thickness 2.5 nm that is deviating also in all
previous measurements, is the sample with a nominal thickness 10 nm, where its real
part of MO parameter 2G4y is strongly deviating in spectral range below 2eV. The
source of this deviation is interplay of two facts: (i) Kerr ellipticity of Q44 spectra is
almost twice as large compared to samples with neighbouring nominal thickness. (ii)
The absolute value of K is above value of 1 (real and imaginary part alike) and thus the
K? /€4 is dominant contribution to Q44 spectra below 2eV. As a result the extraction of

2G 44 is not very stable with small changes in ()44 spectra.

The spectral dependence of parameter AG = G5 — 2G4 is shown in Figs. 5.3 (e) and
(f). The parameter provides information about the anisotropy strength of the quadratic
MO tensor G. Thus from its spectral dependence we may estimate at which photon
energies the oscillations in the 8-directional method measurement will be stronger and

at which will be weaker.

Further, in Fig. 5.4 we present similar test as in the cae of LinMOKE spectroscopy.
Value of Kerr rotation and Kerr ellipticity of Qs [Fig. 5.4(a)] and of Q4 [Fig. 5.4(b)]
at 1.85eV is plotted against the thickness of the Fe layer in the sample. Full lines are

predictions of numerical model, where all the parameters were taken from the sample
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with a nominal thickness 12.5nm. Bullets connected by lines are then experimental
values. The experimental results slightly differs from theoretical dependence for thinner
Fe layers. This should be caused by slightly different e4, K, G5 and 2G44 for the thinner
Fe layers as shown in Figs. 3.10 , 5.1 and 5.3, respectively, as well as slightly different

material properties of capping layers in each sample.

5.2.3 Comparison of the samples grown by molecular beam epitaxy

and by magnetron sputtering

The Fe(001) samples prepared by MBE were subjected to the same MOKE spectral in-
vestigations in order to compare spectral dependence of K, G and 2G4 of two Fe(001)
layers prepared by different deposition techniques. We made all necessary character-
ization to provide sample’s original parameters to the numerical calculus for the MO
parameters extraction. In Figs. 5.5(a)—(c) we show comparison of all three MO param-
eters between sample prepared by MBE and sample with nominal thickness 12.5nm
prepared by magnetron sputtering. For better clarity in the UV part of the spectra,
we present MO parameters in the form multiplied by its photon energy. The spectral
dependence of both samples is very similar in all three cases, except for the real part
of 2G4 spectra at lower photon energies (< 2eV). Note that the same discrepancy has
already been discussed for the case of the sample with nominal thickness 10 nm. Thus,

the explanation here remain the same.

Otherwise, the differences of absolute values across the spectra is probably connected
with slightly different crystalline qualities of the Fe layers. Those differences are not
surprising, as the experimental values of MO parameters reported in literature differ in

a similar manner, as will be shown below in the text.

5.2.4 Comparison of experimental spectra with ab-initio models and

literature

Here we will show and discuss comparison of our experimental data with ab-initio cal-
culated spectra and with the data available in the literature. The ab-initio calculations
are work of my colleagues Jaroslav Hamrle and Ondfej Stejskal. All the representative
experimental data within this section are from the sample with a nominal thickness of

12.5nm. Further, all the spectra will be shown in form multiplied by its photon energy.

The electronic structure calculations of bee Fe [100] were performed using the WIEN2k
code [132]. For all the calculations we used the bulk value of lattice constant, being

2.8665 A. The electronic structure was calculated twice, once with M parallel to Fe[100]
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FIGURE 5.5: Comparison of the spectra of the MO parameters (a) K, (b) G5 and (c)

2G44 of two samples, one prepared by magnetron sputtering and the other by MBE.

For each of the samples, all the data used within numerical calculations were obtained
from the original measurements of the particular sample.

direction and once with M parallel to Fe[110] direction. For both calculations we used
903 = 729000 k-points in the full Brillouin zone. Further, the product of the smallest
atomic sphere and the largest reciprocal space vector was set to Ryt Kmax = 8 with the
maximum value of the partial waves inside the spheres, lnha.x = 10, where the largest
reciprocal vector in the charge Fourier expansion was set to Gmax = 12Ry'/2. The
exchange correlation potential LDA was used within all calculations and convergence
criteria were 1076 electrons for charge convergence and 107% Ry=1.410"%¢eV for energy
convergence. The spin-orbit coupling is included in the second variational method. We
used broadening 0.001 Ry (0.014 eV) to determine Fermi level by temperature broadened

eigenvalues.

The optical properties were determined within electric dipole approximation using the
Kubo formula [60, 133]. The Drude term (intraband transitions) is omitted in the ab-
initio calculated optical and MO properties. Full permittivity tensor € for each of two
directions of M is obtained by broadening the spectra and applying Kramers-Kronig
relations. The spectra for K, G5 and 2G44 are obtained directly from the permittivity

tensors € as[134]

1
_ 100 100
G, = e{100) _ (100, (5.2.1b)
_ 110 110
2G44 = 5:(1:[3; D + E?(J[m D, (5‘2'10)

where the superscript denotes the M direction in the crystallographic structure.

