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Abstract

Magnetization dynamics on a femtosecond timescale, so-called femtomagnetism, has
been attracting attention for more than two decades because of its potential for use in
the development of novel spintronic devices as well as its fundamental physics. Although
the mechanism of magnetization dynamics process on the femtosecond timescale, such
as demagnetization and magnetization reversal, remains controversial from the micro-
scopic perspective, the application demands in the field of spintronics expand the realm
of the target magnetic systems from pure ferromagnetic materials into multi-component
magnetic systems. Furthermore, the high density integration of the data devices with
ever-faster processing speed needs the deeper understanding of dynamical properties of
ultrathin magnetic films with out-of-plane magnetization. At the same time, in order
to reduce the energy consumption and to avoid the notorious heat issues, electric-field
driven magnetization control is preferred, which requires to trace spins under the real

operating environment with the electric field as well as the magnetic field.

In this thesis, we developed a novel measurement technique, the time-resolved magneto-
optical Kerr effect (MOKE) in the extreme ultraviolet / soft X-ray range using a free
electron laser (FEL) in order to incorporate the current demands from fundamentals
and application in the field of magnetism. We extended the conventional MOKE mea-
surements involved with the optical transition between delocalized states into the reso-
nant MOKE (RMOKE) using the photon energy tuned to the specific absorption edge
of core levels. The advantages of the time-resolved RMOKE using FEL revealed in this
thesis are the following: (1) element selectivity, (2) time-resolution of sub-picosecond
timescale, (3) detection of out-of-plane magnetization, (4) sensitivity to subnanometer-
scale system, (5) measurement under the external field (the operando condition), (6)
giant magneto-optical response compared with the conventional MOKE. On top of the
features described above, the RMOKE scheme has a potential to extend into the non-
linear regime. Because nonlinear effects itself in the EUV / soft X-ray range has not
been observed in the preceding studies due to the lack of the intense laser in the energy
range, in this thesis we aimed at observation of the nonlinear optical effect, second har-
monic generation (SHG). We measured the SHG in the EUV range for the first time
using FEL from the non-centrosymmetric gallium ferrite by facilitating the resonant
enhancement under a reflection geometry, which opens the way to extend the RMOKE

into the nonlinear regime.
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Chapter 1

Introduction

1.1 Background

While magnetism has been one of the central topics in the condensed matter physics
for about two hundred years, it has been also deeply ingrained in our real life since
the age of navigation more than a millennium before, when the nature of magnetism
was employed in a compass needle. The variation of magnetization probing techniques
has expanded since the discovery of Faraday effect by Michael Faraday in 1845 and
of Kerr effect by John Kerr in 1876. This discovery reminded the relation between
magnetism and incident particles, photons. Currently, the main probes for the magne-
tization are photons, electrons and neutrons. The interaction between the magnetism
and incoming particles defines the information that a specific probing technique can
extract from measurements. Various magnetization probing techniques have revealed
the magnetism of a wide variety of target systems on a different length and time scale.
Furthermore, magnetic excitations as well as ground states of magnetic materials have

also investigated through the interaction of magnetization and particles.

Here we briefly review the current magnetism research. Examining the challenges

facing this field, we will discuss the features desired in measurement methods.

Challenge in magnetism research

In this section, we start by reviewing the current topics and challenges in magnetism.
We will also discuss the features needed for measurement techniques in the frontier of

magnetism research. Currently, magnetism research encompasses three major topics:
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FIGURE 1.1: There are three main research directions in magnetism: first,
the dimensions or length of magnetism phenomena ranging from tens of mi-
crometers down to the sub-nanometer scale; second, the dynamical features
ranging from milliseconds down to femtosecond (1071? s); third, applications
of fundamental spin physics, called spintronics. Some of these drawings are

taken from [1-7].

1) Exploring the length scales of the interactions of magnetic phenomena, 2) reveal-

ing the temporal features of magnetization, and 3) using fundamental spin physics in

applications, a field called spintronics. These topics are shown in Fig. 1.1.

Regarding length scale, magnetism is related to various kinds interaction at very

different length scales.

For example, magnetic domains form on the scale of 10 —

—100 pm, spin retains direction with a length of a few um and the width of Bloch

domain wall is on the order of 10 nm. The minimum size of a magnetic particle that

shows superparamagnetism and a noncollinear spin structure such as a vortex core is

on the order of a few nanometers, though recently single-molecular and single-atom

magnets, whose size is on the order of nanometers, have been observed. Ruderman—

Kittel-Kasuya—Yoshida interactions also operate on the nanometer scale. Scientists are

also interested in how dimensionality, symmetry and boundary conditions affect the
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spin structure and its transport nature. The target systems have become smaller and
have now reached the subnanometer scale, making it desirable to develop measurement

methods with sensitivity to subnanometer-scale system.

Regarding time scale, various phenomena occur on the millisecond scale down to the
femtosecond scale. On the millisecond scale, thermally activated magnetization reversal
occurs by overcoming the energy barrier; domain wall motion occurs on the microsec-
ond scale; and collective magnetic excitation, which produces spin waves, propagates
on the nanosecond scale. Spin precession and magnetization reversal caused by spin
transfer torque are on the order of a hundred picoseconds. Recently, the sub-picosecond
timescale has been intensively investigated because such a fast timescale involves ex-
change interactions and spin-orbit interactions, which are the fundamental interactions
in forming long-range magnetic order. The desire to investigate faster timescales make

it important to develop measurement techniques with sub-picosecond resolution.

Regarding applications, the following features are desired in novel magnetic devices:
1) nonvolatility, 2) faster processing speed, 3) lower energy consumption (such as by
reversing magnetization without current), and 4) higher integration density, which fa-
vors materials with perpendicular magnetization. Scientists and engineers have tried
to develop these devices by facilitating the spin degree of freedom while using con-
ventional electronic technologies. Developing such quantum information processing
devices requires systems ranging from simple ferromagnetic metals to multi-component
magnetic compounds. In spintronics, element-specific techniques that can detect
out-of-plane magnetization under an external field are indispensable for disen-

tangling the complicated interplay of magnetic elements in multicomponent systems.

To summarize, the frontier of magnetizm research requires measurement techniques

with the following features:

e Measurement under an external field

Element selectivity

The ability to trace out-of-plane magnetization dynamics

The ability to trace with sub-picoseconds resolution

Sensitivity to subnanometer-scale system
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1. INTRODUCTION

1.2

Purpose of the present study

This thesis aims to newly develop a magneto-optical technique with the characteris-

tics listed at the end of the previous section. This objective can be broken down into

the following targets.

(i)

(iii)

We extend the conventional magneto-optical Kerr effect (MOKE) measurement
from the visible region into the extreme ultraviolet (EUV) / soft X-ray region, us-
ing a technique called resonant MOKE (RMOKE). We establish a static RMOKE
technique that can measure out-of-plane magnetization. The definition of RMOKE
is given in the next chapter. Although there are some earlier works on RMOKE,
all of them used an in-plane detection technique. We first conduct RMOKE in a
polar geometry to detect out-of-plane magnetization. This system is important
for its element selectivity and its ability to detect out-of-plane components of

magnetization.

We extend static RMOKE to a time-resolved technique by combining it with a
free electron laser (FEL). We demonstrate this measurement system by tracking

ultrafast magnetization reversal in a ferrimagnetic alloy.

We explore whether time-resolved RMOKE can investigate sub-nanometer ultra-
thin magnetic films on the sub-picosecond timescale. Thus far, this timescale
has been investigated with time-resolved X-ray magnetic circular dichroism (TR-
XMCD) using synchrotron radiation with a laser slicing technique. We com-
pare the results measured with TR-XMCD using the slicing technique with time-
resolved RMOKE using a FEL, assessing their signal-to-noise ratio and the mea-

surement time.

We develop an RMOKE measurement system using laboratory-based high-harmonic
generation (HHG) laser, which generates ultrashort laser pulses in the EUV re-
gion. Experiments using an FEL cannot be run often, so we intend to develop a
system using the HHG laser so as to complement FEL experiments. We demon-
strate the first observation of RMOKE in an iron film involving polarization

analysis with the HHG laser.

We explore whether RMOKE can be extended into the nonlinear regime. One
feature of nonlinear RMOKE is the magnetization-induced second harmonic gen-
eration (SHG) in the resonant condition. We expect that this technique will add

element specificity. Before exploring the nonlinear RMOKE technique, we must
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deal with the SHG in the EUV / soft X-ray region under the resonant condition,
which has not yet been reported. Therefore, our first challenge is observing SHG
in the EUV / soft X-ray range.

1.3 Structure of this thesis

The detailed structure of the thesis is described in the following:

e Chapter 2 describes the background for this thesis, reviewing conventional tech-
niques for probing static magnetization and magnetization dynamics at a sub-
picosecond timescale. Here we show why we focus on measurement techniques
in the EUV / soft X-ray region that can track magnetization dynamics on the

sub-picosecond timescale.

e Chapter 3 describes light sources with a sub-picosecond pulse duration in the
EUV / soft X-ray region. Currently, there are three sub-picosecond light sources
in the EUV / soft X-ray region that are suitable for solid-state physics research.
We compare the characteristics of these light sources to determine which sources

are suitable for our measurements.

e Chapter 4 shows the development of the polar RMOKE measurement system and
the first static M-edge polar RMOKE measurements of Ni thin films by using

synchrotron radiation. The giant magneto-optical response is presented here.

e Chapter 5 describes our extension of the static RMOKE measurement developed
in the previous chapter into the time-resolved measurement. In Sec. 5.2, we
present the first time-resolved RMOKE (TR-RMOKE) measurements made using
a FEL. In Sec. 5.3, we discuss the sensitivity of TR-RMOKE for measuring the
magnetization dynamics of sub-nanometer ultrathin magnetic films. In Sec. 5.4,

we present our RMOKE measurement system that uses a HHG laser.

e Chapter 6 describes our observation of the resonant enhancement of SHG in the
EUV region. The research in this chapter is motivated by the desire to extend the
RMOKE measurements into the nonlinear regime. Before performing nonlinear
RMOKE measurements, we first tried to observe SHG in the EUV region, which

has not yet been reported.

e Chapter 7 summarizes the major findings in this thesis and discuss future prospects.






Chapter 2

Historical overview of

magneto-optical spectroscopy

The review of this chapter has been published as [8] (Publication list No. 6).

We have already seen the importance of magnetization dynamics in the sub-picoseconds
timescale in Sec. 1.1. In this chapter, firstly the laser-induced transient states of
magnetic systems are briefly introduced and the challenges in this research field are
overviewed. The following section is a review of conventional techniques for studying
the static and dynamical magnetization properties. Next, the necessity for developing
the new soft x-ray measurement techniques in the linear (resonant MOKE) and non-
linear (second harmonic generation) regime are explained. In Secs. 2.4 and 2.5, the

details of magneto-optical effects are presented.

2.1 Laser-induced magnetization dynamics

Since the seminal work by Beaurepaire et. al. [10], which showed laser-induced
demagnetization in the subpicoseconds timescale, a number of investigations on ferro-
/ferrimagnetic systems have been performed in order to elucidate the mechanism re-
sponsible for the observed ultrafast magnetization behavior. The femtosecond laser
pulses irradiated onto magnetic materials induce partial demagnetization in hundreds
of femtoseconds. After the partial quenching, remagnetization to the initial state occurs
in the picoseconds timescale. In some ferrimagnetic alloys, laser-induced magnetization

reversal has been reported so far, which is the fastest manipulation of magnetization at
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FIGURE 2.1: (a) Laser-induced processes that occur in ferromagnetic materials
[9]. (b) Temperature variation with respect to time, where at time zero, a pulse
laser irradiates the surface of a ferromagnetic material.

present. Some insights behind this transient magnetization behavior can be extracted
from a phenomenological model, which treats the electron, spin and lattice (phonon)
system separately. Fig. 2.1 (a) presents a series of proposed processes based on the
phenomenological model combining with three-temperature model that each bath has
its own temperature, T, T, and T; with heat capacity, C., Cs, and Cj, where e, s and
[ express electrons, spins, and lattice, respectively. In this regime, the demagnetization
is driven first by the coherent interaction between the photon field and charges/spins,
which is followed by incoherent process during the thermalization of the electrons and
charges. In the incoherent process, which means that the electronic wave functions have
lost the phase information with respect to the excitation by the photons, the spin-flip
processes occur, which results in demagnetization. The electron and spin baths interact
with lattice (phonon) bath through the phenomenological coupling constant, Ges, Ge,
and Gg. In Fig. 2.1 (b), the typical time evolution of each temperature is shown.
Electron heat capacity is much smaller than that of the lattice, so that the abrupt

increase of T, is induced by femtosecond pulses. The electron baths decay through
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phonon cascades, which rises 1; with a time constant given by a electron-phonon cou-
pling. At the same time, the part of the energy goes into the spin subsystem that
causes spin-flip processes, which causes the decrease of magnetization. In a highly
non-equilibrium state driven by intense femtosecond pulses, even with this phenomeno-
logical model, the details of the interactions underlying the laser-induced phenomena
cannot be completely explained [11, 12]. Especially, the interpretation for the spin-flip
processes and the path of the angular momentum is still lacking, while a number of
attempts have been performed beyond the phenomenological model in the 1) theory
of Stoner excitations, 2) (quasi)particle-mediated spin-flip mechanism including spin-
orbit scattering and magnon excitations [13], 3) the direct interaction between photons
and spins [9, 14], 4) the atomistic calculations, 5) microscopic three-temperature model
based on Elliott-Yafet spin-flip scattering, and 6) the nonlocal framework of superdiffu-
sive transport [15]. As we have seen in Sec. 1.1, the spin-orbit interaction and exchange
interactions dominate in the laser-induced magnetization dynamics. These interactions
are significantly altered at the interfaces of magnetic systems. Therefore, in the field
of this research, it is important to reveal the role of interface in the magnetization
dynamics, which calls new measurement schemes that can detect spin dynamics from

a surface or interface with higher sensitivity than conventional methods.

2.2 Conventional methods

Figure 2.2 shows a variety of experimental techniques which have been facilitated to
track transient magnetization behavior in earlier studies. Each technique is presented
with regards to the timescale and the energy. The dynamical magnetization phenomena
and pertinent optical transitions are also shown together. There are two regimes for
the optical transitions: one from the viewpoint of the valence bands for energies in a
few eV and the other from the viewpoint of the core states in the energies higher than
those of the extreme ultraviolet (EUV) range. Sub-picosecond pulses for the core-level
excitation, the free electron laser (FEL), the high harmonic generation (HHG) laser,
and the laser slicing source, are presented with respect to the energy regions in which

each source falls.

In the microwave ~ millimeter-wave region, magnetic resonance, for example, ferro-

magnetic resonance (FMR) [16], and antiferromagnetic resonance (AFMR) [17], have
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been utilized to study the frequency of spin precession and the spin collective exci-
tation modes, magnon. Brillouin light scattering (BLS) and Raman scattering tech-
niques, which are classified as inelastic light scattering, are utilized for investigating the
magnon as well. The spin precession and spin waves take place in a temporal domain of
hundreds of picoseconds. Terahertz time-domain spectroscopy (THz-TDS) is directly
able to measure the waveforms of ultrashort terahertz pulses [18]. Furthermore, in
time-resolved regime, The target system can be pumped by THz pulses without being
accompanied by heat dissipation. This means that heating effects can be excluded in
analysis of transient magnetization phenomena [19]. In the infrared ~ the ultravio-
let range, the magneto-optical technique have been used in either reflection (Kerr) or
transmission (Faraday) scheme. Visible MOKE measurements with element selectiv-
ity were reported on specific magnetic compounds that consisted of transition-metals
and rare-earths by using different wavelength for each target element [20]. Moreover,
magnetic systems without inversion symmetry, such as systems involving surface and
interface magnetism have been investigated by means of nonlinear magneto-optical
techniques, magnetization-induced second harmonic generation (MSHG) [21, 22]. Al-
though laboratory-based lasers can be employed for these techniques, they do not have
element specificity because they are related with the optical transitions that take place

between conduction and valence bands which do not localized to the particular element.

