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Abstract

The magneto-optical Kerr e[edt is a surface sensitive technique to characterize
magnetic materials. It consists of an induced rotation and ellipticity of the polariza-
tion plane of the light after reflection from a magnetic surface. The overall e [edt
is proportional to the magnetization of the sample. A measurement instrument
based on this technique is presented. It provides a fast, reliable, and sensitive way of
characterizing the magnetic spin textures in state-of-the-art magnetic micro- and
nanostructures. Moreover, the instrument allows for simultaneous measurement of
the magneto-thermal properties of magnetic nanostructures, thus enhancing the range
of possible applications. The setup was tested for magneto-optical and magneto-
thermoelectric characterizations on the Weyl semimetal Co,MnGa and for spatial
resolution on Pt/CoFeB nanowires.
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Chapter 1

Introduction

The technologies that helped sustain Moore's Law in the 20th century fostered the
advancement of many new research elds in science. The newly discovered capabilities
of controlling with nanometer precision the growth of di erent layers of materials
enabled scientists around the globe to start investigating the physics that govern this
nanoworld. One of the elds that bene tted from this was magnetism. Before the
nanofabrication technologies existed, the study of magnetism was secluded to bulk
materials. Quantum theory and the discovery of the spin had set the foundations
for a quantum theory of magnetism, however, experimental studies were limited by
the available technology. However, with the rapid progress of thin Im deposition
and optical lithography soon scientists were able to start unveiling the nanoscopic
physics of magnetism, thus giving birth to the eld named nanomagnetism. This
eld is behind the invention of the magnetic storage and sensing technologies that
exist nowadays. A good example is the magnetoresistive random access memory
(MRAM) introduced into the markets in the 1990s. However, the ongoing advances
with the miniaturization trend are bringing upon new challenges not faced before.
The phenomena being studied are constantly getting smaller and smaller which
makes it intrinsically more di cult to detect and measure. Thus, this demands for
experimental technigues that can meet the harsh requirements of the nanoworld and
help reveal its secrets. The aim of this work is to present an experimental tool to meet
the ever increasing demands and complexity of nanomagnetism research. The tool
presented allows studying magnetic spin textures in the micro- and nanoscale, which
will help provide insights into domain wall dynamics and magneto-thermal phenomena.
As such it could help contribute to research projects in the sub elds of magnonics,
spintronics, and spin-caloritronics. Built upon the principle of the magneto-optical
Kerr e ect, it is a fast, non-contact, precise, and reliable technique to simultaneously
characterize the magneto-optical and magneto-thermoelectric properties of magnetic
(hybrid)-nanostructures. The ultimate goal is to help researchers understand the
physics that govern magnetic micro- and nanoscale textures and dynamics.

The organization of this thesis is as follows:

Chapter 2 presents the magneto-optical Kerr e ect theory that underlies the
functionality of the experimental setup. The anisotropic magnetoresistance e ect
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1. Introduction

(AMR), ordinary and anomalous Nernst e ect (ONE and ANE), and the anisotropic
magneto-thermpower (AMT) are also discussed as they provide a better framework
to understand the study case applications that were used to test the setup.

Chapter 3 provides a detailed view on the design, construction, characterization,
and operation of the experimental setup.

Chapter 4 examines two study case applications used to benchmark the exper-
imental tool. The underlying physics of these applications are also analyzed and
discussed.

Finally, the conclusions and future work are presented in chapter 5.

*A brief remark on the aim of this work: initially it was planned to use this thesis
work to study magnetic spin textures in spin-Hall nano-oscillators. The experimental
tool here presented was thus initially planned to study this topic via magneto-
transport and magneto-optical characterizations in metal/ferromagnet nanowires.
However, this was not possible due to unforeseen complications during the period
that comprised the thesis work and, therefore, the focus was redirected towards the
construction of the experimental tool and studying magnetic spin textures in another
type of material. This was possible due to a collaboration project with a research
group from the Institut fur Festkdrper- und Materialphysik from the Technische
Universitat Dresden. This collaboration provided the ideal scenario for testing the
setup and studying magneto-thermal phenomena on Weyl semimetals. As a result,
the focus of the master thesis had to be slightly changed towards a related but
di erent topic.
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Chapter 2