Figures 5.6 (a) and (b) present experimental spectra of ¢4 — 1* compared to our ab-initio

4Here -1 is to subtract contribution of vacuum, which is present only in the real part of g.
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calculations, to data from the literature [60, 135, 136] and to ab-initio calculations by
Oppeneer et al. [60]. Absorption part of the diagonal permittivity Im(ey) is dominated
by the absorption peak at 2.4eV, which originates from transitions of mostly-3d down
electrons above and below the Fermi level. The ab-initio calculated peak position is
very stable with small changes of the lattice constant, magnetization direction, or small
distortion of the Fe lattice. Nevertheless, peak’s position is determined by the selected
exchange potential, where LDA provides the closest match to the experimental results
and other potentials (GGA, LDA+U, GGA+U) display larger deviation from the exper-
imental peak position. Although LDA still overestimates the width of the occupied 3d
bands, the width of the occupied 3d bands can be corrected using dynamical mean-field
theory (DMFT) [137]. Therefore we choose the LDA exchange potential to calculate the
electronic structure of bcc Fe. Further, as the peak amplitude depends on the smearing
parameter [60], we tuned smearing to § = 0.6eV in the case of g4 to adjust the peak

height.

In Figs. 5.7 (a) and (b) we show a similar comparison for linear MO parameter K.
Excellent agreement between experiment and ab-initio is demonstrated. Note that the
absorption part corresponds here to Re(K), with two peaks at 1.1 and 2.0eV. The am-
plitude of the latter peak is ca.-2.5€eV, i.e. about 4% of the maximal value of Im(g, - E)
(which is ca. 60eV). If we compare spectra reported in the literature with our experimen-
tal and theoretical spectra and among themselves their absolute values differ by dozens
of percent at some photon energies in both figures (Figs. 5.6 and 5.7). Nevertheless,
the characteristics features as are the peaks and courses of spectra are very similar for
all the presented data, both experimental and theoretical (note that disagreement with
the reported values at single wavelength [19, 35] is probably due to sign inconsistency).
Furthermore, the anomalous Hall conductivity actually corresponds to the d.c. limit of
the imaginary part of the K spectra. Its value extracted from the ab-initio calculation
is 512 (Qcem) ! (760 (Qcem) ! without broadening) which agree very well with the value
provided in Ref. [138]. Finally, note that sign of ab-initio calculated K-spectra have to

be reversed to agree with the sign of the experimental K-spectra’.

Experimental spectra of the real and imaginary part of G5 - E' are shown and compared
with the ab-initio calculations in Figs. 5.8 (a) and (b) respectively. The fundamental
(imaginary) part of G has a well pronounced peak at 1.6 eV with the amplitude Im(G -
E) = —0.11eV in the experimental spectra. The main features of G spectra are well-
described ab-initio, however, the ab-initio calculated peak at 1.6 eV has about half that
amplitude. Real and imaginary part of the experimental and ab-initio spectra of 2G4 is

shown in Figs. 5.8 (c) and (d), respectively. The ab-initio calculations describe very well

5We have reported this issue to Wien2k developers and the sign of off-diagonal components have
been corrected in the Wien2k version 19.1.
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FIGURE 5.8: The experimental G spectra (a, b) and the experimental 2G4y spectra

(¢,d) compared with the ab-initio calculations. Gy spectra are calculated for M || [001]

and 2G4y spectra calculated for M || [110] both with smearing of FWHM=1.2¢eV and

with 902 = 729000 k-points in the full Brillouin zone. Further, we show a comparison

with data taken from the literature [19, 35, 92]. The spectra taken from Sepilveda et

al.[92] have been multiplied by a factor of 5 to be comparable with our experimental
spectra.

fundamental (imaginary) part of 2G44 spectra, where both, shape and amplitude, are in
a good match. The real part of G5 and 2G44 spectra have a larger disagreement between
experiment and ab-initio description, particularly for small photon energies. This could
stem from the missing Drude term, which is omitted in the ab-initio calculations, and
which mainly contributes to the real part of the permittivity at small photon energies.
Finally, note that in case of 2G44 the convergence (for example on density of the k-
mesh) of ab-initio calculations is much better compared to Gg, as G is calculated as
a small change of the diagonal permittivities [Eq. (5.2.1b)] whereas 2G4 is calculated
from off-diagonal permittivity [Eq. (5.2.1c))].

Furthermore, we present comparison of the spectral dependence of G4 and 2G44 from
Sepilveda et al. [92]. The original spectra of Sepilveda et al. were not very much pro-
nounced and had to be multiplied by a factor of 5 to be comparable to our experimental
and ab-initio spectra as is shown in Figs. 5.8(a)—(d). Then, the agreement is perfect for
the real part of both G5 and 2G44 in the spectral range 1.5 — 4.0eV, whereas disagree-
ment of spectral dependence under 1.5eV can be explained by different sample quality;
as the same behaviour was already experienced for 2G4 in the case of the sample with

a nominal thickness of 10nm and also in the case of the sample prepared by the MBE.
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The imaginary part of G5 and 2G44 spectra still agrees very well when our data are
compared to the scaled data of Sepulveda etal. [92], except for some offset and also
different amplitude of peaks, especially in case of the Im(2G44) peak at 1.5eV. We do
not know wherefrom the scaling factor 5 between our data and data of Sepilveda et al. is
stemming, but in the case of Sepilveda et al. the data were obtained from experimental
measurement of variation of reflectivity with quadratic dependence on magnetization.
The bad crystallinity of the samples should not be a problem here as in case of polycrys-
talline material AG = 0, i.e. G5 = 2G 44, which is not the case here. However, note that
our optical spectra of €4, K, 2G4 and G well describe their experimental reflectivity

spectra using our numerical model.