In the energy higher than the EUV range, element specific measurements are gener-
ally conducted by setting the photon energy to a particular inner-shell absorption edge.
Static property of magneto-optical effects in the EUV ~ soft X-ray range were inten-
sively studied over the last 20 years (see in Sec. 4.1.1). Measurement techniques, which
can detect the component of <M?> are also utilized such as the X-ray magnetic linear
dichroism (XMLD) [23] and Voigt effect [24]. Both the ferromagnetic and antiferro-
magnetic orders can be probed with these techniques. However, these methods, which
are related to <M?> produce much smaller signals than those related to <M> [24, 25].
Furthermore, it is not clear to differentiate the magnetic-originated contributions from
the nonmagnetic ones in XMLD measurements [26]. Especially in the soft X-ray range,
X-ray magnetic circular dichroism (XMCD) is the most commonly utilized method for
element-selectively probing ferro-/ferrimagnets. This technique employs circularly po-
larized light in this energy region. By combining with magneto-optical sum-rules, the
spin and the orbital magnetic moment can be extracted separately from the XMCD
measurements. Although the XMCD signals in the EUV region are much smaller than
those in the soft X-ray region, a HHG laser with a circular polarization has been utilized

for the demonstration of the M-edge XMCD in the EUV range for 3d transition
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metals [27-29]. The resonant inelastic X-ray scattering (RIXS) technique is newer than
the other magnetic probing techniques and is complementarily used with the inelas-
tic neutron scattering [30-33]. This method has been more intensively utilized as a
result of the increase of brilliance of third-generation synchrotron radiation (SR) and
the advent of the FEL. Moreover, in parallel with the enhancement of the energy res-
olution, RIXS technique has a merit that it can be utilized to investigate magnetic
collective excitations. Different from similar methods, RIXS can also be employed
to study momentum-resolved information. Small-angle X-ray scattering (SAXS) has
similarity to resonant X-ray scattering technique. SAXS can be employed to observe
magnetic structures on the nanometer scale [34, 35]. The topological spin textures of
the skyrmion has recently been investigated by using this method. Recent coherent
light sources, for example HHG lasers and FELs, made it possible to conduct Fourier
transform holography (FTH) in the EUV ~ soft X-ray ranges [36, 37]. In the conven-
tional magnetic imaging scheme, magnetic transmission X-ray microscopy using zone
plates has been utilized. This FTH technique, which is one of the holography measure-
ments, does not need lens such as zone plate. While SAXS technique gives the average
correlation length, the FTH technique can unveil the real-space magnetic distribution
in the element-selective way. The resonant soft X-ray diffraction (RSXD) technique has
been employed to study the spin, orbital, charge order and structural information of
target elements, especially in strongly correlated systems like transition metal oxides.
The magnetic structures of helimagnets and antiferromagnets can be determined by
this technique. Resonant X-ray diffraction is also employed in the hard X-ray region
for capturing the orbital and charges orders. It is of note that the cross section of mag-
netic scattering is much smaller in the hard X-ray region than that in the soft X-ray
region [31, 38]. In addition, because the 3d states are in the soft X-ray region, resonant
magnetic scattering is primarily employed in the soft X-ray region. One must keep
in mind for RSXD measurements: (1) the attenuation length in the soft X-ray range
is smaller (~ 100 - 200 nm) than that in the hard X-ray range and that for neutron
scattering; (2) because the soft X-ray wavelength is longer than that for the hard X-ray,
the target ordering system is limited, with a typically periodic length of > 10 A.

When it comes to transient phenomena of magnetization on a sub-picosecond timescale,
the experimental methods presented above have been combined with the light sources
above the EUV range such as HHG laser, laser slicing light sources and FELs. Recently,
Transverse RMOKE (T-RMOKE) has been employed to investigate in-plane magne-
tization dynamics using an HHG laser in the sub-picoseconds timescale [15, 39, 40].

Regarding the combination with the FEL, only recently, time-resolved T-RMOKE
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measurement has been demonstrated at FERMIQELETTRA [41]. When a grating
is utilized after the reflection from a sample, the transient RMOKE spectrum in the
transverse geometry can be measured with an HHG laser that can emit the energy
near the M-edge, which is the transition from 3p to 3d, of the 3d transition metals.
In the soft X-ray range, time-resolved XMCD (TR-XMCD) measurements have been
combined with a laser slicing light source which covers the L-edge range, which is the
transition from 2p to 3d, for 3d transition metals [42, 43]. Recently, by using an HHG
laser [44] and an FEL [45], M-edge TR-XMCD measurements have been demonstrated
on 3d transition metals. These time-resolved reflectivity measurements with the use
of linear (T-RMOKE) and circular polarization (XMCD) have had a crucial role in
tracking transient in-plane magnetization in the earlier studies. A time-resolved RIXS
(TR-RIXS) method using an FEL has also been performed in sub-picoseconds timescale
[46]. This makes it possible to track the transient magnetic correlation with momen-
tum resolution in the nanometer scale, which gives information on magnetic meltings
in a variety of length scales. By using HHG lasers or FELs, a time-resolved SAXS
(TR-SAXS) technique has been utilized to investigate the transient magnetization in
the nanometer scale when demagnetization or magnetization reversal phenomena take
place [47-49]. By using SR sources [50, 51] and an FEL [52], time-resolved FTH (TR-
FTH) has been demonstrated. Because FELs have much higher brilliance and shorter
pulse durations than those of SR sources, holographic measurements can be acquired
in much shorter times when the FEL is utilized. By using a laser slicing source [53] and
FELs [54, 55], time-resolved RSXD (TR-RSXD) for tracking transient magnetic orders

with ¢ # 0 (where ¢ is the wave number) has been employed .

In Fig. 2.2, we focused only on measurement schemes with photon-in and photon-out
setups. In these scheme, the existence of an external field does not affect the measure-
ment system, which is the first requirement, measurement under an external field.
This regime is important for measuring magnetic systems under operando conditions,
for example application of magnetic or electric fields for both metals and insulators. It
is of note that although time-resolved scanning tunneling microscopy and spin-polarized
photoemission are not photon-out methods, these methods are considered to be impor-

tant experimental options because they directly detect spin information.
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2.3 Necessity of resonant magneto-optical techniques

In this section, we reveal why the development of the resonant magneto-optical tech-

niques are required for satisfying the conditions as stated in the Sec. 1.1.

As we have already seen in the previous section, for the first requirement, mea-
surement under an external field, photon-in & photon-out technique should be
considered. In the energy range below ~ UV, averaged information of target samples
are detected. However element specificity is added in methods that are related with
a core-level excitation of a target sample. Therefore, for the second requirement, ele-
ment selectivity, we focus on the techniques in the energy from EUV to soft X-ray
range within the photon-in & photon-out regimes. According to the preceding element-
selective methods described in the previous section, the following notable techniques
are considered to be the candidates for meeting the requirements: time-resolved (TR)
RIXS, TR-FTH, TR-SAXS, TR-RSXD, TR-RMOKE in a transverse configuration, and
TR-XMCD.

Only recently, TR-RIXS has been utilized and combined with TR-RSXD. This
method focuses on tracking the low-energy magnetic excitation mode. Therefore, this
technique gives insight into the relation between magnetization reversal or demagneti-
zation, and the magnetic correlated modes. However, along with TR-RIXS, the light-
induced transient magnetization behavior in a macroscopic scale should be measured
utilizing other techniques, such as TR-XMCD, TR-RMOKE for ferro-/ferrimagnetic or-
ders and TR-RSXD for antiferromagnetic orders, which are classified as elastic scatter-
ing. TR-SAXS and TR-FTH are effective tools for determining the transient magnetic
structures in the nanometer scale. However, these techniques, TR-FTH and TR-SAXS,
are primarily utilized in the transmission configuration. When it comes to the mea-
surements in the transmission geometry, a target sample should be thin enough to
acquire a sizable transmission, especially in the soft X-ray range. TR-RSXD is em-
ployed for tracking the transient magnetic order with a certain periodic length, which
is as large as the wavelength in the soft X-ray range, of materials with q # 0, for
example antiferromagnets. If one is interested in the magnetization dynamics of ferro-
/ferrimagnets, TR-RMOKE in the transverse geometry and TR-XMCD are preferred.
In the TR-RMOKE in the transverse configuration, in-plane magnetization which is
perpendicular to the incident plane can be detected (see the details of the explanation
in Fig. 2.4). TR-XMCD is commonly employed with the energy near the L-edge re-
gion. Mostly, the L-edge TR-XMCD measurements in the sub-picoseconds timescale

for the typical 3d transition metals are performed by using a laser slicing source in the
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circular polarization mode. However, these measurements need to be done with much
smaller photon flux, typically 10%/pulse for 0.1 % bandwidth [56], than those of SR
and FEL sources [57]. Transient MCD signals are typically detected using a reflection
geometry [58]. In the energy range of 100 ~ a few keV, where there are the L-edges of
3d transition metal, the light is strongly absorbed by the materials, so that the degree
of freedom for the experimental setup is limited in the reflection geometry. To measure
the out-of-plane magnetization, it is important to make the angle of incidence as close
to the direction perpendicular to the sample surface as possible. However, the reflec-
tivity (R) dramatically drops off with decreasing incidence angle, 6 (with regard to the
sample normal), and R ~ 10719 — 107! at § = 45° [59]. Therefore, for the reflection
measurement in the energy region near L-edge for 3d transition metal, grazing incidence
is necessary for raising the reflectivity, which results in the decrease of the magnetic
contrast in the out-of-plane component of magnetization. Transient out-of-plane mag-
netization component can also be measured by utilizing the L-edge TR-XMCD in the
transmission [42] and total fluorescence yield (TFY) modes [60]. However, the sample
thickness should be thin enough to acquire high transmission in the former geometry.
In the latter scheme,the detection scheme should be carefully constructed to collect
a lower photon flux than that in the reflection/transmission scheme and to keep the

pump light from entering the detectors.

In order to meet the third and fourth requirements, the ability to trace out-
of-plane magnetization dynamics with sub-picoseconds resolution, we pay
attention to the M-edge region for 3d transition metals, which is in the EUV range. In
the energy range of 50 ~ 70 eV, where there are the M edges of 3d-transition metal,
materials absorb the light less than that in the L-edge region. Thus, at all incident
angles, relatively sizable reflectivity can be acquired when compared with reflectivity
measurement in the L-edge region. Out-of-plane magnetization can be detected by
a MOKE measurement in the polar configuration, which the MOKE signals becomes
maximum at normal incidence. However, even under this normal incidence condition,
there is a larger signal-to-noise ratio in the M-edge than in the L-edge region. These
facts mean that for detecting out-of-plane component of magnetization dynamics in
the sub-picoseconds timescale, the freedom of the experimental configuration in the

M-edge region is larger than in the L-edge region.

Although most of the preceding TR-XMCD was conducted in the L-edge range as
described above, we here consider the applicability of the TR-XMCD in the M-edge
range. The magnitude of the M-edge XMCD is much smaller than that in the L-
edge region. Additionally, while the L-edge XMCD can extract the orbital and spin
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magnetic moment by using the magneto-optical sum rule (see Sec. 2.5.1), this cannot be
applied for the M-edge XMCD. Because the spin-orbit splitting is smaller in the M-edge
region than that in the L-edge region, which makes it ambiguous to define the range
of multiplet peaks. Furthermore, because it is difficult to incorporate the Coulomb
interaction, the sum rule cannot be fully applied for the XMCD in the M-edge range.
That is why the spin/orbital magnetic moments differ between those obtained from the
M-edge and L-edge XMCD measurements [61].

Because of the deficiency regarding the detection of out-of-plane magnetization dy-
namics in the conventional element-selective techniques within photon-in & photon-out
regimes, (TR)-RMOKE technique with polarization analysis in the M-edge range is
needed for detecting the out-of-plane magnetization, which is the third and fourth re-
quirements (the ability to trace out-of-plane magnetization dynamics with
sub-picoseconds resolution). In addition, combining with FEL, the fifth require-
ment, sensitivity to subnanometer-scale system, is also met due to the high
brilliance of the FEL. In the previous techniques, MOKE measurements with polariza-
tion analysis have been conducted in the optical regions. In this thesis, we extend the
MOKE with polarization analysis into the EUV & soft X-ray range, we call RMOKE,
and apply it to the time-resolved measurements in a sub-picosecond timescale with a
free electron laser. This new technique developed in this thesis has the following prop-
erties in addition to the five features described in Sec. 1.1: (1) M-edge measurement
feasibility, (2) use of linearly polarized pulses, (3) measurements of both rotation and

ellipticity, and (4) extension to the nonlinear regime.
(1) M-edge measurement feasibility

In the preceding theoretical study regarding RMOKE with polarization analysis, it is
expected that the RMOKE in the M-edge range gives the same order as that in the
L-edge range [62, 63]. Furthermore, taking advantages of large degree of freedom for
the experimental setup in the M-edge range, depth resolved RMOKE measurements is
expected to be possible by varying the incident angle.

(2) Use of linearly polarized pulses

In TR-RMOKE measurements, linear polarization is utilized. Ellipsometry reveals the
polarization state for the RMOKE measurements in the polar (P-RMOKE) and the lon-
gitudinal (L-RMOKE) configurations. On the other hand, TR-XMCD measurements
utilize circular polarization. Circularly polarization can be employed at the Linac Co-
herent Light Source (LCLS) and FERMIQElettra facilities [64-66] among the currently
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operating FEL facilities in the EUV ~ soft X-ray region. However, to reveal the tran-
sient magnetization behavior, it is required to determine the accurate degree of circular
polarization in advance, which is the energy dependent. In this sense, a measurement
technique with linear polarization are suitable for analyzing the magnetic response ex-
tracted from the magneto-optical dynamics. Recently, circular polarization of HHG
lasers in the EUV range has been generated by the use of a variety of techniques, such
as use of two circularly or linearly polarized light at slightly different wavelengths and
of a phase-shifter [29, 67]. However, HHG lasers give smaller intensities than that of
FELs, so that an FEL source is favored in some cases when one is interested in investi-
gating the dynamics of weak magnetic signals such as an ultrathin magnetic layer and

a diluted magnetic systems.
(3) Measurement of both rotation and ellipticity

While XMCD only detects the ellipticity, in principle, MOKE measurements can mea-
sure both ellipticity and rotation. The rotation and the ellipticity are related to the
nondiagonal component of the permittivity tensor [68]. In previous studies, the per-
mittivity in the energy ranging from EUV to soft X-ray was determined indirectly with
a certain magnitude of errors. However, RMOKE measurements in the energy range
makes it possible to directly determine the nondiagonal component of permittivity

tensor that gives magnetic information.

Measuring both the rotation and the ellipticity gives another merit. In the time-
resolved measurement, through the combination of the rotation and the ellipticity sig-
nals, intrinsic magnetic signals can be extracted from the time-dependent magneto-

optical signals. This is described in details in Sec. 5.1.2.
(4) Extension to the nonlinear regime

RMOKE measurements using an FEL gives another possibility for the detection of
nonlinear signals, which is quite important in investigating the system without inversion
symmetry element selectively. This gives the opportunity to conduct surface/interface-
selective measurements, which is important for studying of spintronic materials such as
spin-valve, magnetoresistive and magnetic topological insulator systems. In the visible
region, MSHG is conventionally utilized, as shown in Fig. 2.2. It was reported that the
rotation angle of polarization axis of second harmonics shows much larger than that of

fundamental wave [69]. This possibility is explored in Chapter 6.

In the following section, firstly, in Sec. 2.4 we give an explanation for MOKE in

terms of its phenomenological model, physical pictures, preceding studies in the visible
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range, and the comparison between visible and soft x-ray regime. The extension into
the nonlinear regime is also addressed. Furthermore preceding studies on MOKE for
3d transition metals, Fe, Co, and Ni are overviewed. In Sec. 2.5, we introduce XMCD
technique and how magnetic moments can be extracted using the magneto-optical sum

rules.

2.4 Magneto-optical Kerr effect

Before introducing the MOKE in details, we define the word ”visible” here. Strictly
speaking, the visible region is approximately 380-780 nm of the wavelength, the range
which can be detected by the human eye. However, in this thesis, we will use ”visible” to
refer to all energies below 10 eV (124 nm) for distinguishing this energy range related to
nonresonant experiment with EUV ~ soft X-ray range, which is involved with resonant

measurements.