Theory

The main purpose of this chapter is to present the theoretical foundation on which
the MOKE microscopy technique is based on. Therefore, most of the attention will
be centered on explaining the working principle of this e ect and its application as a
modern experimental techniqgue. Combining laser scanning microscopy with magneto-
electric (-thermal) transport measurements allows for characterizing magnetic micro-
and nanostructures with lateral resolution down to the nanometer range, in a non-
invasive and precise way. Thus, being able to use MOKE simultaneously with
magneto-transport measurements could be a very powerful tool for studying the
modern and challenging physics being tackled in the eld of nanoscience.

The organization of the chapter is as follows: on section 2.1 the magneto-optical
Kerr e ect is presented and discussed. The anisotropic magnetoresistance e ect and
spin-caloritronic e ects are explained in sections 2.2 and 2.3, respectively, as they
are relevant for understanding the application projects included in chapter 4.

2.1 Magneto-optical Kerr e ect

2.1.1 Introduction

The study of the interaction between light and magnetism was of great interest
in the rst half of the 19th century. The works of the experimentalist Michael
Faraday and the theorist James Clerk Maxwell set the foundations of classical
electromagnetism theory. In 1845 Faraday discovered that light su ers a polarization
change when it is transmitted through a transparent, magnetized material. In 1876
the Scottish physicist John Kerr discovered the same e ect but in the re ection of
light. This e ect is called the magneto-optical Kerr e ect (MOKE) in his honor and is
now one of the most powerful tools in laboratories around the world investigating the
properties of magnetic materials. Moreover, it forms the basis of the magneto-optical
recording technology that underlies the magneto-optical drives that hit the market
in the late 1980s and early 1990s1[9]. MOKE is a very useful research tool for the
study of magnetic thin Ims as it can provide spatial resolutions near the di raction
limit of light (200 nm)[ 19]. It is a surface-sensitive technique that allows probing
the magnetization within the skin-depth region, which could be 10-20 nm in most
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2. Theory

metals [4]. Furthermore, it is relatively easy and straightforward to implement, in
contrast to the more expensive and complex alternatives49). However, its biggest
advantage is its capacity to probe ultrafast magnetization dynamics with the use of
short and intense pulse lasers [17].

The magneto-optical Kerr e ect is the central part of the setup built on this thesis
and due to its importance a detailed discussion of its fundamental principles follows
in the next sections. However, before addressing MOKE in itself, a brief overview of
light is presented, as it is one of the key participants in this magneto-optical e ect.

2.1.2 Polarization of light

From Maxwell's theory derives the idea that light is an electromagnetic wave [ 9.
It is made up of transverse electric and magnetic elds traveling along a propagation
direction. Equations 2.1 and 2.2 come from Maxwell's equations and describe the
travelling electric and magnetic eld respectively. Figure 2.1 shows an illustration of
an electromagnetic wave [19].

E(r;t)= pEeek" ') (2.1)

BIi= (ko pEd®" 2.2)

Figure 2.1: Schematic view of a traveling electromagnetic wave. The electric and
magnetic eld are transverse to each other and to the propagation directionkg. The
electric eld vector is named the polarization vector as it de nes the polarization
state of the electromagnetic wave. Taken from [19].

In equations 2.1 and 2.2 the term ; is the unit polarization vector and k = (!=c )k
is the wave vector along the propagation direction. The electric eld vector is called
the polarization vector as it de nes the state of the polarization of the electromagnetic
wave. Natural light is called unpolarized because the electric eld vector consists of
a rapid sucession of di erent polarization states lying in the x-y plane [L9. This
means that at any given time, the electric eld vector can have di erent orientations
on this plane. When the electric eld vector has a de ned orientation on the plane
perpendicular to the propagation direction the electromagnetic wave is considered
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2.1. Magneto-optical Kerr e ect

to be linearly polarized. Other possible con gurations are circular and elliptical
polarizations. The possible polarizations of light are shown in gure 2.2.

Figure 2.2: Possible polarization states of light.