5.2.5 Consequences of the MOKE sign disagreement between the ex-

periment and numerical model

The correct sign of the measured MOKE spectra is given by the conventions used.
Nevertheless, the correct sign of MO parameters K, G5 and 2G44 is no more subject of
conventions, as they describe material properties®. To obtain the correct spectra of MO
parameters K, G5 and 2G44 from the measured experimental MOKE spectra, the same
conventions must be adopted within the numerical model and the experiment. Here,
one would intuitively expect only the reversed sign of yielded MO parameters when the
sign conventions of the experiment and the numerical model do not comply. However,
this is true only for linear MO parameter K, whereas completely incorrect values are

yielded in this case for the quadratic MO parameters G5 and 2Gyg4.

In the experiment there is numerous points where we can go wrong and thus measure the
MOKE spectra of the incorrect sign according to our conventions. For example, wrong
direction of in-plane M rotation (i.e. u — —pu), wrong direction of positive external field
and thus opposite direction of M (i.e. p — p+ 180°), error in the calibration process of
the setup itself (note that the positive direction of the optical element rotation and the
positive direction of the Kerr rotation have opposite conventions) or some quirk in the
processing algorithm of the measured data itself (usually we measure change of intensity,
which has to be converted to Kerr angles). Furthermore, we can also make a sign error
in the code of the numerical model, but this was already discussed and checked for in
the Sec. 3.1.4.

Above mentioned sign mistakes in the experiment will not always lead to the same
error. The wrong direction of positive external magnetic field will affect the sign of

LMOKE spectra but not the sign of QMOKE spectra, whereas wrong direction of M

6Sign between real and imaginary part is given by time convention, but this sign should not be
attributed to the spectra itself.
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FIGURE 5.9: Comparison of the spectra of MO parameters (a) K, (b) G and (c) 2Gy4
to the MO parameters yielded from the experimental spectra with the wrong (reversed)
sign of p (K', G, and 2GY,).

rotation will produce a wrong sign of both spectra, LMOKE and QMOKE alike - see
the Egs.(5.1.1a)—(5.1.1c).

Now we will discuss the latter case, when the direction of M rotation has the opposite
direction, p/ — —pu leading to a wrong sign of experimental spectra measured according
to Egs.(5.1.1a)—(5.1.1c). The linear MO parameter K’, yielded from the LMOKE spectra
with a reversed sign, will only have the opposite sign compared to the true MO parameter
K. But the quadratic MO parameters G, and 2G’,, yielded from the Q5 and Q44 spectra
with the opposite sign, will be completely different from the true MO parameters G and
2G 44, respectively. This is caused by the contribution of K2 /e4, which is invariant to
the sign of K itself, to the Qs and Q44 spectra. Thus, the MO parameters yielded from
sign-reversed experimental spectra are bound with the true MO parameters by following

equations.

K = -K (5.2.2)
K2
G, = —-Gs+2— (5.2.3)
S €4
K2
2GYy, = —2G44+25 (5.2.4)

In Fig. 5.9 we show the wrong MO parameters K’, G/, and 2G), compared to the true
MO parameters K, G5 and 2G4y, respectively.

We recall that neither the shape nor the sign of the true MO parameters is given by
the convention used. Any sign conventions can be adopted, but the crucial point is
that the conventions used in real experiments and in numerical calculus are the same.

Obviously, this issue applies to any error in the experimental setup or the numerical
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code that would unintentionally reverse the sign of the measured or calculated MOKE

spectra, respectively.

5.3 Quadratic and linear MOKE spectroscopy on partially

ordered Co,MnSi Heusler compounds

Effect of crystallographic ordering on QMOKE have been already lately studied with
CoaMnSi Heusler compound [29], but only from point of view of 8-directional method at
single wavelength (1.95eV). Here we present LMOKE and QMOKE spectroscopy and its
dependence on the crystallographic ordering. Experimental results will be accompanied
by theoretical ab-initio calculations that are again work of my colleagues Jaroslav Hamrle

and Ondfej Stejskal.

5.3.1 Linear MOKE spectroscopy

The LMOKE spectra were measured according to Eq. (5.1.1¢) with Aol of 45° and
p-polarized incident wave in spectral range of 0.8eV — 5.5eV. LMOKE rotation and
ellipticity is presented in Figs. 5.10(a) and (b), respectively. The extracted spectra of
linear MO parameter K are then presented in Figs. 5.10(a) and (b). Here we can see
a new peak forming with the presence of L2; ordering in the spectral region of 1.5eV
and 1.3eV in real and imaginary part, respectively. Note that this peak was not easily
observable in the LMOKE spectra itself. Otherwise there is no substantial change of
position of peaks with annealing temperature and thus with increased L2; ordering.
On the other hand the amplitude of peaks is more pronounced with higher annealing

temperature.

5.3.2 Quadratic MOKE spectroscopy

The QMOKE spectra were further measured on the samples according to Egs. (5.1.1a)
and (5.1.1b) with Aol of 5° and p-polarized incident light. In Figs. 5.11(a) and (b) we
show Kerr rotation and Kerr ellipticity of @5 spectra, respectively, and in Figs. 5.11(c)
and (d) we show Kerr rotation and Kerr ellipticity of Q44 spectra, respectively. The sharp

oscillations presented in both quadratic spectra are quite unique for metallic material.