First, we focus on the magneto-optical (MO) effect, which refers to the interaction
between light and magnetized materials. This effect has been used to study static bulk
[68] and surface [70] magnetism, spin dynamics [11] and spin transport using MO
microscopy with lateral resolution. Most MOKE experiments have been conducted

utilizing linearly polarized laser light typically in the visible region.

Figure 2.3 shows a schematic of the magneto-optical (MO) effect, which is called
the Kerr effect when considering reflection measurements or the Faraday effect when
considering transmission measurements. The Kerr and Faraday effects show basically
the same phenomena. The MO effect can be characterized by rotation and ellipticity, as
explained in Fig. 2.3. Linearly polarization can be decomposed into two orthogonal (left
and right) circular polarization components (Fig. Fig. 2.3 top), which have the same
amplitude and phase velocity. When linearly polarized light interacts with a magnetized
material, the polarization state changes in two ways. The first is a change in rotation
of the polarization axis (Fig. 2.3 middle left), and the second is a change from linear
to elliptical polarized light (Fig. 2.3 middle right). The phase variation between the
right- and left-circularly polarized light causes the rotation, and the variation between
amplitudes causes the ellipticity. These two effects appear in the reflected (transmitted)
light for the Kerr (Faraday) effect shown at the bottom of the figure. In this thesis
we focus on the Kerr effect, represented by the Kerr rotation angle, 0. Ellipticity is
defined by nx=arctan(b/a), where a and b are the minor and major axes of the ellipse,

respectively. We do not consider g in this thesis.
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FIGURE 2.3: Schematic of the magneto-optical effect. The magneto-optical
effect is characterized by rotation and ellipticity. L and R denote the left and
right components of circular polarization.
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Name (a) Polar (b) Longitudinal (c) Transverse
Geometry
Detection Out-of-plane in-plane in-plane
Polarization Rotation ) None o
Variation Ellipticity =

Polarization Intensity
Measurement Analysis measurement

FIGURE 2.4: Schematic diagram of MOKE measurement configuration assum-
ing that incident light has p-polarization. The dashed line in the ” Geometry”
row represents the incident plane. In the ”Polarization Variation” row, the
polarization-state changes that are projected in the plane that lies normal to
the light direction are given for both incident (left) and reflected light (right).
This figure has been taken from [8] (Publication list No. 6)

Figure 2.4 shows the measurement geometry. There are two main techniques used to
measure MOKE. One analyzes polarization: the polarization of reflected light rotates
and changes its ellipticity, as shown in Fig. 2.4(a), (b). The other measures intensity
and the reflected-light polarization states do not vary from that of the incident light,
as shown in Fig.2.4(c) (transverse MOKE, T-MOKE). The former group is further
divided into two geometries. When magnetization, M , is perpendicular to the sample
surface, it is called polar MOKE, P-MOKE as shown in Fig. 2.4(a). If M lies both in
the sample surface and the incident plane that is made by incident and reflected light
axis, it is called longitudinal MOKE, L-MOKE, as shown in Fig. 2.4(b)). Historically,
(a) and (b) were recognized as separate geometries, but the MOKE signal involving
polarization analysis for (a) and (b) originates from k- M, where k represents the wave
vector of the incoming light. Therefore, between the two configurations there is no
intrinsic difference. External magnetic field is applied to make magnetization direct to
the specific direction described above in each MOKE geometry as shown in Fig. 2.4.
If the external field is applied in the arbitrary direction, magneto-optical effects comes
from the combination of the three configurations. The earlier studies formulated the
analytical and phenomenological expressions in such cases [71, 72]. Fresnel coefficients
define 0 and ng, which are dependent on an incident light frequency (w) as shown in
Sec. 2.4.3. The RMOKE is defined when measurements are performed under w & wyes,

where wyes represents an inner-shell absorption edge of target magnetic element.
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2.4.1 Phenomenological description

Here, we show the expression for polar MOKE that is used in this thesis. The deriva-
tion of the expression follows from [68]. We assume that the incident light impinges on
a magnetic medium with the incident angle ¢; (0°<¢$;<90°). The Kerr rotation (6f)
and ellipticity (nx) for s-polarized (p-polarized) incident light can be expressed as O
and 1, (Oxp and ngp). These are given by using Fresnel coefficients: 74, 7pp, 75p and

Tps- Tij is defined as follows:

i = (2.1)

where E; and Eg are the electric field of reflected and incident light, respectively, and
the superscript expresses the s or p component. The tilde means that the quantity is

complex. These Fresnel coefficients are expressed by:

~_ noCosg; — Ncosoy
TSS - J— (2‘2)
NnCOSP; + NCosP;

TCOSP; — NYCOSPy

e E— 2.3
"vp ncoso; + npcosg; (2.3)

= ing(ny — n_)cose; (2.4)
bs (Rcosdr + npcose; ) (cosp; + nycosdy)cosoy ’

P = Tps (2.5)

where 70 (ng) is the refractive index of the (non-)magnetic medium (7 ~ (ny 4+ n_)).
&1 (@) is the refraction (incident) angle. The subscript + (-) indicates the the helicity
of the circular polarization. The Kerr rotation and the ellipticity are expressed using

the Fresnel coefficients:

. 7 —ingnQ ,  cosg;

0 e 2.6
Ks + MKs Tas ﬁQ _ n% (COS(¢i - ¢t)) ( )
Orcy + iniey = L~ —OTQ (_COS0i_ @7)

P P Ry W2 —nd cos(¢i + o)

where Ok, (nkp) and ks (nks) are Kerr rotation angle (Kerr ellipticity) for p- and

s-polarized incident light, respectively. @ is the Voigt parameter defined by Q = % ~
oosg - The refractive index can be converted into dielectric tensors, (¢), through the

relation extracted from Fresnel equation [68]. The rigorous expression of the € is given
in Sec. 2.4.2.
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2.4.2 Physical picture

Classical picture of MOKE

From the classical point of view, the magneto-optical phenomena can be understood

by regarding the electrons in the material as the damped oscillator. In this regime, a
periodic field (E ) of the electromagnetic light makes electrons in the material oscillation,

—

which is simultaneously affected by a magnetic field (B) in the form of the Lorenz term.
This is described by

&=

Pty wii = L(E + 7 x B) (2.8)
m

where 7 is the displacement of the electrons, m (q) is the electron mass (charge), and

~v is the collision probability given by 1/7 (7 is the relaxation time of the scattering).

wp is the resonance frequency of the undamped oscillator.

In this regime, the polarization of electrons is induced in the direction of the electric
field of incident light under a magnetic field in a certain direction. In the polar or
longitudinal geometry, the magnetic field induces the perpendicular component in the
electron motion with respect to the polarization direction of the incident light. This
gives the dipole radiation in the reflected light, which results in the deviation of the
light polarization from the initial linear polarization. In the transverse geometry, the
field only changes the amplitude of the electron oscillation, which gives the reduction
of the reflected intensity and does not contain the rotation of the principal axis of the

polarization, and the change from a linear to an elliptical polarization.

If we assume that the magnetic field has only z component éz(0,0,B) (polar geom-

etry), then non-zero dielectric tensors are given as follows:

. (w)_l_an w2+iw7—w§
S mey  (w? + iwy — wd)? — wiw?
2 .
nq iww
€xy(W) = Cz (2.9)

mey  (w? + iwy — wg)? — ww?
2

ngq 1

€2(w) =1—

mey w? + iwy — wp
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where w is the frequency of the incident light, n is the electron density, and w, is the
cyclotron frequency given by |¢B/m|. This tells that the linear dependence of the
dielectric tensor on magnetization is in the off-diagonal component. It is of note that
if the w is close to the wg, the magneto-optical response is enhanced, which is expected

in the resonant MOKE scheme.

This classical picture can explain the magneto-optical response in the system where
free electrons dominate the interaction with the light such as nonmagnetic semiconduc-
tors. However the magneto-optical response of ferromagnets which show spontaneous
magnetization cannot be well described with this regime. This required the formaliza-

tion based on a quantum theory.

Quantum picture of MOKE

The dielectric tensor based on the quantum mechanics can be derived from the Kubo
formula in the framework of the linear-response theory. This gives dynamical response
of dielectricity. We focus on the microscopic nature of MOKE in a quantum mechanical
regime, so only results of the dielectric tensor derived from this theory are given here
(the details of the derivation can be found in Ref. [73, 74].)

N¢? (fz)mn
—1— -

sz(w) 2m€0 Zn:(pn pm)w%m — (w ¥+ Z-,y)g ( )
2.10

ay () = 10 S )

X - n m .

v 2mey w2, — (w+iv)?
where N is the electron-dipole density, Wy, = wWm — wh, (fx)mn:m% S < mlxln > |,
— + 2 . .

pn:%, and Afpn=rft — fron- %n(:m‘”m"K”};‘x ">F) is the oscillator

strength for right and left-circularly polarized light. gz® correspond to electric-dipole
operators for right- and left-circularly polarized light. The direction of the electric field
is assumed to be in the y direction. These formula show that the dielectric tensor is

expressed by a superposition of the dispersion formula based on optical transitions.

The dielectric tensor defines the degree of material polarization due to a perturbation
by electric fields of electromagnetic light. Electronic wave function for the perturbed
system can be expanded by the Fourier series of eigen functions of the unperturbed

system. Therefore, the Eq.2.10 tells that through the perturbation of the electric fields
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of incoming light, the excitated state of the unperturbed system is partly incorporated
into the ground state for the perturbed system, which causes the polarization through
the modification of spatial distribution of electrons. The excited states are mixed into

the ground state depending on the oscillator strength, f, and the energy denominator,
1/(w — wmn)-

The off-diagonal component of the dielectric tensor is non-zero, which gives the

magneto-optical response, when the followings are met: i) In a transition from 1,

+
mn

to 1y, state, the oscillator strength for right- (f,f,,) and left-circularly (f,,,,) polarized
light are different. The difference of the central frequencies of the transitions induced
by right- and left-circularly polarized light is one of the contributions for causing the

finite value of A f,,. ii) Distribution function p is different depend on each state n.

The effect of magnetic fields does not clearly appear in Eq. 2.10 like w. in Eq. 2.9. We
see the influence of the magnetic field by using Fig. 2.5 [75]. Matrix elements of electric
dipole transitions become nonzero when an initial and a final state have the same wave
vector, which means the only direct transitions are related to magneto-optical effects.
Furthermore, for the electric dipole transition, the selection rules are imposed for the

orbital and magnetic quantum number as follows:

Al = +1
(2.11)
Am =0,+1

The transition of Am; = +1 (-1) is caused by right(left)-circularly polarized light.
Fig. 2.5 shows the transitions from d,. and d, . states to a p. state by right- and left-
circularly polarized light. The d,., d,. and p, states correspond to |l,m; >=[2,+1 >,
|2, —1 > and |1,0 >, respectively. If there is a spontaneous magnetization or external
magnetic fields, spin-up and spin-down states, shown by 1 and | respectively in Fig.
2.5, are lifted with the difference of exchange splittings (Agx). Furthermore, orbital
degeneracy is lifted by spin-orbit splitting (Ago). For d,, and d,., they become d(z1iy)z
(Jt,my >=12,1>) and d;

and left-circularly polarized light is shown with red and blue line, respectively. Fig.

o—iy)z (|l,my >=12,—-1>). The transition induced by right-
2.5(a) shows the magneto-optical response with the finite Agx and Agp, and (b)
((c)) corresponds to the response with Ago (Apx) and without Agx (Aso). The
absorption spectrum is shown in the right panel for the transition caused by opposite

photon helicities. Only in the case with a finite Agpx and Ago, the left- and right-
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F1GURE 2.5: The role of selection rule of dipole transition, exchange interac-
tion and spin-orbit interaction in magneto-optical effects. The transition from
dy. and dy. to p, state is shown. In the right part, absorption spectrum is
shown for the transition caused by left- (blue) and right-circularly (red) polar-
ized light.
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circularly polarized light is absorbed differently, which causes nonzero value of non-
diagonal component of dielectric tensor. This gives the magneto-optical response, the
rotation of the principal axis of the polarization and the change of polarization state
from the linear to the elliptical polarization. Furthermore, this schematic diagram also
tells that depending on the difference of absorption between right- and left-circularly
polarized light at each energy position, the magneto-optical signals can be positive or

negative. This behavior is observed in magnetic metals as shown in the next section.

2.4.3 Preceding studies of visible MOKE

In this section, we review the studies of 3d transition metals that use MOKE in the
visible region. In 3d transition metals, the MO effect in metals mainly originates from
the difference in interband transitions between right- and left-handed polarized light.
The MO measurements of these elements contributed to theoretical development by
providing information on the bandwidth and the influence of the spin-orbit effect. MO
spectroscopy played a crucial role in testing whether local spin-density approximation
(LSDA) band theory could be applied to Fe, Co and Ni.

The magnetism of the 3d transition metals Fe, Co, and Ni, has been widely investi-
gated for more than half a century. 3d electrons have an itinerant character whereas 3d
orbitals are relatively localized. Along with the development of a theoretical approach
to describe the bands for these elements, it was found that a band theory, based on
itinerant character and using either the LSDA or the generalized gradient approxima-
tion (GGA), agreed very well with experimental data such including the spin magnetic
moment, exchange splittings, Fermi suface cross-sections, Curie temperatures, spin-

wave-stiffness constant, and spin-wave dispersion.

First, we review the visible MOKE spectra of Fe. Bulk crystalline Fe is known to
have either bee (a-Fe) or fece (v-Fe) structure. Because «-Fe is not stable at low tem-
perature, the optical and MO spectra were only investigated in
alpha-Fe. Therefore, here we only focus on a-Fe. For bee Fe, the hard magnetization
axis lies in the <111> direction and the easy axis in the <100> direction. The Kerr
angle (0 ) and ellipticity (nx) spectra measured at room temperature, reported inde-
pendently, are shown together with calculated results [78] in Figure 2.6. The minimum
value near 1 €V in 0 and near 2 eV in nx can be well reproduced by incorporating

the contributions from intraband Drude conductivity. When only interband transition
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FIGURE 2.6: Experimental (solid lines: red from Ref. [76], blue from Ref.
[77]) and calculated (in part from [78]) spectra for visible P-MOKE in Fe. All
curves are traced from Ref. [68]. These calculations assumed only interband
transition with two lifetime parameters, hd = 0.03 Ry (orange dashed line) and
0.05 Ry (purple dashed line). Green dashed line is calculated by accounting
for the intraband Drude term, which is crucial in the MO response below 1 eV.

is considered, the calculation gives larger Ay than that taken into account the influ-
ence of the intraband transition. The intraband conductivity is approximated by the
phenomenological Drude expression [78]. The agreements between experiments and
calculations, both in the overall features and magnitude, show that LSDA band theory
correctly describes the occupied and unoccupied energy bands and exchange splittings.
The maximum magnitude of the Kerr rotation angle, 0.6 degree, was observed around
1 eV for polar MOKE (P-MOKE) in Fe. To reproduce the zero-crossing below 0.5 eV
observed in experiments, a large Drude relaxation time should be incorporated. Ex-
tending the energy region up to 10 eV and testing theoretical schemes, it was found
that the full-potential linearized augmented plane wave method agrees more with ex-

perimental data than does the augmented plane wave spherical-potential calculation.