When light impinges on a surface, the vectors along the propagation direction of
the incoming and re ected beams de ne the plane of incidence of the light, sometimes
called the scattering plane [L2]. If the light is linearly polarized on the plane of
incidence, the light is called p-polarized (from parallel). If light is linearly polarized
perpendicular to the plane of incidence, it is called s-polarized (from the german
senkrechy). Figure 2.3 illustrates these polarization directions relative to the plane of
incidence.

Figure 2.3: Light being refracted from a medium, with the s- and p-polarization
directions de ned. The vector k; and k, de ne the plane of incidence. Taken from

[12].

2.1.3 De nition of the magneto-optical Kerr e ect

When s- or p-polarized light impinges on a magnetic surface it experiences a
rotation of its polarization plane and becomes elliptically polarized [L9]. These two
consequences, named Kerr rotation and Kerr ellipticity, make up the magneto-optical
Kerr e ect. Figure 2.4 shows these e ects.



2. Theory

Figure 2.4: Electric eld vector after a linearly polarized light impinges on a magnetic
surface and experiences the Kerr e ect. The anglé is called the Kerr rotation and
the angle"” is called the Kerr ellipticity. Taken from [19].

The angle' in gure 2.4 represents the Kerr rotation and denotes the rotation
of the major axis with respect to its original polarization direction. In gure 2.4 the
initial polarization direction was along the x axis. The Kerr rotation is given by
equation 2.3.

., _ 2EoxEqycos
tan2' = E2, Egy (2.3)
The terms Eox and Eqy denote the electric eld amplitudes of the linearly
polarized light in the x and y directions [19]. is the phase di erence between these
amplitudes.
The angle” in gure 2.4 is the ratio between the normal components of the
resulting elliptical polarized light [ 19). It is called the Kerr ellipticity and is given by

w_ JEmin] _ JEor EoL]
tan" = : S - 24
JEmax]  JEor + EoL]j (2.4)
The terms Egr and Eq_ are the basis states of the right-circularly polarized light
and left-circularly polarized light respectively. MOKE is often represented by the

complex Kerr angle, , given by equation 2.5 [24].

K="+ (2.5)

2.1.4 Physical origin

To explain why the Kerr e ect takes place it is best to picture linearly polarized
light as a linear combination of the circularly polarized basis states, that is,Eqr
and Eq_ for right-handed and left-handed circular polarizations respectively. The
interaction of these components with matter results in the Kerr rotation and Kerr
ellipticity, however, these e ects have di erent physical origins.
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2.1. Magneto-optical Kerr e ect

The physical origin of the Kerr rotation can be explained in a macroscopical
approach. When light travels through a dielectric material it may experience di erent
refractive indexes depending on the direction of propagation. In general, if a material
is optically isotropic, then the permittivity tensor looks like equation 2.6.

0 1
xx 0 0
(1)=80 , OKX (2.6)
0 0 4

However, if the material is optically anisotropic (as in when there is a net volume
magnetization), the permittivity tensor has non-zero o -diagonal terms and looks
like equation 2.7 [40].

0 1
XX Xy Xz
)= E‘P Xy yy yz g (2.7)
Xz yz 7z

The o -diagonal terms are dependent on the magnetization, and a ect the
velocity and attenuation of light in these particular directions. As a consequence left-
circularly polarized (LCP) light and right-circularly polarized (RCP) light experience
di erent refractive indices thus traveling with di erent velocities within the material.
When they come out of the material they will have a phase di erence and after
recombination this will be evidenced in a rotation of the polarization plane.

The origin of the Kerr ellipticity relies on the magnetic circular dichroism e ect
[19). This e ect accounts for the asymmetric absorbtion of left and right circularly
polarized light. When circularly polarized light impinges on a magnetic sample, due
to the conservation of angular momentum and the selection rules for electron dipole
transitions, it transfers the photon angular momentum to the electrons on the core
shells via spin-orbit coupling (in spin-orbit split levels) thus spin-polarizing them.
As a second step, the photons excite them to the higher-energy un lled valence
shells. However, as in ferromagnets the un lled d-band is spin-split between up-
and down-spin with di erent hole density of states, then the capture of the excited
photoelectrons will be asymmetric. That is, the capturing of the photoelectron on the
d-shell will depend on the spin angular momentum of the excited photoelectron. The
overall result is that in ferromagnetic materials there will be a preferential absorption
of one of the circularly-polarized directions. Figure 2.5 shows the magnetic circular
dichroism e ect.