In Fig. 5.12 we then show extracted quadratic MO parameters of CosMnSi layer. The
real and imaginary spectra of MO parameter G are presented in Figs. 5.12(a) and (b),

respectively. The real and imaginary spectra of 2G44 are presented in Figs. 5.12(c) and
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FIGURE 5.10: LMOKE (a) rotation (b) ellipticity measured with p-polarized incident
light under angle of incidence 45°. Spectra of real (¢) and imaginary (d) linear MO
parameter K.

(d), respectively. Furthermore, we present spectra of AG = G5 — 2G44, denoting the
anisotropy strength of quadratic MO tensor G of CooMnSi layer. Real and imaginary
part of AG spectra is then shown in Figs. 5.12(e) and (f), respectively.

The degree of L2 ordering obviously affect amplitude of peaks, same as was the case in
the linear MO parameter K. This effect seems to be most pronounced with the spectra
of G5, where also a new peak arise with L2; ordering in the spectral range 2-3eV and
around 4eV for both, real and imaginary part. Again, the position of the peaks is the
same for all the samples and only change of the amplitude occurs with the different
amount of L2; ordering in the sample. This is consistent with all the MO parameters
K, Gg, 2G44. Because it does not appear that the change of amplitude gets stronger
at the lower energies, we can assume that transition from B2 to L2; affects mainly the
interband contribution to the MO parameters, while intraband contribution (Drude) is

not affected by this change of ordering.

5.3.3 Comparison to ab-initio calculations

The electronic structure of CooMnSi was calculated by the Linearized Augmented Plane
Wave (LAPW) method using the DFT-based WIEN2k [139] code with lattice param-
eter of 5.656 A. We chose LDA as the exchange-correlation potential in this case as it
performs even better than LDA+U for optical and MO calculations. L2 crystal struc-

ture represented by space group Fm3m was assumed in all calculations. The electronic
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structure was calculated with a mesh of 27000 k-points in the full Brillouin zone and
with the product of the smallest atomic sphere radius and the largest reciprocal space
vector set to RymHKmax = 7. The maximum value of partial waves inside the spheres
was Imax = 10 and the largest reciprocal vector in the charge Fourier expansion was set
t0 Gax = 12 Ry%. These are default values for standard calculations and determine the

LAPW basis in which the solution is searched for.

The optical and MO spectra were calculated using the Kubo formula [58, 133] on a finer
mesh of 216000 k-points in the full Brillouin zone. By Lorentz broadening the spectra
with 0.5eV and applying the Kramers-Kronig relations, the full permittivity tensor is
obtained. Same as in the case of Fe, we obtain only interband contributions to the

permittivity tensor and the Drude term is omitted.

The calculations were performed for two magnetization directions, namely [100] and
[111] relative to the crystallographic axes. Similar as in the case of bee Fe, the MO

parameters are obtained directly from the permittivity tensor as [134]

1
K= (eggoon _ 5%0%) , (5.3.1a)
_ 100 100
G, = lf100) _ g(f100]) (5.3.1b)
3
2 =5 (Eg[ym]) n E;{;n})) , (5.3.1c)

where the superscript denotes the magnetization direction relative to the crystal axes.

The theoretical spectra of ¢4 are shown in Figs. 5.13 (a) and (b). The major optical
transitions appear for higher energies, which is apparent from Fig. 5.13(b). This dis-
crepancy can be arguably attributed to the employed exchange-correlation potential as
the major approximation present in the Density functional theory, which does not ac-
curately describe actual exchange-correlation energy of the true many-electron system
[140, 141].

In Figs. 5.13(c) and (d) comparison of the experimental and theoretical spectra of linear
MO parameter K are presented. The experimental spectra are well described ab-initio,
but the peak at 1.3eV that appear with L2; ordering is not very much pronounced.
In Figs. 5.13(e)—(h) we show the complex spectra of G and 2G44. The amplitude and
period of oscillations in those spectra are well described ab-initio, which we find to be
a success. In the case of 2G4 spectra the theory is in excellent match with experiment.
On the other hand, for spectra of G, which are calculated as small variation of diagonal
permittivity [Eq. (5.3.1b)], the ab-initio optical transitions appear for higher energies

same as in the case of ¢4. Note that theoretical spectra of K and 2G44 are calculated
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FIGURE 5.13: Spectral dependence of the (i) permittivity in the Oth order in M
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quadratic MO parameter G ((e)real, (f) imaginary) and (iv) quadratic MO parameter

2G44 ((g) real, (h) imaginary). Coloured, full lines are the experiment. The black,
dashed lines are the theoretical ab-initio calculations.

from off-diagonal elements of the permittivity tensor [Egs. (5.3.1a) and (5.3.1c)|, and

the position of all peaks follow very well the experiment here.

5.4 Conclusion

In this chapter, we provided a description of our approach to QMOKE spectroscopy,

which allows us to obtain quadratic MO parameters in the extended visible spectral
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range. The spectral dependence of K, G5 and 2G4y is experimentally determined in the
spectral range of 0.8 — 5.5eV for two materials, the prototypical ferromagnetic Fe grown

on MgO substrates and CosMnSi Heusler compounds.

In the case of the thickness dependent sample series of Fe thin films the dependence of
the obtained spectra on Fe layer thickness is small, indicating small contribution of the
interface. The spectra of G and 2G44 were successfully described ab-initio using the
electric dipole approximation with the electronic structure of bee Fe calculated by DFT
with LDA exchange-correlation potential and spin-orbit coupling. Further, G5 and 2G4y
were compared to the single report that we found in the literature, where multiplicative
factor of 5 had to be introduced to the spectra from literature to obtain a good match

with our experimental and theoretical spectra.