Second we assess the visible MOKE of Co. Co crystalizes in an hcp or fee struc-

ture depending on temperature. For hep (fec) Co, the hard magnetization axis lies in
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FIGURE 2.7: Experimental (solid lines, Ref. [79]) and calculated (dashed lines,
[80]) spectra for visible P-MOKE for (left) hcp Co and (right) fcc Co at room
temperature. All curves are traced from Ref. [68].. MO spectra are shown for
two crystals with different crystal axes: (left) Co(0001) (green) and Co(1120)
(orange), (right) Co(001) (green) and Co(110) (orange). (left) Calculations
assumed only interband transition with a lifetime parameter, id = 0.03 Ry
for Co(0001) (red) and Co(1120) (blue). (Right) Two calculated curves for
Co(001) and one curve for Co(110) are shown for both 6x and nx spectra.
One of the former curves is calculated for 3.9 % larger lattice constant system
assuming interband-only Kerr effect (red) and the other of the former curves
is calculated including the effect of the intraband Drude term (blue). The
latter curve (purple) is calculated with the same conditions as above but for
the Co(110) system.

the <1000> (<100>) direction and the easy axis in the <0001> (<111>) direction.
Because of technological advances in fabricating magnetic thin films, fcc Co has been
fabricated at low temperature [81, 82]. Figure 2.7 shows the Kerr angle (6x) and ellip-
ticity (nx) spectra obtained from experiments at room temperature for hcp Co(0001),
Co(1120), fce Co(001) and Co(110) are displayed together with calculations in Fig. 2.7
[68, 79]. The calculated lines reproduce the overall shapes from experimental data, but
the calculated peak positions and magnitudes do not agree well with experimental data.
These discrepancies appear to originate from the LSDA band theory, which predicts a
larger d-bandwidth than the experimental results. The hep Co has an uniaxial struc-
ture, so the Kerr spectrum depends on the magnetization orientation (Kerr anisotropy),
which is also expected in the orbital moment and anisotropy energy. The MO spectrum

depends on growth orientation in hcp Co, as shown in Fig. 2.7, but not in fcc Co. For
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FIGURE 2.8: Experimental (solid lines: orange from Ref. [83], red from Ref.
[84], and green from Ref. [85]) and calculated spectra for visible P-MOKE in
Ni. All curves are traced from Ref. [68]. The calculations (dashed curves)
assumed only an interband transition with two lifetime parameters: 0.03 Ry
(blue) and 0.04 Ry (pink). The brown dashed line is calculated for a 5.9 %
larger lattice constant, which shows smaller bandwidth.

fce Co, the curve for Co(001) and Co(110) cannot be distinguished because they over-
lap. The Kerr anisotropy of hcp Co shows a maximum near 2-3 eV and this feature
is reproduced in the calculated results, especially for 0. At energies below ~ 1.5 eV,
the ng spectra show a difference between Co(0001) and Co(1120), but this deviation
came from the difference in the Drude contribution to the MO spectra because different
crystals were measured. Therefore true Kerr anisotropy should appear at the energies
above ~ 1.5 eV, where the Drude contribution does not affect the MO spectra. The
Kerr anisotropy has been shown to originates from the anisotropy of both the diagonal
and off-diagonal components of the conductivity tensor [80]. The maximum magnitude
of the Kerr rotation angle, 0.5 degree (hcp Co) and 0.55 degree (fcc Co), appeared
near 1.5 eV, observed using P-MOKE at room temperature. The larger Kerr rotation
in fcc Co than in hep Co originates from the difference in the diagonal conductivity

tensor. This difference does not originate from the magnetization difference due to its
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structural difference. Calculations have shown that fcc and hep Co have fairly similar

total moments.

Finally, we assess the visible MOKE of Ni. For fce Ni, the hard magnetization axis
lies in <100> direction and the easy axis in the <111> direction. The Kerr angle
(0x ) and ellipticity (nx) spectra measured at room temperature [83, 84] and 84 K [85],
reported independently, are shown together with the calculation in Figure 2.8. The
maximum magnitude of the Kerr rotation angle, 0.15 degree, appears near 1.5 and 3
eV using P-MOKE for Ni at room temperature. Notably, the Ni band structure depends
on temperature, so the exchange splitting decreases with increasing temperature. This
behavior means the MO spectra depends on temperature. Figure 2.8 suggests that
the minimum peak near 3 eV changes with temperature. The LSDA band theory
predicts a broader d band width and larger exchange splittings than the experimental
values. Because of the lack of strong correlations in the LSDA method, the band theory
predicts bands that are too broad and gives a discrepancy between experiments and
calculations, which predict a broader Kerr rotation spectrum. If we consider a 5.9
% larger lattice constant system, it gives a narrower bandwidth and reproduces the
MO spectra well. There are no physical grounds for using the system with a larger
lattice constant, but the calculated result suggests that the bandwidth also introduces
a significant difference in the calculated results. We believe that the LSDA describes
the Ni MO spectra moderately well because it expects an overly broad d-band and it

reproduces the lower-temperature results better than the room-temperature results.

We reviewed the MO spectra of 3d transition metals obtained from both experiments
and calculations. The maximum of Kerr rotation angle in the ”visible” region appears

to be less than 1 degree for Fe, Co and Ni.

2.4.4 Visible and soft X-ray regime

In Sec. 2.3, we overview the characteristics of magneto-optical effect in the soft X-ray
regime. In this section, we make it clear what is different between visible and soft X-ray

regime.

Firstly, element selective measurements can be performed only in the soft X-ray
range. This is already explained in Sec. 2.2 and 2.3. Here we further clarify the
importance of the element selectivity in investigating magnetic materials. The M- (3p)

and L-edges (2p) of 3d transition metals and M-edges (3d) of rare earths fall in the
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FIGURE 2.9: Transitions induced by light in the (a) visible and (b) soft X-ray
range. In the visible regime, transitions occur between valence and conduction
bands. On the other hand, in the soft X-ray regime, transitions is from core
states to unoccupied coduction band states. In (b), the core and the conduction

band is 3p edge and 3d band [86].

soft X-ray range. Through these edges, direct access to 3d and 4f states is possible for

transition metals and rare earths, respectively.

Secondly, in the visible regime, reflection spectrum originate from direct interband
transitions for electrons with a limited wave number. In contrast, soft X-ray magneto-
optical spectrum provides k-integrated properties over valence shells. This makes it
possible to relate X-ray absorption spectrum to the number of holes in unoccupied

bands, spin and orbital magnetic moment as shown in Sec. 2.5.1.

Thirdly, in both visible and soft X-ray regime, the magneto-optical response is en-
hanced in the resonant condition, where photon energy is tuned to the target transition.
However, in the soft X-ray regime, a transition occurs from a core state which has much
sharper width when compared with the valence band as shown in Fig. 2.9. In the vis-
ible regime, the bandwidth of density of states related to the transition is much larger
than spin-orbit splitting, which cause a certain amount of cancellation of the absorption
between right- and left-circularly polarized light. In addition, the initial state in the
case of soft X-ray (core states) has larger spin-orbit splitting than that in the visible

regime (valence bands). These facts result in much larger magneto-optical response
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due to the larger difference of helicity-dependent absorption in the soft X-ray than in
the visible regime [87, 88].

2.4.5 Extension into a nonlinear regime

So far, MOKE has been explained in the linear regime, where the energy of the
reflected light is same as that of the incident light. In this section, the advantage of
the nonlinear regime is explained with an emphasis on magneto-optical effects in the

soft x-ray region.

The light-matter interaction is mediated by dielectric polarization. It is usually
proportional to the electric field of light. However, the nonlinearity of the polarization
appears with increasing the power of light. This can be observed by using coherent light
sources, which is lasers. Among a variety of nonlinear optical effects, SHG has been
mostly used because it can detect information of spatial and time inversion symmetry.
In the multiple expansion of the nonlinear polarization, the second-order polarization
term, P, can be expanded by taking into account the magnetic-dipole (MD) and

electric-quadrupole (EQ) response in the first order as follows [89]:

(2) B2 . Le)
L R Ny (CRCAA A

ot Ot ot (2.12)

where ]3](32), M 2, and 6(2) are the induced electric-dipole (ED) polarization, magne-
tization and EQ polarization. It is of note that the ED polarization itself also includes
MD and EQ terms [90]. The ED contribution is larger by a factor of A/a than the MD
and EQ terms [91], where A (a) is the wavelength of light (lattice parameter). In the
ED approximation, where high-order contributions such as MD and EQ components
are neglected, SHG is generated only from a noncentrosymmetric system. The SHG in

the ED approximation can be expressed by

PP (2w) = eoSjux' ) Er(w) Ei(w) (2.13)

E;(t) is the electric-field component of incident light, and x( is a third-order sus-
ceptibility tensor. The second-order susceptibility can be expressed depending on the

response to the parity operation of time inversion as follows [92]:
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@ = 4@ @ (2.14)

where x (x(9) is a time-invariant (noninvariant) tensor and gives crystallographic
(magnetic) contribution to SHG signals. For materials with ferroelectricity or (and)

long-range magnetic order, the x( and x(©) are expressed by

X = x(0)+a: Ps+O(P2) (2.15)
X9 = B:Fy+v:PsFy+O(P2 F}) (2.16)

where Pg expresses the pyroelectric polarization and this is a polar vector [91]. Fs
describes magnetic ordering (an axial vector in case of ferro/ferrimagnetic orders and a
polar vector for a antiferromagnetic order). Those contributions have different selection
rules depending on a crystal structure and a response to parity operations, so that SHG
measurements allow to extract information of electric/magnetic ordering separately and
their bilinear effects, magnetoelectric interaction [93], using a single-experimental con-
figuration. Macroscopic magnetization such as ferro/ferrimagnetic order is needed for
the detection with the linear magneto-optical technique. However, in the nonlinear
regime, SHG is also sensitive to antiferromagnetic as well as ferro/ferrimagnetic orders.
In the previous studies, the SHG probe has been applied for detecting signals from
surface or interface with centrosymmetric medium and noncentrosymmetric crystals
in the visible range. Nonlinear optical effects in the energy range from EUV to soft
x-ray has not explored so far because there has not been intense lasers in the energy
range. However, the SHG technique in the EUV ~ soft x-ray range which can excite
the inner-core states is expected to detect electric and magnetic ordering from noncen-
trosymmetric media element selectively. In Chapter 6, the nonlinear optical effects in

the soft x-ray regime is explored using the newly developed soft x-ray laser.

2.5 X-ray magnetic circular dichroism

2.5.1 Magneto-optical sum rules

X-ray magnetic circular dichroism (XMCD) has been used in the soft X-ray range,

especially around the L-edge region for the 3d transition metals. This technique is
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combined with sum rules, which formalize the relationship between the spin/orbital
magnetic moments and the absorption spectrums for right- and left-circularly polar-
ized light. XMCD occurs by the same principle as Kerr ellipticity. Both comes from
magneto-dichroic effects, which are the difference of the absorption between right- and

left-circularly polarized light.

XMCD can be detected by measuring helicity-dependent absorption. The signal is
proportional to <M >, so it probes the net magnetic moment in ferro/ferrimagnets and
paramagnetic systems with element and orbital selectivity. Furthermore, it can be used
for lateral magnetic imaging. The incident angle dependence of XMCD can be used to

measure the anisotropy of an orbital magnetic moment.

Combining the sum rules derived by [94] for spin moment, and those by [95] for orbital
moment, the spin and orbital contributions to magnetic moments can be investigated.

These sum rules are summarized by Chen et al. in [96].

2q
Morb 3r( n3q) (2.17)
3p—2g T<T,>\""
Mgpin  — — . (10 — n3d) <1 + 2<Sz>> (218)
where p, q and r are the integral value given by
p = / (4 — p—)dw (2.19)
L3
¢ = [ s (2:20)
L3+Lo
r = / de (2.21)
L3+Lo 2

Morb and Mgpin are orbital and spin magnetic moments, respectively, nsq is the num-
ber of 3d electrons, and <T,> is the expectation value of the magnetic dipole term.
<S.> is equal to mgpin/2. The Ly and L3 express the integration range, which corre-
sponds to the Lo and L3 region of the spectrum, respectively. p4 and p— are absorption

cross-section for right- and left-circularly polarized light.



Chapter 3

Femtosecond EUYV /soft X-ray

light source

In this chapter, currently operating femtosecond light sources in extreme ultraviolet
(EUV) to hard X-ray region are reviewed. We especially focus on three light sources:
1) free electron laser (FEL), 2) a high harmonic generation (HHG) laser, and 3) syn-
chrotron radiation with a laser-slicing technique. Finally we compare these light sources

including conventional EUV ~ X-ray light sources.

3.1 Free electron laser

Characteristics of FEL

Free electron laser (FEL) has recently appeared in the energy range from the EUV
to hard X-ray range. The FEL is regarded as a fourth generation light source in the
X-ray range with respect to the third generation source, a synchrotron radiation (SR).
The conventional synchrotron radiation is generated by periodic magnetic arrays called,
undulator as shown in Flg. 3.1. Electron bunches which proceed between the array of

magnets emit dipole radiation [97].

35
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Electron
Bunch

FiGURE 3.1: Undulator is an insertion device for generating synchrotron ra-
diation. This is composed of a series of periodic magnets.

Firstly, we give the difference between X-ray laser (FEL) and the conventional visible
laser. There are mainly three differences between them: 1) amplification medium, 2)

Variability of energy and 3) amplification scheme.

1. Amplification medium: the reason why this light source in X-ray range is called
the laser of free electrons is that the FEL uses free electrons for an amplification
medium. These free electrons are generated from atoms in an electron gun and
accelerated to the relativistic speed. On the other hand, the amplification results

from the stimulated emission caused by bound electrons in the visible range.

2. Variability of energy: In the visible range, the energy emitted from the bound
electrons is defined by the transition from an inverted population of the amplifi-
cation medium. On the other hand, the energy of FEL is defined by the following

resonant wavelength.

_ Ay K

A 27 1+ —) (3.1)

2

where A\, \y and K are the FEL wavelength, undulator period and undulator

— 1 _eBo)\U .
parameter. y= P and K= Tres where v and By are the electron velocity

c

and undulator magnetic field. From this formula, it is found that the energy
can be changed by controlling the electron beam energy () or the gap of the
undulator (this results in the change of K through the change of By).

3. Amplification scheme: in the visible range, coherent amplification occurs in op-
tical cavities composed of two reflective mirrors. The cavity is filled with ampli-

fication medium. The light is amplified as a result of the interaction with the
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medium by passing through the same path repeatedly. On the other hand, there
are no optical mirrors, which are used for normal-reflection, for the X-ray range.
Therefore, in this higher energy range, the amplification of light is achieved by a
long undulator, which the light passes through once. This is why the laser in the
X-ray range (FEL) is only available at a large-facility with a long accelerator and

undulator.

Next, we give the difference between the third (SR) and fourth (FEL) generation light
source in the X-ray range. Both light sources emit light with the wavelength defined
by Eq. 3.1. However, compared with SR, FEL is literally "LASER” in the X-ray range
and has characteristics of 1) full spatial coherence, 2) a extremely higher power and
3) shorter pulse duration on the subpicosecond timescale. These features result from
the energy interaction between light and free electrons, which makes electron bunches
align at intervals equal to light wavelength (microbunching). This makes it possible
to amplify radiation from electron bunches coherently. The total intensity of emitted
light become proportional to N? (N: the number of electrons in a bunch). On the
other hand, in the incoherent amplification process for the case of SR, electrons do not
have correlation each other and the total intensity is proportional to N. The pulse
duration of undulator radiation is determined by the convolution between oy=N,\/c
and o nch> Where oy is the pulse length emitted by one electron, N, is the number of
undulator period, and o, ;¢ 18 the length of an electron bunch. FEL is emitted from
an electron bunch with much shorter duration than that in SR, which makes the FEL

pulse width shorter than SR.

The FEL intensity saturates with a certain amount of undulator length. This length
is called saturation length. The undulator in the FEL facility is designed to have larger
length than the saturation length of FEL [98].

The coherent amplification and its saturation or gain depend on the quality of elec-
tron bunches which are injected into a series of undulator. The high quality of electron
bunches mean low emittance, and high peak current. The emittance is defined by the

product of electron beam size and its angle divergence.

SASE and seeded FEL

FEL is classified into two types depending on a seed light for the coherent am-

plification: one uses the spontaneous emission which is generated at the entrance of
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the undulator and the other uses an external laser. The former regime is called self-
amplified spontaneous emission (SASE) FEL [99] and the latter regime is called seeded
FEL.

In the SASE regime, the spontaneous emission is regarded as noise, which means
that the initial emitted radiation has its own time structure and makes the final output
FEL multimode in the temporal distribution. This deteriorates the temporal coherence
of SASE FEL.