2.1.5 MOKE geometries

There are three main geometries in MOKE experiments: longitudinal MOKE
(LMOKE), polar MOKE (PMOKE) and transverse MOKE (TMOKE), according to
the direction of the magnetization. These geometries are shown in gure 2.6.

In the polar and longitudinal geometries, s- or p- polarized light will transform into
elliptically polarized light, due to the Kerr rotation and ellipticity e ects. However,
in transverse MOKE light experiences no Kerr rotation or ellipticity at all, only a

-



2. Theory

Figure 2.5: Magnetic circular dichroism e ect. Photons with opposite angular
momentum excite electrons from spin-orbit split bands to the upperd bands. The
di erent density of states of holes in the d bands results in an asymmetric absorption
of left- and right-circularly polarized light. Taken from [19].

Figure 2.6: MOKE measurement geometries showing the incoming and re ected light
beam, the incidence plane and the magnetization direction. Taken from [21].

change in intensity. Polar MOKE is generally an order of magnitude larger than
longitudinal MOKE [2].

2.2 Anisotropic magnetoresistance

2.2.1 Background

In 1856 William Thomson, later known as Lord Kelvin, discovered that the
resistance of an iron conductor changed when submitted to an external magnetic
eld [ 19). Speci cally, he noticed that when the magnetic eld is applied along the
conductor the resistance increased by 0.2% and when the eld was perpendicular
the resistance decreased by 0.4%. What Lord Kelvin had discovered was the e ect
called magnetoresistance, hamely, the change of resistance of a material under the
in uence of an external magnetic eld. For the sake of correctness, Lord Kelvin's
experiment was the rst scienti ¢ record of the anisotropic magnetoresistance e ect
(AMR), one of the many magnetoresistance e ects that have been discovered since
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2.2. Anisotropic magnetoresistance

then, and the one which is the main topic of this section.

2.2.2 Description

The AMR e ect is de ned as the change in resistance of a material when the
magnetic eld is rotated in an angle along the plane of the current travelling
through this material. This is shown in gure 2.7.

Figure 2.7: lllustration of the AMR e ect in a ferromagnetic material. Displayed is
the resistance change as a function of the angle between the magnetization and the
current direction. The high resistance state is experienced when the magnetization
and the current are parallel to each other, and the low resistance state when they
are perpendicular. Taken from [19].

De ning the resistance of the material when the magnetization and the current
are parallel to each other asR,, and when they are perpendicular asR, , then the
AMR e ect is de ned as in equation 2.8 [19].

rR _ Ry R
Ravg - (Rk+2R?):3

(2.8)

The usual way to describe AMR, however, is as a function of the angle between
the magnetization and the current direction. This description is represented by
equation 2.9 [32].

R()= R, +(Ry R»)cos (2.9)

2.2.3 Physical origin

The microscopic origin of the AMR e ect is thought to be solely the spin-orbit
coupling [33]. However, before explaining how this e ect in uences the resistivity of
a ferromagnetic material, the Mott description of electrical transport in ferromagnets
has to be addressed rst.

Mott suggested in 1936 that in ferromagnetic metals the electrical conduction is
provided by the disperseds electron band and the magnetic properties are de ned

9



2. Theory

by the localized d band [25]. In this picture the scattering process comes froms
electrons jumping to the d band. However, the scattering is spin selective, meaning
that electrons can only jump to empty d states with the same spin. Spin- ipping
events were considered negligible. This proposal together with Fermi's Golden Rule
cemented the foundations for the "two current model" in ferromagnets, in which the
current is carried by separate spin-channels, without much interaction between them
[14]. Fermi's Golden Rule states that the scattering probability is proportional to
the amount of empty nal states that the electron can scatter to [13]. Given the
fact that in ferromagnets the d bands are exchange-split and lled di erently at
the Fermi level, this meant that the scattering rates for electrons of opposite spin
polarization are di erent, which eventually leads to the preferential loss of one spin
component. The two current model is illustrated in gure 2.8.