In the case of CooMnSi Heusler compounds we investigated the effect of transition from
B2 to L27 ordering on the spectra of linear and quadratic MO parameters. Higher
degree of L2; ordering promotes higher amplitude at MO resonant frequencies. As
this change is not further pronounced at lower photon energies, we assume that the
transition from B2 to L2; affects mainly interband contribution to the MOKE signal.
All the experimental spectra were described well ab-initio, although in the case of g4
and G the optical transitions appear for higher photon energies, which was attributed

to the exchange-correlation potential.

Further, in the Appendix C we provide preliminary results of LiInMOKE and QMOKE
spectroscopy of epitaxial magnetite Fe3Oy4 thin films. The spectral dependence of K, G
and 2G4, is presented for series of four samples, where the partial pressure of oxygen

was varied for deposition of each of the magnetite films.



Final conclusion, remarks and
perspectives of the presented

work

In this work, we have introduced the topic of QMOKE for cubic crystal structures.
After comprehensive introduction the theory based on electromagnetic optics has been
discussed and the phenomenological origin of MOKE has been explained as perturba-
tion of the permittivity tensor by magnetization. This perturbation of permittivity is
described up to the second order in magnetization by the linear MO parameter K and
two quadratic MO parameters G and 2G44. With the use of Yeh’s 4x4 matrix cal-
culus, assuming a coherent propagation of monochromatic EM waves in a multilayer
structure, we are able to precisely describe the Kerr reflection from the sample by those
MO parameters. For this purpose we developed a code in Python language based on
the Yeh’s 4x4 matrix calculus that was subsequently used for various simulations of the
8-directional method and for spectroscopy data processing. In order to make experi-
mental investigations, multiple sets of samples were prepared and characterized through
methods such as XRD, XRR and ellipsometry. The magnetic characterization of those

samples was done by MOKE magnetic loops measurements.

The first goal of this work was the extension of the 8-directional method of (001) ori-
ented cubic crystal structures to (011) and (111) oriented cubic crystal structures. The
equations for each surface orientation ware derived using approximative analytical rela-
tion that binds the Kerr angles to the permittivity tensor elements of the ferromagnetic
layer. The derived equations were compared to the simulations provided by numerical
code. We found only very negligible discrepancies, which do not play any important role
with current experimental setups and measurement principles. Nevertheless, if noise-
to-signal ratio will be dramatically improved with our future experimental equipment,

those discrepancies should be revisited and probed again carefully.
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The 8-directional method of the (011) oriented cubic crystal structures has been exper-
imentally investigated for Fe(011) oriented thin films grown on MgO(111) substrates.
Here, the experimental results reveal some interesting behaviour of one-fold and three-
fold symmetry that was not predicted by the derived equations nor numerical model
simulations. Yet, this behaviour was observed for a single sample only and can be reason-
ably explained by out-of-plane component of the magnetization produced by magnetic
anisotropy of the sample. For the second Fe(011) sample we observed some two-fold
symmetry of the LMOKE ®);, effect, which is predicted by the numerical model and
has been lately discussed in the literature. Yet, we are not convinced that this behaviour
is truly of MO origin, as from our numerical simulations, in which MO parameters of
Fe where used, this two-fold symmetry should be substantially lower in the amplitude.
We further fabricated Co(011) thin film samples grown on MgO(011) substrates, but
unfortunately we were not able to saturate them in any of our MOKE setups. Because
the experimental results of the 8-directional method of (011) oriented samples were only
partly conclusive, our plan is to continue with systematic studies, where further samples
will be prepared and we will upgrade the MOKE setups with magnets providing stronger
field.

In order to experimentally probe the 8-directional method of (111) oriented cubic struc-
tures, we fabricated Ni(111) thin film sample grown on MgO(111) substrate. The exper-
imental results were qualitatively well in line with the derived equations and numerical
simulations. The observed three-fold oscillation of contributions ®,;, and ®,s, were
predicted by theory as optically induced contribution of 3'¢ order in M. Yet, from
quantitative point of view it is a question if the description by MO parameters K, G
and 2G 44 would be sufficient, or if we should introduce a cubic MO tensor of 34 order
in M as additional contribution to the permittivity tensor. Through the measurement
of Kerr rotation as well as Kerr ellipticity of one of the contributions separated by 8-
directional method of (111) oriented cubic structures, we can extract the value of MO
parameters K, Gs and 2G44 and then use those MO parameters to simulate the residual
contributions and analyze if the amplitude and offset fit well to the experimental values.
If the discrepancy here would be only a few percent, it will not be so crucial to introduce

a cubic MO tensor as contribution of 3" order in M to the permittivity tensor.

The second goal of this work was the development of QMOKE spectroscopy for (001)
oriented cubic crystal structures. The separation process is stemming from the classical
8-directional method, but we use just a combination of four magnetic field directions and
a sample rotation by 45° [31]. This way we are able to separate two QMOKE spectra
which are stemming from quadratic MO parameters G5 and 2G4y, entitled Qs and Q44,
respectively. To extract those quadratic MO parameters from the experimental QMOKE

spectra we employ Python based numerical calculus, in which the measurement process
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is fully reproduced. Here we showed that consensus of sign between experiment and nu-
merical calculus is of crucial importance in case of quadratic MO parameters extraction
due to the contribution of K2/e4 to the Qs and Q44 spectra. All the experimental data

were collected on our own in-house built MOKE spectroscopy setup.