Compared with SASE regime, the seeded-type FEL has several advantages in spec-
trum (reduced spectral linewidth, reduced fluctuation of central wavelength), time
structure and arrival time by using a single-mode external laser as a seed. In the
seeded regime, the output FEL is expected to be a single mode and have full temporal
coherence as well as spatial coherence. There are three techniques which have been
already achieved in the EUV ~ X-ray FEL facility.

e Self seeding In this scheme, a monochromatized FEL with the wavelength same
as that of the final output FEL is used as a seed. This can be done by inserting
a grating in the course of long undulator for SASE source. The difficulty for
this technique is to achieve temporal overlap between the monochromatized FEL
and an electron bunch. Furthermore, in this scheme there is larger intensity
fluctuation than that in the following schemes. This regime is employed in LCLS
in US [100].

e High gain harmonic generation (HGHG) In this regime, the external laser
with much longer wavelength (typically 800 nm) than a target FEL wavelength
in the EUV range is used. This principle was proposed in Ref. [101]. This regime
is employed at FERMI in Italy [102, 103]. HGHG scheme uses two arrays of
undulator called modulator and radiator. Between the modulator and radiator,
there is a dispersive section formed by four dipole magnets. At the modulator
section, energy modulation is formed in electron bunches with the period equal to
the wavelength of the input external laser. At the dispersive section, the energy
modulation is converted into density modulation of electron bunch. Finally, at
the radiator section, the one of the high harmonics of the input external laser
from the density-modulated electron bunch is emitted as an output (FEL). In
order to convert the input laser wavelength into higher order than that achieved
by the single set of modulator-radiator, another set of modulator-radiator can be

used, where the output of first radiator is used again as an input for the second
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FiGure 3.2: High gain harmonic generation scheme for generating a free
electron laser. (a) In the modulator section (MOD1), energy modulation of
electron bunches is formed by four dipole magnets, followed by the dispersive
section (DS1), where the energy modulation is converted to density modulation
of electron bunches. In the radiator section (RAD1) the density-modulated
electron bunch emit one of the high harmonics of the input external laser. (b)
The output of RAD1 is again injected into another set of RAD+DS+RAD for
generating FEL pulses with shorter wavelength. The delay line (DL) adjusts
the temporal overlap between the radiation emitted by the first stage of the
radiator and an electron bunch.

modulator as shown in Fig. 3.2 [104]. This is called the ”cascaded” HGHG

regime.

e High harmonic generation (HHG) This scheme uses the light with the same
wavelength as that of the target FEL as a seed laser. Coherent pulse with the
duration on the femtosecond order and the energy in the EUV and soft X-ray
range can be generated through the interaction between strong laser field and
noble gas. This gives odd-order high harmonics of the driving fundamental laser.
This high harmonics can be used as a seed for FEL. This regime was employed
at SCSS in Japan [105] and FLASH in Gremany [106]. Details of HHG laser is

given in Sec. 3.2.

HGHG and HHG regime has an advantage in a time-resolved measurement using
pump-probe technique (which is explained in Sec. 5.1.1). By using pump and probe
pulse from the same light source, pump-probe measurements can be conducted in a

jitter-free way.
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EUV-X-ray FEL facility in the world

In Fig. 3.3, Locations of FEL facilities which are currently operating or under con-
struction are shown in the map. We have shown FEL in the EUV ~ X-ray region.
Currently four facilities are available: LCLS in USA, SACLA in Japan, FERMI in
Italy, and FLASH in Germany. In 2017, European XFEL facility will start to be used
by external users. In this thesis, we have used FERMI for experiments shown in Sec.
5.2 and SACLA in Sec. 5.3, and Ch. 6.

3.2 High harmonic generation laser

High harmonic generation (HHG) is coherent ultrashort laser pulse on the femtosec-
ond order in EUV / soft X-ray range. This technique has been implemented in the
laboratory-scale system. This contrasts with a FEL which is large-facility based light
source. A nonlinear interaction between strong laser field and a noble gas gives rise to
odd-order high harmonics of a fundamental laser [107, 108]. Currently, the HHG laser
has been extensively used in the field of physics, chemistry, and biology.

NGLS-Lawrence |
Berkeley lab (US)

RSACL: LCLS (US)
AL-XFEL (Korea) (@)’ = =

I e 2
Red currentlw workin L)

‘7 g Ji 3 Black proposed or under constructlon I I
S»ussFEL c} I "! 3

Switzerland)

o -

XFEL Facility in the world (2017/03)

F1GURE 3.3: Locations of FEL facilities which are currently operating or under
construction in the world.
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The investigation of harmonic generation dates back to the work by P. A. Franken
et al in 1961 [109]. They observed the first second harmonic generation from a non-
isotropic crystalline quartz. In 1967, first third harmonic generation (THG) from gas
has been reported by New et al [110]. After the first THG observation, higher order
harmonics had been targeted and in1987, McPherson et al observed 17th harmonics
of excimer laser with the wavelength of 248 nm, the pulse energy of 20 mJ, and pulse

duration of 350 fs by using Ne gas [111].

Three step model

Here we give the quasi-classical description for the HHG laser [112, 113]. For the
accurate description, we need to consider the time-dependent Schodinger equation, but

we can extract the feature of HHG from this simple three step model.
HHG process can be broken into the following three steps.
(i) Tunnel and ionization: strong laser field modifies the Coulomb potential of atoms
in a gas, which makes electrons tunnel the Coulomb barrier to go out.

(ii) Acceleration electrons: After the ionization, the electrons accelerate and gain a

momentum in the laser electric field.

(iii) Recombination: when the sign of laser electric field reverses, the accelerated
electrons are pulled back to the parent ion. This causes recombination and emit

a photon of higher energy.

Next we give several equations for describing the three step models. The total ion-

ization rate is given as follows [114]:

n(t) = exp [— /t w(t/)dt’} (3.2)

—00
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where w(t) is the ionization rate at time ¢ and given by

w(t) = wp|Cpel? <4WP>2n*1eXp (—4“”)) (3.3)

Wy 3wy
Ip

_ 1r 4

Wp - (3.4)
[ eB@)\'?

Co-? = 22" [0*T(n* + 1)T(n*)] (3.6)
1/2

n* = Z<IH> (3.7)

Ip

Ip, Iy, E(t), me, and Z are the ionization potential of atom in a target gas, the
ionization potential for atomic hydrogen, the laser electric field, the electron mass, and

the order of ionization respectively. I' is the Gamma function.

In the second step, the ponderomotive energy (Up), which is kinetic energy the

electrons gain, is given by

e2E?
Up(eV) = (3.8)
e*)
2
I
2mewgepc
= 9.3x107% x [(W/em?) x (A(nm))? (3.10)

where e, F/, and wq are the electron charge, the laser electric field, and angular frequency

of the fundamental laser, respectively.
In the third step, energy generated by the recombination is given by
Ecutoff = hwmax = Ip + 3.17Up (3.11)
where Ip and wy,q, are the ionization energy and the maximum angular frequency,

respectively. From this equation, the cutoff order can be extracted as:

Ip+3.17Up

e (3.12)

dmax =

where @mqq is the cutoff harmonic order and given by gmax = wmax/wo-

By increasing the Up through the use of a longer wavelength of the driving laser, a

higher laser power, or a atom with larger Ip, one can get the higher cutoff energy.
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3.3 Synchrotron radiation with a laser-slicing technique

This technique, called femtoslicing, is based on the use of conventional third gener-
ation synchrotron radiation generated by bending magnet or undulator devices. The
conventional SR pulse duration is on the order of 50-100 ps. The concept of femtoslicing
was proposed in 1996 [115]. This technique has been achieved using bending magnet
source at ALS in Berkeley, USA [116], undulator source in soft X-ray at BESSY-II in
Germany [56] and in hard X-ray region at SLS in Switzerland [117]. A new slicing
facility is currently under preparation at SOLEIL, in France [118].

Similar to HGHG regime in FEL presented in Sec. 3.1, femtosecond pulses from
conventional SR are result of laser-induced energy modulation of electron bunches.
Femtosecond laser pulse co-propagate with SR and modifies the energy distribution of
electron bunch through coherent interaction at the first undulator, called modulator.
In order to achieve the coherent interaction, the modulator is designed so that the A
in Eq. 3.1 matches to the wavelength of co-propagating femtosecond laser. Most of
electrons do not be influenced by the femtosecond laser field. Only a small part of

electrons increase or decrease its kinetic energy.

Then, the energy modulation is converted to a spatial modulation by using dipole
magnets. After being spatially separated, the energy-modulated electrons at the modu-
lator emit femtosecond pulse from the second undulator, called radiator. At BESSY 1I,

the photon flux (per second per 0.1 % bandwidth) is on the order of 106-107 photons/s.

3.4 Comparison of femtosecond EUV / soft X-ray pulses

Here, we compare femtosecond EUV/ soft X-ray pulses that has been utilized in
the condensed matter physics. Table 3.4 compare various light source in the energy
range from EUV to hard X-ray region. We compare in terms of pulse intensity, pulse
duration, energy range, repetition rate, and spatial / temporal coherence. These light
sources have their unique characteristics and are complementary each other. It is not
possible to cover all of the scientific research with one light source. In the design of a

new experiment, it is of great importance to choose the suitable light source.

In the photon energy ranging from EUV to hard X-ray range, FEL has by far the

most brilliant sources.
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Chapter 4

Static M-edge polar resonant
MOKE

This chapter has been published as [119].

4.1 Introduction

In the visible region, magneto-optical Kerr effect (MOKE) has been extensively uti-
lized for probing average magnetization of target systems. The visible MOKE spectra
for 3d transition metals were compared with calculations as a test-bed for applying
itinerant theory as already seen in Sec. 2.4.3. On the other hand, in shorter wave-
length range around the soft X-ray region, light interacts with core-levels of matter,
such as 2p or 3p edge for the 3d transition metals. These core-level states are relatively
localized to each elements compared to states near the Fermi level for magnetic metals.

Therefore, RMOKE can detect magnetization element-selectively.

In this chapter, M-edge RMOKE on Ni thin films are investigated using synchrotron
radiation. The polar geometry shown in Fig. 4.1 has been employed and the out-of-
plane magnetization component has been detected. Following this, preceding studies on
RMOKE will be overviewed. After this section, firstly measurement techniques for polar
RMOKE in the soft X-ray region which were developed in this research are explained
while comparing with that used for MOKE in the visible region. Secondly, the target
system employed for the polar RMOKE measurements will be introduced together with

X-ray magnetic circular dichroism (XMCD) measurements. At last, results of a polar

45
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FIGURE 4.1: Ilustration of the polar magneto-optical Kerr effect. Linearly
polarized fight is, after reflection from a magnetized material, elliptically po-
larized and the main polarization plane is tilted over a small angle 0 with
respect to that of the incident light. The ellipticity of the reflected light is
quantified by ng = arctcmg.

RMOKE measurement that was conducted at Japanese synchrotron facility, BL-18A
in Photon Factory will be presented and are compared with calculations for evaluating

the validity of the magnitude of Kerr rotation angle.

4.1.1 Preceding studies of resonant MOKE

In this section, we overview earlier experimental studies on transverse RMOKE (T-
RMOKE), Faraday effect, longitudinal RMOKE (L-RMOKE). Furthermore we make
comment as to theoretical considerations for polar RMOKE (P-RMOKE). In the soft
X-ray region, T-RMOKE that detects only the intensity proceeds to RMOKE mea-
surements that need the polarization analysis. This is because polarizers in the soft
X-ray region had not been available at first and it had became available since the middle
of 1990s.

We start with the preceding T-RMOKE measurements. First measurement of RMOKE
was conducted on Ni K-edge in transverse geometry and 0.2 % as a peak-to-peak value
of asymmetry has been observed [120]. This first T-RMOKE measurement was moti-
vated from the study of a interference effect between X-ray magnetic Bragg scattering
and the electric scattering in X-ray diffraction measurement [121]. This measurement
was focused on K-edge, for which 1s — 4p dipole transition takes place and magnetic

signal mainly originates from p-d hybridization [122]. The magnitude of the asymmetry
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signal which carries magnetic information is as large as that in visible region [123]. In
1990, the first L-edge T-RMOKE of Fe has been reported [124]. As expected theo-
retically [125], the asymmetry ratio, defined by % where It (I7) is the intensity
measured under applying external field (anti)parallel to the cross product of the wave
vector of incident and reflected light, reaches ~ 20 % as a peak-to-peak value due to
the effect, so-called resonant exchange scattering, in which strong electric multipole
transitions from the core levels to unoccupied states cause large resonant enhancement.
Combining with calculations using resonant scattering amplitude[125], it was shown
that the total width of an excited state and the magnitude of exchange splittings could
be extracted. After this measurement several T-RMOKE measurements were reported
in [126-129] for Co M-edge, in [128-130] for Co L-edge, in [128, 131-133] for Fe M-
edge, in [128, 134-137] Fe L-edge, in [128, 133, 138] for Ni M-edge, in [128, 133] for Ni
L-edge, in [139] for Pt L-edge and in [140] for Mn L-edge. It was also noted that for
RMOKE in soft X-ray region, the reflected light has contribution from substrate if the
target system is a nm-order magnetic thin film and its thickness is smaller than the
penetration depth. Furthermore, in [130] magneto-crystalline anisotropy energy (MAE)
was measured for ultrathin Co film using L-edge T-RMOKE and revealed its capability
that this technique can be applied to ultrathin magnetic systems and investigation for
MAE. T-MOKE signal basically originates from pure-charge and pure-magnetic signal.
This is because the resonant atomic scattering factor, which gives the X-ray scattering
amplitudes, expands with the charge and magnetic scattering term. However, when in-
cident angle is tuned to Brewster angle, components of charge-scattering is suppressed
and one can get pure-magnetic signal in the geometry [132, 135, 141]. T-RMOKE is
also measured using High Harmonic Generation (HHG) laser as well as synchrotron
radiation [15, 39)].

Next, we move onto the Faraday measurements. In 1990, the first K-edge Faraday
measurements on Co, in which polarization state of a transmitted light is analyzed,
has been reported [142] and compared well with calculation [143]. The first RMOKE
measurement in the soft X-ray region, in which polarization analysis was indispensable,
was reported in [144]. In the Fe L-edge resonant MO measurements in Faraday con-
figuration 6.0 x10* deg/mm of rotation were observed and it was larger than that in
visible region, 3.5x10* deg/mm [145], and much greater than that observed for K-edge
[142], although this measurement was conducted under applying magnetic field less
than saturation field. After this work, Fe, Co and Ni L-edge [146-150] and Pt L-edge
[151] Faraday measurements have been reported. After a series of L-edge measure-

ments for 3d transition metals, M-edge Faraday measurements were conducted on Fe,
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Co, and Ni [152-155], N-edge on Pt and M-edge on Cu [154]. It was suggested that
the magnitude of rotation angle observed for M-edge was as large as that for L-edge
region. This implies that exchange splitting of 3p bands as well as spin-orbit splitting
of 3p also plays an important role for defining MO effect [155].

Next we overview the preceding L-RMOKE studies. In 1996, the first L-RMOKE
that needs polarization analysis have been reported in [156]. The Kerr rotation angle
was measured at a fixed energy on Fe and Cr in Fe/Cr multilayer separately. The
earlier study showed the element selectivity of L-RMOKE by measuring hysteresis
loops for each element [157]. In the study, the Kerr rotation angle was ~ 9.8°, which
is two orders of magnitude larger than that in visible region, and it is also suggested
that RMOKE in soft X-ray region can be conducted under a fixed incident angle with
varying penetration depth by tuning the photon energy below the edge due to its large
anomalous dispersion effects. L-edge L-RMOKE measuring both rotation angles and
ellipticities covering whole energy range of Lo 3 edges on Fe, Co and Ni has firstly been
observed by Mertins et al. [158, 159]. Mertins suggested that in L-RMOKE spectra
there are nonmagnetic contributions; (1) interference effect between reflection from top
layer and from the interface with substrate and (2) the optical constants of capping
layer. Furthermore he demonstrated relationships between (1) T-RMOKE signals and
Kerr rotations in the longitudinal geometry, and (2) ellipticities in the longitudinal
geometry and XMCD in reflection mode. These relations are theoretically expected
only under grazing incident angle condition. In [137, 160-162], the efficiency of depth
profile measurements using Fe, Co and Ni L-edge L-RMOKE has been demonstrated
by selecting appropriate incident angle and energy. M-edge L-RMOKE measurements
on Co and Ni were demonstrated in [129, 152].