Figure 2.8: lllustration of the two current model. There are more empty d states
for the electrons in the minority band, hence, experiencing a greater scattering
probability than spin-down electrons in the majority band. This means that the
channel for the spin-up electrons (minority) has greater resistivity. Taken from [L9].

Having this transport model in mind, it is now easier to explain the microscopic
origins of the AMR e ect. From the two current model it can be said that the empty
minority d states, Nh determine directly the magnetic momentjmj [19]. Thus, the
resistance of a ferromagnet can be written as equation 2.10.

R=Ro+ R = Ro+ N, = Rg+ jmj (2.10)

The term Ry is isotropic, however, in materials with spin-orbit coupling the term
jmj is not. When applying a magnetic eld at an angle with respect to the current
direction, there is a spin-subband intermixing which changes the amount oN,;, and
hencejmj, for every angular position [L9]. This change in the availability of the nal
d states originates the AMR e ect.

10



2.3. Spin caloritronics

Another helpful way of picturing the AMR e ect is given by gure 2.9. On
2.9a the microscopic view when the magnetic eld is perpendicular to the current
is shown. In this con guration, following the explanation given before, it can be
interpreted that there are less availabled states to scatter to, as the cross section
is small for the incoming conduction electrons $2, 31]. Therefore, the resistance
state is low. In 2.9b, the magnetic eld has been aligned parallel to the current and
because of spin-orbit coupling, the electron orbital distribution also changes. The
resulting orbital con guration has a larger cross section for the incoming electrons,
thus increasing the availability of nal d states the conduction electrons can scatter
to. As a result, this con guration yields a higher resistance state.

(@)

(b)

Figure 2.9: Microscopic view of the AMR e ect. The atoms are represented by the
orbital distribution (the ovals) and the atomic magnetic moment (the black arrow).
Notice that for 3d metals there is no spherical symmetry in the orbitals. (a) Orbital
distribution when magnetic eld is aligned perpendicularly to the current. The
scattering cross section is reduced, so there are less availallestates to scatter to.
As a result the resistance state is low. (b) Orbital distribution when magnetic eld

is aligned parallel to the current. The scattering cross section is increased, so there
are more availabled states to scatter to. As a result the resistance state is high.

2.3 Spin caloritronics

Spin caloritronics is a young research eld that relates spin or magnetization
transport to heat transport in micro- and nanostructures. It has gathered much
attention from the scienti c community in the past 10 years due to the promising
possibilities of delivering thermal-to-electrical energy conversion solutions for waste
heat recovery and temperature control problems }]. Additionally, considering that
power consumption is constantly threatening to limit Moore's Law, spin caloritronics
might be a way to use the dissipating power into more processing capacity, thus
helping tackling two problems at once.

11



2. Theory

In this section an overview of selected known thermal transport e ects is presented.
Some e ects will be further discussed into more detail as they are more relevant to
the study case applications included in chapter 4.

2.3.1 Overview of thermal transport e ects

In a generalized view, thermal transport occurs when heat is transferred as a
result of non-equilibrium thermodynamic e ects [5]. The transport of heat can
occur via (quasi-) particles: electrons, magnons or phonons which in turn depend
on the type of material where the e ect is taking place. For example, electrons can
drive thermal transport in metals and magnons in ferromagnetic insulators. Due
to the great variety of factors involved, there are many types of thermal transport
e ects. Furthermore, these e ects can be measured in a wide range of geometric
con gurations. The most used con gurations are shown in gure 2.10.

Figure 2.10: Measurement geometries for thermal transport e ects. The ux, whether
a thermal current jo or a charge currentjc, is shown in the x direction. stands
for a generic thermodynamic force,E or r T. The permutations on the magnetic
eld direction and the type of current applied results in a wide variety of transport
e ects.

Table 2.1 shows some spin-dependent and spin-independent caloritronic e ects.
Given the wide range of thermal-transport phenomena, attention will be centered on
just a few of them, which are discussed to more detail in the following sections.