The QMOKE spectroscopy has been applied to bee Fe(001) thin film samples of various
thickness grown on MgO(001) substrates [32]. Spectra of the MO parameters K, G5 and
2G 44 were successfully extracted from the experiment in the spectral range 0.8 — 5.5eV.
The dependence of Qs and Q44 on Fe layer thickness follow well numerical prediction,
which indicates small contribution of the interface to the value of MO parameters. We
also compared K, G5 and 2Gy44 spectra of Fe(001) samples prepared by magnetron
sputtering to the spectra of Fe(001) samples prepared by MBE, where we showed that
the course of the spectra holds well between both samples, but the absolute value can
differ by a bit. Finally, the experimental spectra of MO parameters were compared to

ab-initio calculations [100] and available data in the literature.

Furthermore, we investigated the QMOKE spectra of a thin films CooMnSi Heusler
compounds, for which different temperatures of post annealing promote different degree
of L2; ordering. The extraction of the spectral dependencies of the MO parameters
K, G5 and 2G4 in the spectral range of 0.8 — 5.5eV was already routine work in this
case, as the method have been well established with the Fe(001) sample set. We found
out that a higher degree of L2; ordering considerably promotes the amplitude in the
peaks of the spectra. As this effect is not more pronounced at lower photon energies,
we assume that the Drude contribution is not affected by this change of ordering. The
spectra of GG and 2G44 posses unique rapid oscillations that are not very typical for
metallic material and thus it is already a success that amplitude and period of those

oscillations were well described ab-initio.

With the well established technique of QMOKE spectroscopy, we can now easily apply
it to any other ferri- or ferromagnetic material as shown in the Appendix C for epitaxial
magnetite FesOy thin films. Furthermore, one of our future goals is to apply this method
to AFM. The challenge here is to align the magnetic moments in the AFM to four di-
rections in order to separate the QMOKE spectra. Our idea is to start with NiO(111)
easy-plane AFM, where sufficiently large magnetic field will align the moments perpen-
dicular to the magnetic field due to the Zeeman energy reduction by a small canting of
the moments [94]. To reduce the requirement on the magnetic field strength, we may
also take advantage of the exchange coupling to an adjacent ferri- or ferromagnetic layer
which we can easily align by the external magnetic field [142, 143]. In the latter case
the contribution of ferri- or ferromagnetic layer has to be studied separately through

the same manner as we did in case of Fe or CoaMnSi samples. Nevertheless, to apply
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QMOKE spectroscopy on a NiO(111) surface oriented layer, we have to first conclusively
solve the above mentioned issue of 3'¢ order contribution to the 8-directional method

measurements.

In this final paragraph we would like to conclude our plans for future work in the field
of QMOKE investigations. First of all, our plan is to improve the numerical code.
This includes the implementation of a proper solution for the magnetization direction
at u = 0° and p = 180°. Also, the numerical precision of the numerical solution of the
wave equation (i.e. when code is searching for N, ; components of the wave-vector) could
be improved, which would make the code more suitable also for the characterization of
MO effects in the x-ray spectral region and we could employ the description of XMLD
spectra through the MO parameters G5 and 2G44. From experimental point of view we
plan to rebuild the MOKE spectroscopy setup with the use of a spectrometer that will
employ a diffraction grating in combination with a CCD camera, as the measurement
of the QMOKE spectra at the current spectroscopy MOKE setup, which is scanning
each wavelength separately, is still quite slow. Further, we plan to considerably improve
noise-to-signal ratio of our vector MOKE setup. Then, we can make a more detailed in-
vestigation of the 8-directional method of (011) and particularly (111) oriented samples.
We will further test, whether we need to extend our theoretical description of MOKE by
a MO tensor cubic in magnetization in order to successfully describe the experimental

data of (111) oriented samples.



Appendix A

Sign conventions

Within the fields of optics and magnetooptic, there is a vast amount of conventions.
As there is no generally accepted system of conventions, we define here all conventions

adopted within this work.

To describe reflection on the sample, three cartesian systems are needed, one for incident
light beam, one for reflected light beam and one for the sample. All those cartesian

systems are defined in Fig. A.1.

Time convention
Electric field vector of electromagnetic wave is described by negative time conven-
tion as E(r,t) = E(r)e”™! providing permittivity in form ¢ = Re(e) + i Im(¢),

where imaginary part of complex permittivity Im(e) > 0.

Cartesian referential of the sample
The cartesian system describing the sample is the right-handed z, ¢, Z system,
where Z-axis is normal to the surface of the sample and points into the sample.
The g-axis is parallel with the plane of light incidence and with the sample surface,
while its positive direction is defined by the direction of k,, being the §-component
of the wave vector of incident light as shown in Fig. A.1. In this system, rotations

of the crystallographic structure and magnetization take place.

Cartesian referential of light
We use right-handed cartesian system s, p, k for description of the incident and
reflected light beam. The direction of vector k defines the direction of propagation
of light. Vector p lies in the incident plane, i.e. a plane defined by incident and
reflected beam. Vector § is perpendicular to this plane and corresponds to Z. This

convention is the same for both incident and reflected beams (Fig. A.1).
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FIGURE A.l: (a) The right-handed coordinate system Z, ¢, 2 is established with re-

spect to the plane of incidence and surface of the sample. Components of the in-plane

normalized magnetization Mr and M|, are defined along the axes & and ¢ of the co-

ordinate system, respectively. (b) Definition of the right-handed Cartesian system §,

p, k of incident and reflected beam. (c) Definition of positive in-plane rotation of the

sample and magnetization within the &, ¢, Z coordinate system, described by angle «
and u, respectively.