At last part of this section, we focus on preceding theoretical studies on RMOKE.
The macroscopic formalism using a dielectric tensor for MOKE in visible region [145]
can also be applied to that in soft X-ray region. Furthermore in [150], it was shown
that this formalism using dielectric tensor provides equivalent descriptions with the-
ory using resonant scattering factor, which gives microscopic viewpoint, within the
framework of dipole approximation. For describing electronic structure, spin-polarized
relativistic band theory has moderately succeeded in describing MO spectra in the vis-
ible region. In early studies, this first-principle theoretical scheme was incorporated
to resonant magnetic X-ray scattering calculation [163] for calculation of K, L-edge
Faraday spectra of Fe, Co and Ni [148, 164-167] and L-edge T-RMOKE spectra on Ni
[164]. These preceding theoretical studies on RMOKE predicted giant MO response

under resonant condition compared to that in visible region. Different from K-edge,
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calculation for L-edge spectra is more complicate because the degree of localization of
final states, d-states, varies and spin-orbit coupling and exchange interaction of the ini-
tial 2p states have to be taken into account. Therefore K-edge MO spectra are better
reproduced than in the case of L-edge MO spectra. It was shown that the Kohn-Sham
single-particle spectrum was used as an approximation for many-body quasiparticle
excitation spectrum in LSDA scheme and that in experiments with energy resolution
E/AE ~2500 for L-edge region, Coulomb correlation effects and multiplet transitions
were not required for calculation of Faraday / MOKE in the soft X-ray region and
XMCD spectra [148].

RMOKE in polar geometry has not been investigated so far in spite of its impor-
tance in application. An earlier study predicts a much larger Kerr rotation angle in Ni
M 3-edge under polar geometry than that in the visible region [88]. In this theoretical
study, the expected value for polar RMOKE was of the order of a degree, which was
10 times larger than that observed in the visible range. Basically there is no physical
difference of RMOKE signal between a polar and a longitudinal geometry. However, in
the case of polar geometry, it is expected that the larger Kerr angle can be obtained if
the incident light hits on the sample normally. Furthermore, MOKE in polar geometry
prefers a small incident angle (measured from the sample normal) which needs a com-
plicated setup in a synchrotron facility and this scheme has been avoided in practical
measurements. This static polar RMOKE measurements are indispensable step for

extending into the time-resolved regime.

4.2 Development of a resonant MOKE measurement sys-

tem

4.2.1 Measurement regime in soft X-ray region

The visible MOKE has typically been measured utilizing the polarization-plane mod-
ulation method as shown in Fig. 4.2. The rotation of the polarization plane caused by
the sample-originated Kerr effect is compensated by a Faraday cell, which is positioned
between a polarizer and an analyzer. In the field of magneto-optical experiments, the
polarizer that is located after the sample is usually called the ”analyzer”. To measure
the Kerr rotation angle with a better angle resolution, an AC current for modulation is
combined with the DC current and the detector signal is entered into a lock-in ampli-

fier; the lock-in amplifier output is then used as feedback to the current for the Faraday
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FIGURE 4.2: Schematic diagram of a visible MOKE measurement scheme in
the polar geometry using a polarization plane modulation method. The Kerr
angle is compensated by a Faraday cell. Kerr rotation angle can be measured
utilizing lock-in amplifier. This figure has been taken from [8] (Publication list
No. 6)

cell. Anisotropic materials in terms of dichroism or birefringence, for example MgFo

and LiF, can be employed as the polarizer [168, 169].

On the other hand, appropriate optical components in the soft X-ray range such as
transmission-type polarizers and Faraday cells cannot be available because the trans-
mission is extremely low or extinction coefficient, k, of the optical constant is high in
this photon energy region. Therefore the soft X-ray MOKE cannot be conducted using
the same measurement technique as shown in Fig. 4.2. Furthermore, in the soft X-ray
range, the refractive index, n, of the optical constant is closely 1, which is near that
of air. This means that the reflected intensity is also very low. Taking into account
these strict experimental conditions, researchers have tended to choose reflection-type

optical components in the soft X-ray range.

To enhance the reflectivity of reflection-type optical components in the soft X-ray
range, multilayer structures that show the constructive interference effects have been
thought to be useful in guaranteeing sizable reflectivity. Bragg’s law (A=2dsinf, where

d is the single-period thickness of the layer and 6 represents the incident angle with
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FiGURE 4.3: Methods for polarization analysis with respect to the photon
energy from visible light to hard X-rays. Typical materials that are used as
polarizers are shown for each energy region. This figure has been taken from
[8] (Publication list No. 6)

regard to the surface) roughly defines a specific energy region with which multilayer
mirrors can reflect. The components of the multilayer mirrors are materials with large
differences in n and low k values. In the soft X-ray region, material pair is chosen as
follows: one material that has a higher absorption edge than a target energy is selected,
and the other material with low n and k in the energy range is then chosen. Brewster
angle, which is defined by the incident angle at which p-reflected light is suppressed, can
be employed in order to use the multilayer mirror as a polarizer. In the L-edge range,
the refractive index n is close to 1, which makes the Brewster angle almost 45°. In
comparison with the L-edge range, in the M-edge range, n deviates from 1, so that the
Brewster angle is not close to 45°. In this M-edge range, a typical multilayer mirrors,
Mo/Si, has the polarizance of the order of 10-100 under 45° incident angle, whereas in
the L-edge region, multilayer mirrors such as W/B4C and W/C show the polarizance
around 1000-100000 with the same geometry. Here, the polarizance is defined by the
ratio between the s- and p—reflectivity Rs/R,. Figure 4.3 presents a collection of
polarizers with respect to the photon energy from visible light to hard X-rays [170].
It is able to determine a polarization axis of reflected light in order to measure Kerr

angles even with the order of the polarizance in the EUV range.

Calculated reflectivity spectrum of multilayer mirror both for p- and s-polarized light
are compared for 45 degrees incidence angle in Fig. 4.4. This was calculated for Mo/Si
with the periodic length of a material pair 15.6 nm (Mo:Si = 0.4:0.6), the number of

repetition 10, and the roughness of the surface 0.5 nm on Si substrate. Furthermore,
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FIGURE 4.4: Reflectivity spectrum of multilayer mirror of Mo/Si for s-
polarization (red) and p-polarization (blue). Mo(0.4)/Si(0.6), period length
= 15.6 nm, number of layer is 10. Optical parameters are taken from Ref.
[59, 171].

reflectivity of s-polarized light for three incident angle with respect to the multilayer

surface normal are compared for the same multilayer parameters in Fig. 4.5.

In this chapter, we targeted on Ni M absorption edge for polar RMOKE measure-
ments. We selected the multilayer parameters so that the reflectivity shows its peaks
around Ni M-edge, ~ 66 eV, under 45 degrees incident angle for s-polarized light while
having the largest polarizance. The multilayer mirror with these parameters employed
in Fig. 4.4 was used for the experiment presented in the next section. These reflectivity
calculations in Fig. 4.4 and 4.5 were conducted by using optical parameters taken from

Ref. [59, 171]. The polarizance around Ni M edge with 45° incident angle was ~ 10.

Figure 4.6 shows the measurement system using rotating analyzer ellipsometry (RAE)
that is developed in this study. This technique is originally used in the visible MOKE
regime using transmission-type polarizer. This method uses the multilayer mirror de-
scribed above and is experimentally able to determine both the Kerr rotation angle 6,

and the Kerr ellipticity 7.

In RMOKE measurements using this technique, the intensity of reflected light from
the analyzer is measured at the detector with respect to x, as defined in Fig. 4.6.
The incident light incident on the specimen and the reflected beam then goes to the
ellipsometry unit, which is utilized to extract the Kerr angles. After the reflection
from the sample, the light passes through two pinholes. These pinholes are used to
ensure accurate optical alignment. The light then impinges on a multilayer mirror with

an incident angle roughly close to the Brewster angle. The intensity of reflected light
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FIGURE 4.5: Reflectivity spectrum of multilayer of Mo/Si for s-polarization
under incident angle 42 degrees (green), 45 degrees (red) and 48 degrees (blue).
The parameter for multilayer mirror is same as that in Fig. 4.4. Optical
parameters are taken from Ref. [59, 171].

from the multilayer mirror is finally measured by using a detector, microchannel plate
(MCP). Current detection mode is used in the MCP detector. In order to extract the
Kerr rotation angle, the unit that is shown by dashed rectangular lines in Fig. 4.6 is
rotated with regard to the light axis by utilizing a rotary flange. The curve obtained
by rotating the RAE unit depends on both the azimuthal angle for the polarization
principal axis 0 and the ellipticity angle ng. It is of note that the lock-in amplification
that is employed in the MOKE measurement in the visible range shown in Fig. 4.2 is

not always necessary in the RMOKE measurement scheme.

Here, the intensity that is measured by using the RAE technique is given in the
framework of a Mueller formalism [172, 173]. The Stokes vector is used for expressing
the polarization states. The Stokes vector has four elements: Sy (the sum of the vertical
and horizontal components of the polarization (= total intensity)), S; (the difference
between the vertical and horizontal components), Sy (the difference between the /4
and -7 /4 components), and S3 (the difference between the right-handed and left-handed

components). It is expressed as follows:

So
S
S
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?ﬁg’ﬁ@e;r Differential pumping
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FIGURE 4.6: Measurement scheme that uses a rotating analyzer ellipsometry
(RAE) for the resonant MOKE in the polar geometry is shown. The RAE unit
is shown in the inset photograph. The parts enclosed by the dashed rectangular
line is rotated together. This figure has been taken from [8] (Publication list
No. 6)

The degree of polarization, V, is given by

\/W
v VST ST 53 (42)

It is useful to define the normalized Stokes parameter that is divided by Sy because
in most real cases the absolute intensity is not more important than the polarization

state. Then, the normalized Stokes parameters can be represented as follows.
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So =1 (4.3)
S1 = Veos2ngcos20x (4.4)
So = Vcos2ngsin20x (4.5)
Ss = Vsin2ng (4.6)

In the Mueller scheme, Mueller matrix is employed for expressing the optical com-
ponents. The Stokes vector S’(x) of the reflected light from analyzer and reaching
the detector can be expressed as a function of x by using Ar (analyzer), and R(x)

(coordinate rotation). It is given by using Mueller matrices as:

S'(x) =R(X) - Ar- R(x) S (4.7)
where S is the Stokes vector for the reflected light from a target sample.

The detected light intensity I(x) at the detector can be derived from Eq. (4.7):

2
r
I(x) = S(/)(X)EP{SQ(OP + 1) + S1(a? — 1)cos2x + Sa(a? — 1)sin2x} (4.8)
where « is the amplitude ratio of reflectance for s- and p-polarized components, rg /7.

The intensity can be rewritten by using the Eq. 4.6 as follows.

Do ‘"s\gm

I(x) = L2V (a® — 1) cos 2n - cos*(Ox — x) +a* +1 —V(a? — 1)cos2nk]  (4.9)

Ok appears in the phase-shift in I(y). When the light is perfectly polarized, the
degree of polarization, V', is equal to 1. The cosine square function depends on x with
Malus law [174, 175]. The I(x) can simply be given by a cosine function with fx and

Nk, if we assume that V=1.

I(x) = Ci(nx)cos2(x — Ok ) + Ca(nx) (4.10)

where ng is determined by both the values of C7 and C3. Thus, this RAE technique

can determine the Kerr rotation angle.
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In Fig. 4.7, one of the experimental results using SR are given as an example for
the RMOKE measurement. These results were obtained from Ni thin film at the
photon energy of 69 eV in a polar geometry. The vertical axis represents the intensity
measured by MCP as shown in Fig. 4.6. This RAE technique can determine the Kerr
rotation angle 0. For instance, the Kerr rotation angle can be extracted from the
phase difference in curves that are measured under applying +B and -B fields, which
corresponds to 26,. It is noteworthy that the ellipticity depends on V in the RAE
technique. When the light is not fully polarized and there is an unpolarized components,
Ci(nx) in Eq. (4.10) then decreases. There is no intensity variations during the rotation
of the RAE unit when the light is completely circular polarization or unpolarization. V'
depends on the the optical components that are used in the SR beamline and photon
energy. In order to extract the ellipticity from the RAE measurement, the polarizance
of the multilayer mirror should also be taken into account. In the remainder of this
thesis, we concentrate solely on 0. 0k does not depend on V. Therefore we assume
V=1

| | | |
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FIGURE 4.7: Typical results of the intensity variation with rotation angle, y,
taken at hv = 69¢V for Ni thin film. The Kerr rotation angle, 6y, can be
determined from 260, =| 6(+B) — 6(—B) |. This figure has been taken from
[119] (Publication list No. 8)

From next section, the results of the first polar RMOKE measurements on Ni thin

films are presented.
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FIGURE 4.8: (a) 15-nm-thick Ni film structure. (b) Out-of-plane magneti-
zation hysteresis loop normalized to saturation magnetization measured by
XMCD at Ni L3 edge. This has been measured by the TEY mode at room

temperature.

4.3 Experiment

4.3.1 Sample Structure

Figure 4.8(a) presents the structure of a target thin film. In order to demonstrate
the RMOKE, the Ni film, which is a typical ferromagnetic material, is selected. DC
magnetron sputtering with 1 A /s was utilized for fabricating a (111)-oriented Ni film.
The film structure is Ta (2 nm)/Ru (1 nm)/Ni (15 nm)/Ru (2 nm)/Ta (5 nm) on
thermally oxidized silicon wafers. The Ar sputtering pressure was 1 mTorr and the
substrate temperature was maintained at room temperature. The Ta (2 nm) capping
layer are deposited in order to protect the Ni layer from oxidation and the Ta (5 nm)
underlayer help the films adhere to substrates. Reactions between the Ta and Ni layers
are prevented by inserting the Ru layers. A magnetization state is canted with respect
to the surface normal by applying an external field perpendicular to the film surface,
which a finite M, is induced. Out-of-plane magnetization loop measured by XMCD,
which is described in the next section, at hv = 853 eV is shown in Fig. 4.8(b). The

saturation field is ~ 0.6 T for the Ni thin film used in this measurements.



58 4. STATIC M-EDGE POLAR RESONANT MOKE

4.4 Results and Discussions

4.4.1 Spin and Orbital momment

Magnetic properties of the target Ni thin film were characterized by X-ray absorption
spectroscopy (XAS) and XMCD. These measurements were conducted at the beamline
with twin helical undulator, BL25SU, in SPring-8 [176, 177]. The total-electron-yield
mode was employed for both measurements at room temperature under application of
magnetic field, 0.47 T, generated by an electromagnetic coil. The helicity-switching
mode was used for the measurement of XMCD spectra at 1 Hz. In Fig. 4.9(a), Ni
Ly 3 XAS spectra and its integrated intensity are presented. The 2p3/, (hv ~ 853
eV) and 2p; /5 (hv ~ 870 eV) core excitations cause the two Lz and Ly peaks in the
spectra, respectively. Before integration, the two-step background (fine solid line) was

subtracted [96]. Similarly, the Ni Ly 3 (2p—3d) XMCD spectrum and its integrated

eff
spin

magnetic moment can be extracted by applying the magneto-optical sum rule [96] (Eq.

value are shown in Fig. 4.9(b). From this spectrum, the spin (m¢. ) and orbital (mg,)

(2.17) and Eq. (2.18)). This analysis gives the magnetic parameters, mggin = 0.53 up
and me, = 0.067/atom at B = 0.47 T (mgpin = 0.77 pp/ and mqp = 0.12atom
at the saturated magnetization), from the obtained spectra for the Ni film in Fig.
4.8(a). These values are basically consistent with previous experiments for bulk fcc Ni
[178, 179]. The spectra obtained from this measurement were used in comparing the

experimental polar RMOKE results with the theoretical calculation in the next section.

4.4.2 Ni M-edge polar resonant MOKE

In order to verify the calculation results [88], we conducted M-edge RMOKE mea-
surements at the beamline, BL-18A, in KEK-PF. The Kerr rotation angle, 6, had been
experimentally determined with RAE technique shown in Fig. 4.6 and 4.7. External
magnetic fields, B=+0.47 T, from permanent magnets (Nd) are applied perpendicular
to sample surface. The field was inverted directly by changing the direction of the

magnet.