2.3.2 Ordinary Nernst E ect

The ordinary Nernst e ect (ONE) is a spin-independent transport phenomena
that takes place in metallic materials. It is caused by a thermal ux which travels
perpendicularly to an applied magnetic eld and creates a transverse voltage. It is
the analogous e ect to the ordinary Hall e ect. The schematic of ONE is shown in
gure 2.11.

12



2.3. Spin caloritronics

Table 2.1: List of selected magneto-thermal e ects.

E ect Material Field Input  Output
Longitudinal AMT 2 Metals Hyx r«T  Ex
Transverse AMT 2 Metals Hy, Hz 1T Ex
Planar Nernst Metals Hy rxT Ey
Ordinary Nernst Metals H, r<T Ey
Anomalous Nernst Ferromagnetic metals H, rxT Ey
Ettingshausen Metals H; jex rxT
Spin-dependent Seebeck Ferromagnetic metals - rxT Ex

Spin Seebeck Ferromagnet/Metal - r «xT  Eishey °

& Anisotropic magneto-thermopower
® The electrical output is detected by means of the inverse spin-Hall e ect in the
metallic layer.

Figure 2.11: Schematic illustration of the ordinary Nernst e ect.

The microscopic origin of the ordinary Nernst e ect is due to the Lorentz force
acting on the conducting electrons carrying the thermal ux. This force has a form
of FL = vq B and thus acts perpendicularly to the propagation direction of the
heat carriers, de ecting them from their path and creating a charge accumulation
that builds up an electric eld. This electric eld exactly balances the Lorentz force
and is the measured quantity in this type of measurement.

2.3.3 Anomalous Nernst E ect

As seen in Table 2.1 the anomalous Nernst e ect (ANE) occurs in a ferromagnetic
metal when a thermal ux travels perpendicular to an applied magnetic eld creating
a transverse electric eld, named the anomalous Nernst voltagedd]. It is a spin-
dependent process as it is based on the spin-polarized charge current occuring in
ferromagnetic metals, and explained with the Stoner model of ferromagnetism. This
model is at the core of the two current model presented in section 2.2 and illustrated
in gure 2.8. It assumes that charge carriers in ferromagnetic metals split in spin-up
and spin-down d bands with di erent density of states at the Fermi level such that

13



2. Theory

+ 6 . Itis precisely this inequality that creats an imbalance in the concentration
of charge carriers of di erent spin polarizations, thus creating a spin-polarized current,
that is jc» 6 jcx. This means that the charge current will carry at the same time a
net spin ux [5].

The general measurement schematic is shown in gure 2.12. The local anomalous
Nernst e ect is given by equation 2.11. In this equation, Eane is the transverse
electric eld perpendicular to the magnetization M of the material and the thermal
gradient r T. N is named the Nernst coe cient. As explained before, in the
transverse direction there will be a charge accumulation concomitant with a spin
accumulation.

Eane(Xy)= N oM(xy) r T(xy) (2.11)

Figure 2.12: Schematic illustration of the anomalous Nernst e ect.

The physical origins of the ANE have not been analyzed to great detail yet,
but scientists think it could be originated by the same processes that create the
analogous anomalous Hall e ect f]. These processes are either from extrinsic sources,
as impurity scattering events, or intrinsic sources, as band structure e ects. These
processes are:

i Skew scattering: the charge carriers experience spin-dependent asymmetric
scattering with the localized impurity states [7].

i Side-jump mechanism: the path of the conducting electrons is deviated due
to local distortions of the electron wave functions as a result of spin-orbit
interactions [3].

iii Berry phase: intrinsic topological phases in the band structure induce a phase
di erence, which can be thought of an emergent magnetic eld acting on the
charge carriers [20].

In a ferromagnetic metal, when a thermal gradient is applied under a perpendicular
magnetic eld, the part of the transverse Nernst voltage that arises that is proportional
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to H, comes from the ordinary Nernst e ect and the part that is proportional to M
comes from the anomalous Nernst e ect. This allows using the anomalous Nernst
e ect to measure the component of magnetization along a certain direction only
taking into account that Eane ( M) = Eane (M).