Convention of the Kerr angles
The Kerr rotation 6 is positive if azimuth 6 of the polarization ellipse rotates
clockwise, when looking into the incoming light beam. The Kerr ellipticity € is
positive if electric field vector E rotates clockwise when looking into the incoming

light beam.

Rotation of the optical elements and the sample The rotation is defined as pos-
itive, if the rotated vector pointing in Z (§) direction rotates towards g (p) direc-
tion. The sample orientation =0 corresponds to Fe[100] direction being parallel
to Z-axis and, when looking at the top surface of the sample, the positive rotation
of the sample is clockwise. Further, when looking into the incoming beam, the
positive rotation of the optical elements is counter-clockwise, being in contrast to

the positive Kerr angles, defined by the historical convention.



Appendix B

Magnetic anisotropy of
Fe(011)/MgO(111) sample
RS210917

In order to probe magnetization reversal process of the sample RS210917 in more detail,
we performed set of MOKE measurements that is adequate to vector MOKE technique
described in Ref. [17].

In Fig. B.1 we show hysteresis loops recorded with external magnetic field parallel (By,)
and perpendicular (By,) to the plane of incidence, i.e. longitudinal and transversal ex-
ternal magnetic field, respectively. With By, standard LMOKE hysteresis curves are
measured. With external magnetic field By,, the loops are recorded for the sample ro-
tated by —90° with respect to the sample’s position where LMOKE loops were recorded.
Then, if M posses some M, component during reversal, we will measure it as LMOKE
signal. Note that this M, component is in fact analogous to M, component during
reversal of LMOKE loop measured with By, external field. Sample orientation written
as a text insets in subplots of the Fig. B.1 refer to position of the sample when LMOKE

hysteresis loop was measured.

From Figs. B.1 (a)—(e) and (g)—(k) we may see that M reversal is not fully antisym-
metric in the range of o = (356°,12°) and o = (174°,192°), respectively. This actually
disable us to apply symmetrization and antisymmetrization of the loops as described by
Eq. (3.1.7), which make it complicated to use vector MOKE technique to fully recon-

struct the reversal process in the sample.

In Fig. B.2 we present another set of loops measurements, where the loops were measured

with normal Aol, but the rest was exactly the same as in the previous case, i.e. loops
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FIGURE B.1: Measurement of LMOKE hysteresis curves of sample RS210917 with Aol

of 45° and s-polarized incident light are plotted with the blue colour. Text inset in each

subplot denote orientation of the sample. The loops plotted with the red colour are

measurements with transversal external field By, when sample was rotated by —90°
with respect to the sample position writen in the subplot as text inset.

recorded with By, external magnetic field and upon rotation by —90° with By, external
magnetic field. Here, we may conclude that some out-of-plane (OOP) M component

M., is present.

The LMOKE contribution does extinct with normal Aol, thus the loops observed in
Figs. B.2 (a)—(1) should be of PMOKE contribution. Although we do not apply any
OOP external magnetic field By, the magnetic anisotropy of the sample could force the
M to posses some component of M,. From the shape of the loops, we propose an easy
magnetic plane that is tilted in the OOP direction. When the sample posses orientation
ca. a = 90° and o = 270° the tilt of the plane is parallel with the direction of y-axis [see
the sketch in Fig. B.3(a)]. When the external magnetic field is applied in the direction of
this tilt, the M is forced to be slightly OOP, producing PMOKE contribution as shown
in Figs. B.2 (d)—(f) and (j)—(1). If we rotate the sample together with the direction of an

external magnetic field, the loops should stay the same, as the external magnetic field
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FIGURE B.2: Measurements of hysteresis loops with in plane external magnetic field

By, and By,. The orientation of the sample is stated in each subplot as text inset.

With the mesaurement of loop with external magnetic field By,, sample was rotated
by —90°.

and the magnetic easy plane did not change orientation with respect to each other and,
thus, the induced M, component must be the same. Such a behaviour is exactly what
we observe in Figs. B.2 (d)—(f) and (j)—(1).

When the sample posses orientation ca. a = 0° and a = 180°, the intersection of
the surface plane and the magnetic easy plane is parallel to y-axis [see the sketch in
Fig. B.3(b)]. For the external magnetic field applied along this intersection, nothing
force M to posses OOP component M,. However, OOP component M, may be induced
during M reversal, when M rotates in the direction of the tilt of the magnetic easy
plane. Such a behaviour can be observed with Figs. B.2 (a)-(c) and (g)—(i). It seems
that in this case M reverse in opposite direction when loop is measured with By, external
magnetic field and when the sample is rotated by —90° and the loop is measured with

By, external magnetic field.
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FIcUuRE B.3: (a),(b) sketch of tilted magnetic easy plane in the RS210917 sample. (c)
Measurements of hysteresis loops with longitudinal external field under Aol of 60°.

To test this theory, we further employ MOKE setup where external magnetic field can go
as high as 2T. If the sample truly posses OOP tilted easy magnetic plane as discussed
above and as shown in Figs. B.3(a) and (b), we should be able to force the M off
this easy magnetic plane by sufficiently large external magnetic field. In Fig. B.3(c) we

present two loops measured with By, external magnetic field and Aol of roughly 60°.