In Fig. 4.10, the experimental results given by red circles show the ), (~ 10 degree)
near Ni Ms 3 absorption edge. In order to verify the observed Kerr signals, we performed

theoretical simulation. The calculation results are shown by the blue line in Fig. 4.10.
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FIGURE 4.9: (a) X-ray absorption (XAS) spectrum (solid line) and (b) X-
ray magnetic circular dichroism (XMCD) spectrum of the 15-nm Ni thin film
shown in 4.8(a) under application of a magnetic field of 0.47 T perpendicular
to the sample surface. The integration value in (a) and (b) is presented with
the dotted line. This figure has been taken from [119] (Publication list No. 8)

The theoretical simulation was conducted using a cluster model calculation based on
a localized Anderson impurity approach taking into account a configuration interaction
(CI). This calculation incorporate both intra-atomic multiplet interactions and the
many-body charge transfer. The details are described in Appendix C. This calculation
regime is extensively applied for data analysis of experiments under core-level resonant
condition, where photon energy is set to a specific absorption edge. For example, this
model is applied to photoemission spectroscopy, resonant inelastic X-ray scattering
(RIXS), resonant X-ray diffraction, XAS, and XMCD of d and f electron systems. In
the core-level spectroscopy for d and f electron systems, the charge transfer effects and

multiplet coupling have an essential influence on the spectrum structure.

The reflection coefficients for a bulk Ni crystal were calculated for the reflection
configuration in Fig. 4.1 in the current simulation. Here, interference effects [159]
originated from the multiple reflection due to the finite thickness of the Ni layer were
neglected for simplicity. Low photon energy, hv ~ 70 eV and a large incident angle,
0; = 45° are taken in our experimental conditions. When compared with the standard

RMOKE in the L-edge range, which employs high photon energy (hv = 700 ~ 900 eV)
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FIGURE 4.10: Kerr rotation angles, 0, spectrum of the Ni thin film are com-
pared between values determined experimentally with EUV synchrotron ra-
diation (exp.) and those from the calculation with the cluster model (sim.).
Measurement was conducted at room temperature under a magnetic field of
B= 0.47 T. This figure has been taken from [119] (Publication list No. 8)

and small grazing incident angle (6; = 1 ~ 10°), the interference has a less influences
on RMOKE in the M-edge range. The model parameters are independently extracted
from other core-level spectroscopies. The simulation reproduced large Kerr rotation
angles near the absorption edge observed in the experiments. Furthermore, the whole
features of experimental results agree with the calculations. 6 of the experimental
values show larger than that of calculations. It is confirmed that the variation of the
simulation results was marginal within angular errors in the experimental setup even
if the model parameters were changed from the values extracted from the core-level
spectroscopies which were independently conducted. Hence, the difference between ex-
periment and calculation results is rather fundamental. We inferred that the deviation,
particularly in the pre-edge range, may come from interference effect because of the
film structure in the nanometer scale which was comparable with the wavelength used
in the measurements. This interference effect has not been considered in the current
bulk model.
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4.5 Conclusion

Polar RMOKE measurements system has been developed and in this system, the
Kerr rotation angle can be measured using rotating-analyzer ellipsometry (RAE) tech-
nique. In the RAE regime, reflection-type multilayer mirror has been applied as a
polarizer by using it at Brewster angle. Using the developed measurement scheme, a
demonstration of polar RMOKE using soft X-ray synchrotron radiation was performed.
A giant Kerr angle (> 10°) was observed at the M-edge of the Ni thin film at room
temperature. These experimental results were consistent with simulation based on res-
onant scattering theory. These Kerr rotation angles in RMOKE are 50 times larger
than angles experimentally determined for a Ni crystal in the visible range [68, 180]
as shown in Fig. 2.8. We believe that the technique, developed in the current study,
can be applied for other transition metal films. Because the RMOKE measurement
has the element specificity and takes a photon-in and photon-out scheme in the setup,
it can probe magnetization of a specific element in complicated magnetic compounds

with applying external electromagnetic fields [15].

Here, we would like to summarize the characteristics of RMOKE compared to MOKE

in visible region that has been known in this chapter.

e Element-specificity. Light interacts with core-levels which was localized to a cer-
tain element in RMOKE measurement while MOKE using visible light relates
to transition between valence and conduction bands which are delocalized and

itinerant.

e Simple experimental setup. For the conventional MOKE measurement in the vis-
ible range, an optical component for modulating the state of the polarization with
high frequency and lock-in techniques have always been necessary to get a sizable
signal-to-noise ratio. However, in the RMOKE setup, such optical components

and techniques are not needed due to the large Kerr rotation angle.

e Giant magneto-optical (MO) response. Compared to MO effect in visible region,
the Kerr rotation angle was more than 50 times larger in the case of Ni thin films.
This enhancement relates to the sharper bandwidth of core states than that of

the valence bands already pointed out in Sec. 2.4.4 [88].

The RMOKE measurement system developed in this chapter can be extended to

time-resolved measurement using a free electron laser. This gives opportunities for
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tracing magnetization dynamics element-selectively. It is of note that in our system,
polarization analysis unit that is shown using a image in Fig. 4.6 is portable size so
that it can be brought to a free electron laser facility even if it is located in foreign

countries.



Chapter 5

Extension of resonant MOKE
technique to sub-picosecond time

resolution

5.1 Introduction

5.1.1 Pump-Probe Scheme

For tracing specific dynamics of a certain system or a motion in the experiment, one
needs to capture its properties periodically in a stroboscopic way during the dynamics.
The repeated measurements allow ones to make a movie and to reveal the nature of
the system in detail. Pump-probe technique that is utilized in experiments is based on
the same idea. In this technique, two pulses are used for investigating the evolution
of the system. First pulse (pump pulse) gives a perturbation to a target system and
second pulse (probe pulse), with a certain amount of delay time (At) with respect to
the first pulse regarding arrival time to the system, probes its system influenced by the
first pulse. Measurements using these two-pulses set are repeated many times until one
gets enough signal-to-noise ratio and then by varying the delay time between these two
pulses, one is able to obtain the time-evolution of the system. For clear interpretation
of the obtained data, it is crucial that the interested system gets back to the equilibrium
state between two pump pulses. This enables to excite the system reproducibly, or from
the same initial state every time. The time resolution is defined by either 1) larger pulse

width of pump or probe, 2) temporal jitter between pump and probe pulses or 3) data

63
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FIGURE 5.1: Schematic diagram of pump-probe technique for time-resolved
resonant magneto-optical Kerr effect measurements. A filter is used in order
to prevent pump lights from entering into a detector.

Probe

acquisition system. In the obtained time-dependent signal, noise partly comes from

irreproducible contributions.

In order to trace the system in sub-picosecond timescales, ultashort laser pulses in
the femtoseconds regime should be employed. Electronic population in nonequilibrium
states can be produced after intense laser irradiation to the target system. By using
probe pulse that arrives with a certain amount of delay to the pump pulse, one can

obtain laser-induced dynamics in sub-picoseconds timescale.

In this pump-probe scheme, the diameter of a pump pulse should be larger than that
of probe pulse on the sample. In ultrafast spin dynamics study, so called femtomag-
netism, typical fluence for inducing demagnetization, magnetization reversal or spin
coherent precession on metallic samples is of the order of a few mJ/cm?. Given that a
diameter of pump pulse is about 100um, a pulse energy corresponds to about 0.1 uJ.
In terms of the fluence of probe pulses it should be weak enough not to change the

system properties.

The features of the light sources is given by the following parameters: a jitter be-
tween pump and probe light, pulse widths (fs), a spot size (um), incident angles, fluences
(J/ecm? /pulse), a photon energy (eV), an effect of higher order of light, polarizations,
repetition rates (Hz), fluctuations for energy and incident intensity. It is also impor-
tant to select a suitable detector that has a appropriate sensitivity in terms of time

resolution, energy and photon flux.

In Fig. 5.1, schematic pump-probe technique for time-resolved resonant magneto-

optical Kerr effect (TR-RMOKE) measurements are depicted.
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FIGURE 5.2: Phase diagram of polarization versus magnetization for pulse
duration of 12 fs(a), and 64 fs (b). The vertical (longitudinal) axis expresses
magnetic (optical) response. These were calculated assuming photon energy
was 2.0 eV. Taken from [14].

5.1.2 Magnetic and optical response in TR-MOKE measurements

In this chapter, we have measured time-dependent Kerr rotation angle by polarization
analysis for tracking spin dynamics. We have assumed that the detected transient Kerr
rotation angles are proportional to the magnetic vector at each delay time. We briefly
describe the relationship between the time-dependent Kerr signals and transient mag-

netization in this section.

Firstly, the discrepancy of the time evolution for the Kerr rotation and the ellipticity
was experimentally observed within the hundred femtoseconds by Koopmans et al.
[181]. This was explained theoretically by the state-blocking effect, or dichroic bleaching
effect [182], which is caused by the transient saturation of a certain optical transition
by a pump and a probe pulse if they have the same energy and polarization. This
effect can be avoided by using different energies for pump and probe pulse. In [9], it
was pointed out that coherent interaction between femtosecond laser pulses and the
magnetization of target material. This should be taken into account in timescales of a
few femtoseconds, which is characterized by dephasing time. In this timescale, optical
and magnetic response behaves differently and the magneto-optic results should be
carefully dealt with. In [14], it was shown that the pulse duration was also related to the

relation between the optical and magnetic response in sub-picoseconds timescale. The
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FIGURE 5.3: (a) Histograms of FEL incident intensity. The solid line rep-
resents the gaussian fit. (b) MCP signals detected by using RAE unit as a
function of FEL intensity (Ip)

relation between optical and magnetic response was explored for different pulsewidth
in Fig. 5.2. It was revealed that in experiments using light source with duration
longer than the charge dephasing time, which is in the case of (b), the optical and
magnetic response coincided each other. In this case, time-resolved magneto-optical
measurements reflect the magnetization dynamics. In this thesis, because we have used
laser pulses with duration larger than the typical dephasing time for metals, which is
a few femtoseconds, we assume that the time-resolved magneto-optic data express the

transient magnetic response of target systems.

5.1.3 Shot-by-shot measurement system

FEL has an inherent intensity fluctuation, so that shot-by-shot measurement scheme
should be developed. In Fig. 5.3(a), the intensity fluctuation obtained at SACLA is
shown. From the fitting by gaussian function, the fluctuation of FEL incident intensity
was ~ 30 %. In 5.3(b), MCP signals measured by using RAE unit shown in Fig. 4.6
are plotted with respect to the FEL incident intensity. This shows the linearity of the
MCP detector. By normalizing MCP signal by FEL incident intensity in a shot-by-shot

way, the intrinsic signals originated from samples can be collected.
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5.2 First time-resolved resonant MOKE measurement with
a FEL

This section has been published as [8, 183].

5.2.1 Introduction

FERMIQELETTRA in Italy is the only facility, at which we are capable of utilizing
seeded-type free electron laser (FEL) in soft X-ray region, among currently operating
FELs in the world. We have developed time-resolved resonant MOKE measurement
system using FEL and connected the systems in tandem at a downstream side of

beamline’s measurement chamber at DiProl beamline in FERMI shown in Fig. 5.4.

TR-BRMOKE Measurement mstruments

FIGURE 5.4: Image of measurement chambers and instruments for TR-
RMOKE and DiProl beamline in FERMIQELETTRA.
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FIGURE 5.5: Schematic diagram of ferrimagnetic structure of GdFeCo. The
direction of magnetic moment of Fe (Gd) sublattice is (anti-)parallel to that
of the external field. This is the case when the sample temperature is above
compensation temperature (Tps). About Ty, see Fig. 5.7.

In order to demonstrate that TR-RMOKE technique can be employed for tracing
light-induced spin dynamics in sub-picoseconds timescale, we focus on magnetization
reversal process of GdFeCo. GdFeCo is a ferrimagnetic metallic alloy, which has rare-
earth (RE) and transition metal (TM) sublattices. These two sublattices couple anti-

ferromagnetically as shown in Fig. 5.5.

In Fig. 5.6, various magnetization reversal schemes are shown and they range from
nanoseconds down to sub-picoseconds timescale. Top figure shows magnetization re-
versal using external magnetic field. This field induces a precession with damping.
The magnetization reversal with this scheme of GdFeCo was firstly observed by time-
resolved visible MOKE measurements [184]. In this preceding study, temperature- and
field-induced magnetization reversal has been reported in the timescale longer than
100 ps. In the middle figure, magnetic field pulse with duration that is equal to half
of a precession period is used for magnetization reversal through the half precession.
Magnetization reversal using this scheme takes place in picoseconds timescale [185].
In order to induce magnetization reversals faster than above two schemes, ultrashort
laser pulses should be used. Interaction between light and matter has attracted atten-
tion in the magnetization reversal process after Kimel et al. [187] reported that the
state of magnetization can be selectively influenced by the helicity of excitation laser
pulse. The magnetization reversal of GdFeCo was shown to be helicity-dependent by
using ultrashort laser pulse with circular polarization that acts as an effective magnetic
field (so-called opto-magnetic effect)[188]. Only later, magnetization reversal without

applying external a magnetic field, all-optical switching (AOS), has been reported by
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FIGURE 5.6: Magnetization reversal schemes are shown with respect to time
axis ranging from nanosecond to sub-picoseconds timescale. Top two figures
are made by referring to [186].

employing a excitation pulse with circularl polarization [189, 190] or even linear polar-
ization [20, 42, 191]. Recently, AOS which depends on helicity of an excitation pulse has
been demonstrated on ferromagnetic alloy [192]. In order to describe the magnetization
reversal experimentally observed in ferrimagnetic materials from a microscopic point
of view, a number of models have been suggested: inverse Faraday effect (IFE) [193],
the combination of ultrafast heating effect with IFE [194], superdiffusive current [195],
transient ferromagnetic-like coupling between two non-equivalent sublattices because
of the nonequilibrium nature [42], and exchange of angular momentum between two

sublattices [196, 197]. The dynamical process of magnetization switching is also still
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FIGURE 5.7: A schematic showing temperature dependence of magnetization
of transition-metal (Mryp) and rare-earth (Mgg) sublattice. Net magnetization
(MygT) is also shown. At compensation temperature (Ths), MxgT=0.

debatable, whether it involves spin precession or only longitudinal modulus of magneti-
zation [198]. Therefore the microscopic mechanism of magnetization reversal reported
on ferrimagnetic alloys has still been controversial. In this section, magnetization re-
versal of GdFeCo is focused on using linearly polarized light by using ultrashort laser
pulse with linear polarization. This magnetization switching involves with thermal
effect, which excludes the non-thermal contribution, for example IFE, where an in-
tense circularly polarized light acts as an effective magnetic field pulse that can induce

magnetization switching.

Temperature dependence of each sublattice in GdFeCo differs each other, so that at
a certain temperature, the total (net) magnetic moment (Mygr) becomes zero. This
temperature is called compensation temperature (Tj;). The illustration of temperature
dependence of magnetization for each sublattice (Mg for rare-earth and My for
transition metal) is shown in Fig. 5.7. Curie temperature (T¢) and Tjs can be adjusted

by varying the composition ratio.
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5.2.2 Experiment

In Fig. 5.8 (a) and (b), the earlier studies are compared regarding the magneti-
zation reversal of transition-metal sublattice, caused by the linearly polarized light,
under each experimental configuration [42, 191]. In the experimental condition of Fig.
5.8(a), the external field was applied in the direction antiparallel to that of the initial
Fe magnetization, which corresponds to the state before pumping, in the time-resolved
X-ray magnetic circular dichroism (XMCD) experiment employing a laser-slicing light
source at a synchrotron radiation facility [42]. In this measurement, the sample tem-
perature was initially set below the Tj,;. It was reported that the Fe magnetization
reverses to the direction of the external magnetic field in the hundreds of femtosec-
onds. During the magnetization reversal process, the temporal ferromagnetic state in
the Gd-Fe coupling was observed. Experimental condition taken in other earlier study
using a a time-resolved XMCD-PEEM experiment is shown in Fig. 5.8(b) [191]. Here,
in contrast to the case in Fig. 5.8(a), the Fe magnetization switching was observed
when temperature before pumping was set to both above and below Tj;. Furthermore,
this magnetization reversal was measured without applying external magnetic field. It
is still not known under which condition this magnetization reversal occurs regarding
the sample temperature and the existence of the external magnetic field. Therefore it
is necessary to investigate the influence of those parameters on the ultrafast magneti-
zation switching. In the present study, we adopted the third experimental condition,
shown in Fig. 5.8(c). In the present study, the sample temperature before pumping was
set at room temperature. This is above the Ty; (~ 250 K) of our target GdFeCo. The
external field was applied in the initial Fe magnetization direction. The femtosecond
time-resolved measurement of the resonant MOKE (RMOKE) was carried out utilizing
the seeded-type FEL as a probe pulse. In the current study, the photon energy was
tuned to the Fe M-absorption edge, to achieve element-selectivity. The magnetization

reversal of Fe magnetic moment was traced in the subpicoseconds timescale.