2.3.4 Anisotropic magneto-thermopower

The anisotropic magneto-thermopower is the thermal counterpart of the anisotropic
magnetoresistance e ect. It is obtained by subtituting the input current jx by a
thermal gradient r Tx and applying a magnetic eld in the same plane of the thermal
gradient. The electric eld that arises depends on the angle 1 between the magnetic
eld and the direction of the thermal gradient. Figure 2.13 shows the geometry of
an experiment measuring this e ect.

Equation 2.12 describes the anisotropic magneto-thermopower with being the
angle between the magnetic eld and the x axis, and' 1 the angle betweenr Ty and
the magnetic eld. S, and S, are the Seebeck coe cients when the magnetic eld is
perpendicular and parallel to the thermal gradient respectively [31].

Sk+ S'_) Sk S’? . . .
Eavt = > > sin2 jr Tjcos' T (2.12)

The physical origins of AMT are believed to be of the same nature as of AMR

[5]

Figure 2.13: Schematic illustration of the anisotropic magneto-thermopower.
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Chapter 3

Experimental setup

This chapter comprises the central part of this work: the design, construction,
and characterization of the experimental setup. The main goals of the tool were
to perform (L+P)-MOKE measurements and magneto-thermal characterizations
of magnetic micro- and nanostructures, while ensuring nanometer-precision spatial
resolution, low signal-to-noise ratio, and high reliability. The setup also needed to
be able to support 4-point resistance measurements for high-precision detection of
magnetoresistance e ects and AC connections for dynamic measurements.

The chapter is organized as follows: section 3.1 presents the design and general
requirements for the setup. In section 3.2 the optical system and all its components are
discussed in detail. The lock-in detection mechanism used for the signal acquisition is
explained in section 3.3. In section 3.4 the spatial resolution of the tool is discussed
and, nally, in section 3.5 the software suite used to operate the setup is presented.

3.1 Overview

The major hardware requirements of the setup are shown in the diagram in
gure 3.1. These requirements are: signal acquisition for both the electrical
(Nernst/magnetoresistance e ects) and the optical (MOKE) signals, a viewing system
for contacting and measuring the sample, DC and AC current source availability, a
nano-precision positioning system, laser and magnetic eld availabilities, and the
capacity to constantly control and measure the magnetic eld.

The hardware components are shown in the schematic of gure 3.2. Figures
3.3 and 3.4 show sideviews of the nalized 3D models of the nanopositioning stage
system and the magnet in measuring position. In the following sections each major
hardware component is introduced.

3.1.1 Hardware components
Current source

The current source used is the Keithley model 6221. This unit has capabilities
of delivering AC and DC currents ranging from 100 fA to 100 mA. The current is
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3. Experimental setup

Figure 3.1: Main hardware requirements for the experimental setup.

injected to the sample via 5 m diameter tungsten tips from Signatone.

Field monitoring

The magnetic eld is constantly measured by the 475 DSP Gaussmeter from Lake
Shore Cryotronics. It has full-scale ranges from 35 mG to 350 kG. The Hall probe is

Figure 3.2: Hardware schematic of the setup.
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Figure 3.3: Computer model of the nanopositioning system including the rotary stage
for the sample holder and the micrometer-precision xyz stages for controlling the
probes. The setup has support for up to 4 DC probes, and 2 microwave picoprobes
(not shown in the image). Moreover, 6 xyz stages provide the necessary degrees of
freedom for manipulating the DC and AC probes.

located next to one of the magnet poles. A calibration procedure calculates the link
factor between the measured elds at the sample and at the magnet pole position.

Laser

The laser source used is a Cobolt Calypsd' 491 nm wavelength continuous-wave
diode pumped laser. This laser has a maximum nominal output power of 200 mWw,
however, normal operating powers were below 20 mW. The laser beam is linearly
polarized on the vertical direction and has a diameter of 700 m at the aperture.

Viewing system

The viewing system is split into two subsystems: one for contacting the sample
with the probes and one for viewing during measurement runtime. The viewing
system for measuring is included in the optical system which will be discussed in the
next section. The contacting viewing system is shown in gure 3.5 and consists of
a CCD camera from ImagingSource model DMK 31AF03 and a blue LED source
coupled by a 50:50 beamsplitter cube. The lens used is a Computar Telecentric 55
mm lens with a working distance of 140 mm.
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