The contribution of LMOKE will not change its sign upon rotation of sample by 180°
(i.e. from o = 90° to a = 270°). But the contribution of PMOKE should change its
sign, as the slope of the tilt of magnetic easy plane is reversed upon rotation and, thus,
opposite component of M, is generated. We may observe that with loop measured at
a = 90° the value of Kerr rotation is decreasing with stronger external magnetic field.
The positive PMOKE contribution to the loop is decreasing as the external magnetic
field force the M to align within the surface plane of the sample and, thus, the M,
component is decreased. On the other hand, with the loop measured at o = 270°, the
value of Kerr rotation is increasing with the stronger external magnetic field. Here, the
negative contribution of PMOKE to the loop is decreasing as the external magnetic field
force the M to align within the surface plane of the sample and, thus, the amount of

—M, component is decreased.

To make this kind of investigation complete, we should also present those loops for
sample orientation a = 0° and a = 180°, where we should observe no change of Kerr
rotation with the increasing external magnetic field, but unfortunately we do not have
those measurements in hand. But either way, the presented data support well this theory
of tilted magnetic easy plane in the sample, and it also well explain some behaviour in

the 8-directional measurements of this sample presented in Sec. 4.2.3.



Appendix C

QOMOKE spectroscopy of the
epitaxial magnetite Fe3O, thin
films

We present here preliminary results of LiInMOKE and QMOKE spectroscopy on epitaxial
magnetite Fe3Oy4 thin films grown by reactive molecular beam epitaxy on MgO(001)
single crystal substrates. Before deposition process, the substrates were cleaned by
heating up to 400 C° for 60 min in UHV chamber in oxygen atmosphere of 10 mPa.
Magnetite layers were grown at 250 C° under different oxygen pressure ranging from
0.1 to 10 mPa. The thickness of the deposited layers were monitored using quartz
crystal oscillator. Magnetite exhibits inverse spinel structure with lattice constant of
8.396 A, while MgO crystallises in a rock salt structure with lattice constant 4.212 A,
hence the lattice mismatch is only 0.33 %. After the deposition the crystalline order
and stoichiometry were checked at RT in-situ by the X-ray photon electron spectroscopy
(XPS) and low energy electron diffraction (LEED), where the results are summarized in
Ref. [144]. The samples were further ex-situ studied by XRR, AFM and Ellipsometry.
Some of the results are briefly summarized in Tab. C.1. We acknowledge Michaela

Tomickova and Jari Rodewald for the sample preparation and characterization.

We measured LMOKE and QMOKE spectroscopy according to Egs.(5.1.1a)—(5.1.1c).
The LMOKE spectra measured with Aol of 45° and s-polarized incident beam are shown
in Figs. C.1(a) and (b). Spectra of all samples are quite similar, only the sample with
lowest partial pressure of oxygen have more pronounced peaks. The QMOKE spectra )
and Q44 are presented in Figs. C.1(c)—(f) and were measured with s- polarized incident
beam under Aol=5°. The sample prepared with the lowest partial pressure of oxygen

during deposition again deviate the most.
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Appendix C QMOKE spectroscopy of the epitaxial magnetite Fe3O,4 thin films

LMOKE (65) [mdeg]

Qs (65) [mdeg]

Qa4 (65) [mdeq]

pressure Thickness Roughness Roughness
of O2 [mPa] XRR [nm] XRR [nm] AFM RMS [nm]
10 63.8 2.6 3

1 50.4 2.5 0.8

0.5 56.5 2.5 0.3

0.1 65.9 2.5 1.9

TABLE C.1: The thicknesses and roughnesses as obtained from the XRR curves and
roughnesses as obtained from the AFM measurements.
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Figure C.1: LMOKE and QMOKE spectroscopy of epitaxial magnetite Fe3O4 thin

films. The legend refers to different partial pressures of Oy atmosphere in the chamber

during deposition. LMOKE (a) rotation and (b) ellipticity measured with s- polarized

incident light and under Aol of 45°. (c) Rotation and (d) ellipticity of Qs spectra and

(e) rotation and (f) ellipticity of Q44 spectra. The QMOKE spectra were measured
with Aol of 5° and with s-polarized incident beam.
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Figurge C.2: Spectral dependencies of optical and MO parameters of epitaxial mag-

netite Fe3O,4 thin films. The legend refers to different partial pressures of Os atmosphere

in the chamber during deposition. Spectra of (a) real and (b) imaginary part of ¢4.
Spectra of (c¢) real and (d) imaginary part of linear MO parameter K.

In Figs. C.2(a) and (b) we show spectra of €4 as obtained from ellipsometry measure-
ments using B-spline method. In Figs. C.2(c) and (d) spectra of linear MO parameter
K extracted from LMOKE spectra are presented.

In Figs. C.3(a) and (b) we show spectra of G that were extracted from Q)5 spectra,
whereas in Figs. C.3(c) and (d) we show spectra of 2G44 that were extracted from Qa4
spectra. Furthermore, spectra of quadratic MO parameter AG are shown in Figs. C.3(e)
and (f).
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Ficure C.3: Spectral dependencies of quadratic MO parameters of epitaxial magnetite
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chamber during deposition. Spectra of (a) real and (b) imaginary part of Gs. Spectra
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