5.2.3 Results and discussion

Static Property

Figure 5.9(a) represents the thin-film sample structure, where the ferrimagnetic alloy
has the composition Gda;(FegpCo10)79. The Tps ~ 250 K of the Gday(FegyCoig)7g is
below room temperature. In the composition of our target alloy, the TM-sublattice
magnetic moment is larger than the RE one at room temperature and the direction of

the external magnetic field is parallel to that of the Fe magnetic moment. A multilayer
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FIGURE 5.8: Comparison of experimental conditions in ultrafast magnetiza-
tion reversal among (a) Ref. [42], (b) Ref. [191] and (c) this study; a direction
of Fe magnetization before irradiation is shown by up-pointing red arrow. In
(a) and (c), an external magnetic field is represented by the down-pointing blue
arrow. The way the magnetization reverses is indicated by the black curved
arrow caused by the pumping laser with linear polarization. The comparison
with the T; before pumping is shown at the lower part in each diagram.

film of Ta (2 nm)/GdFeCo (20 nm)/Ta (10 nm) was grown by means of RF magnetron
sputtering on thermally oxidized silicon wafers. The top layer, Ta (2 nm) capping
layer, keeps the GdFeCo oxidization and the Ta (10 nm) underlayer helps the GdFeCo
layer adhere to the Si substrate. X-ray absorption spectroscopy (XAS) spectra for the
target GdFeCo sample is shown in Fig. 5.9(b). The experimental results detected in
the total electron yield (TEY) mode are presented with the red circles and the peak
at the photon energy of 33 eV, 42 eV and 66 eV are assigned to the Ta 5p3/, 5py /2
and Co 3p absorption, respectively. This XAS measurement was carried out at the
bending-magnet beamline, BL-5B, in UVSOR (Japan). The calculated XAS spectra
for Fe 3p are shown with the blue line, which is based on a cluster model taking into
account configuration interaction [119]. The simulation shows good agreement with
the experiment. Fig. 5.9(c) compares experimentally measured and calculated Fe
M-edge RMOKE spectra. The RMOKE measurements in the polar geometry were
performed, where the external field, (£ 0.47 T), was applied perpendicular to the
sample face. The measurement geometry of time-resolved RMOKE (TR-RMOKE)
with FEL was exactly the same as that of static RMOKE. The Kerr rotation angles
were measured by employing the rotating analyzer ellipsometry (RAE) technique, as
illustrated in the inset of the Fig. 5.10. The detailed description of the measurement
system are given in Sec. 4.2.1. The RMOKE simulation (see Appendix. C and [119])

was made using the magnetic parameters extracted from the Fe 2p XMCD spectra
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FIGURE 5.9: (a)A schematic diagram of a 20-nm-thick amorphous GdFeCo
film. (b) XAS spectra of the GdFeCo film calculated (sim.) and measured
experimentally (exp.) using TEY mode. (c) the photon energy dependence of
the Kerr rotation angle, 0. Measurement was performed at room temperature
under a magnetic field of B = £0.47 T. In calculation, the resonant effect of
Fe 3p edge was taken into account and the effect of Ta 5p- and Co 3p-edges
were not been considered. This figure has been taken from [183] (Publication
list No. 7)

measured at the undulator beamline, BL-16A, in Photon Factory (Japan). By applying
the magneto-optical sum-rules, the orbital (mq,) and spin (mggin) magnetic moment
for Fe in GdFeCo were evaluated to be mg1, = 0.096 pp/atom and m:gfin = 2.10
wup/atom, respectively. In Fig. 5.9(c), the resonant effect of M-edge Co and the optical
interference effect due to the nanometer-scale film structure [119, 159] (not considered
in the calculation) cause the difference between the experiment and simulation observed
near 60 eV and 40 eV, respectively. From these static measurements, 53 eV is selected as
the most suitable photon energy for tracking the transient Fe magnetization response
in the GdFeCo alloy during the magnetization reversal in the present time-resolved

measurement.

A schematic of the TR-RMOKE measurement system is presented in Fig. 5.10 using
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the infrared (IR) lasers and seeded FEL as pump and probe pulses, respectively. The
measurements at room temperature were performed using the seeded FEL at the DiProl
beamline [199] in FERMI@Elettra (Italy). The FEL-1 that the photon energy from 12.4
to 62 eV (60-20 nm) can be available was employed with an electron beam energy of 1.2
GeV [102, 103]. Different from the self-amplified spontaneous emission (SASE) scheme
which is commonly used, a HGHG seeding scheme that FERMI takes has much higher
longitudinal coherence and spectral purity. In FERMIQELETTRA, both linearly and
circularly polarized light can be generated [64]. Furthermore, because seeded FEL is
generated from the IR laser which is also used as a pump pulse, this scheme can be

utilized for practically jitter-free time resolved experiments [200].

In the present measurements, we used 80-100 fs FEL pulses as a probe setting to 52.5
eV (23.6 nm), generated by an IR laser with a wavelength of 780 nm and repetition
rate of 10 Hz which is also used as a pump. The IR laser and FEL had spot-size of
530 pm and 420 pm at the sample position, respectively. Time resolved measurement
has been performed with the time resolution of 150 fs, which is limited by the pump-
pulse duration. The pump and probe fluence were set to 14 mJ/cm? and 3 mJ/cm?,
respectively. A YAG crystal is used for ensuring the spatial overlap between pump
and probe pulses. Two steps were taken for determining the temporal overlapping of
these pulses: 1) a copper antenna connected through a high bandwidth coax cable
[200] was used with a fast oscilloscope to achieve the overlap within pm 50 ps, and 2)
time-dependent reflectivity measurement on SigNy was performed in the FEL-pump/IR-

laser-probe scheme for determining time zero within 250 fs [200, 201].

Concerning the experimental configuration, the IR laser (pump, linear-horizontally
polarization) and the FEL (probe, linear-vertically polarization) were coaxially intro-
duced to the target sample. The FEL reflected in the s-polarization geometry. The
incident and reflected angle of the FEL were set at 45°. The reflected FEL moved to the
RAE unit, as described in Sec. 4.2. An Al filter was used for attenuating the reflected
IR laser. The Kerr rotation angle at each delay time between pump and probe pulses
were measured in the same manner as those used in the static RMOKE measurement.

The fluctuation of FEL intensity was monitored using a gas-cell in a shot-by-shot way.

Ultrafast Magnetization reversal of Fe sublattices
In Fig. 5.11, energy diagram related TR-RMOKE measurements of GdFeCo is schemat-

ically shown. In pump-probe measurements, pump pulses are used for excitation of Fe
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FIGURE 5.11: Electronic structure related in TR-RMOKE measurements of
GdFeCo. 4f state positions of Gd are referred by [62].

3d spins into mobile sp states [195]. In this pump excitation, Gd 4f spins do not

participate in the process.

The results of time-resolved RMOKE measurements are shown in Fig. 5.12(a). Each
panel shows the results of RAE at each delay time indicated in the top. The normal-
ized intensity shown in the vertical axis means that the intensity measured at MCP
was normalized with respect to the incident FEL intensity. The reflected intensity
from the analyzer is detected by MCP with respect to x, as shown in the inset of Fig.
5.10. At each delay time, RAEs were performed under applying external field, +0.47
T, perpendicular to the sample surface, which correspond to the two curves (blue and
red) in Fig. 5.12(a). Cosine fitting results are shown with the solid lines. The angle
zero in each panel corresponds to the extinction state without external field. In the
time-resolved measurement, the phase difference between the two curves gives the Kerr
rotation angle at each delay time. The Kerr rotation angle measured at the delay time
of -100 fs was 3.1 degree, which reproduced the value obtained from the static RMOKE
measurement (3.2° at the photon energy of 53 eV) as shown in Fig. 5.9. The polar

configuration which was taken in the current TR-RMOKE measurement reflects the



5.2 First time-resolved resonant MOKE measurement with a FEL vaé

out-of-plane component of Fe magnetic moment in GdFeCo. Figure 5.12(b) schemati-
cally depicts the transient magnetization behavior with regard to the applied magnetic
field, which is deduced from the temporal variation of the Kerr rotation angles. The
arrow length at each delay time shown in the Fig. 5.12(b) is proportional to the mag-
nitude of the Kerr rotation angle. The sign of the Kerr rotation angle changed at
the delay time of 200 fs, which indicates the switching of Fe magnetic moment. The
sample was in room temperature before the irradiation of the pump pulse, which was
higher than Tj;. In the earlier studies [42], the magnetization reversal was observed
for the sample set below the Tj; before pumping. These facts show that the laser-
induced magnetization reversal occurs regardless of the temperature with respect to
the Tjs before the pumping. The contribution from the nonthermal effect involving
IFE that was employed in the earlier studies [188] is excluded in this study because the
linearly polarized light was employed. Therefore, thermal effect from the pump pulse
and the exchange of angular momentum between two sublattices are thought to have
a contribution in this magnetization reversal. Considering the repetition rate (10 Hz)
of pump-probe sets, the magnetic moment of the Fe sublattice returned to the initial
state 100 ms after the irradiation of pump pulse. The path for angular momentum
transfer is mainly closed between the sub-lattices of Gd and Fe [196]. It is of note
that the coherent coupling between photons and spins should also be considered re-
garding the exchange of angular momentum in the magnetization switching process. In
Fig. 5.13, time-dependent results obtained through this research using TR-RMOKE
with FEL are compared with preceding study using TR-XMCD with laser slicing [42].
The timescale of magnetization reversal of TM sublattice is the same between the two
measurements. Our TR-RMOKE measurements reveal that this scheme can be used
for tracking laser-induced transient magnetization in sub-picoseconds timescale. This
is the first demonstration using resonant MOKE for tracing magnetization dynamics
element selectively. The importance here is that the measurement has been performed
for detecting transient out-of-plane magnetization in the reflection regime, which has
a potential to apply to a wide variety of materials ranging from ultrathin magnetic
films to thick bulk systems with out-of-plane magnetization as well as magnetic com-
pounds with in-plane magnetization. This is the clear contrast when compared with
the conventional TR-XMCD technique which needs to make samples thin enough for

transmission measurements for detecting perpendicular magnetization.

From a methodological point of view, visible MOKE is widely used for tracking av-
eraged magnetization dynamics of the target magnetic materials [68]. In the section,

we present the RMOKE feature that allows for tracking transient magnetization in the
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FIGURE 5.12: (a) RAE results (circles) at each delay time using FEL tuning
to the photon energy of 53 eV. Solid lines represent the cosine fitting to the
experimental values. (b) A schematic of the transient Fe magnetic moment
with regard to an applied magnetic field, H. The arrow length at each delay
time corresponds to the magnitude of the Kerr rotation angle shown in (a).

subpicoseconds timescale with element specificity. Regarding a static measurement,
XMCD has largely been utilized for probing spin and orbital magnetic moment through
magneto-optical sum rules [96] in the various detection mode: the electron-yield, reflec-
tion, transmission and fluorescence yield mode at synchrotron radiation facilities. Up
to now, magnetization dynamics pumped by linearly polarized light element selectively
have been tracked by employing TR-XMCD in a reflection detection mode. In princi-
ple, both RMOKE and XMCD come from the absorption difference by a target mag-
netic materials between right- and left-circularly polarized light. Both spin-orbit and
exchange splitting give the difference of absorption. Both technique can be used to in-
vestigate a depth-resolved profile of magnetization by varying the angle of incident light
[202]. However, when compared with XMCD, the intensity measurements, RMOKE
technique with the polarization analysis can give both dispersive and absorptive com-
ponent of magneto-optical constants with a single experiment [148]. Furthermore, since

the Kerr rotation angle can be extracted from the phase difference of curves measured
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FIGURE 5.13: Comparison of pump-probe measurements between (a) TR-
XMCD using laser slicing ([42]) and (b) Fe M-edge TR-RMOKE using FEL
(this study)

by rotating the ellipsometry unit in the RAE method, this measurement scheme can
detect small amount of change of Kerr angles [119]. The static RMOKE experiment
shown in Fig. 5.9(c) shows that near 53 eV, the Fe M edge, nearly constant Kerr
rotation angle (between 3 to 4 degrees) was detected with respect to photon energy.
Therefore in the time resolved measurement on GdFeCo using FEL, RMOKE is more
suitable choice than XMCD. It has been discussed that the time-dependent MOKE
signals is not proportional to the magnetization during the femtosecond pulse due to
excitation into a highly non-equiliblium state [203]. Since our target timescale in the
current experiment was much larger than the dephasing time of correlation between
spins and photons, the modulation effect caused by the non-equilibrium state can be

disregarded in analyzing the time-dependent magnetization variation.

5.2.4 Conclusion

In conclusion, we measured ultrafast switching of Fe magnetization moment in a
ferrimagnetic alloy, GdFeCo, within several hundred femtoseconds utilizing a seeded-
type FEL set to the M-edge of Fe. Our results showed that magnetization switching due
to ultrafast heating effect occurred when the temperature before pumping was above
Tps. Through compared with the preceding results ([42]), the presented study showed

that Tas was not crucial for the magnetization reversal. Further theoretical studies
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are required for capturing the microscopic point of view for the light-induced ultrafast
magnetization reversal. However, the new measurement scheme, TR-RMOKE using
FEL will open the way to investigate both in-plane and out-of-plane magnetization

dynamics of magnetic compounds element selectively.
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5.3 Sensitivity for magnetization dynamics of subnanome-

ter ultrathin magnetic film

Contents described in this section will be published elsewhere in the next 5 years and

thus are currently unavailable on the web.
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5.4 Development for resonant MOKE measurement sys-

tem with a HHG laser

This section has been published as [204].

5.4.1 Introduction

Although using light in the soft X-ray region is useful, the availability of the measure-
ments using FEL is limited because it is a large-facility based light source. The FEL
can be used for one or two weeks per year. However nowadays, these drawbacks can
modestly be resolved by using table-top laboratory-based soft X-ray light sources, high
harmonic generation (HHG) laser (Fig. 5.14). HHG laser is able to produce ultrashort
soft X-ray light pulses with the longitudinal and transverse coherence. Ti:S laser with
ultrashort duration (tens of femtoseconds) is extensively used for driving laser of HHG.
The pulse duration of HHG laser is less than that of the driving laser. Therefore the
pulsewidth of HHG laser is known to be the smallest among pulsed light sources in the
soft X-ray region and reaches down to subfemtosecond timescale. Because the linearly
polarized HHG laser is compatible with RMOKE technique, a HHG laser can be em-
ployed as a compact tool for element-selective investigations of static and dynamical
properties of magnetism in a laboratory environment [15, 39, 40, 205, 206]. These mea-
surements were made using the geometry for transverse MOKE, and the spin variation
was traced by measuring the intensity of the reflected beam from a magnetic sample.
Such intensity measurements are restricted to the in-plane magnetization on a sample
surface. In order to probe out-of-plane as well as in-plane components of magneti-
zation element-selectively using linearly polarized light, RMOKE measurements with
polarization analysis are indispensable. So far, RMOKE measurements with polar-
ization analysis have been a large-facility based technique using synchrotron radiation
(SR) [119, 128, 129, 132, 156, 158, 207]. The purpose of this development using HHG
laser system is to conduct M-edge RMOKE measurements with polarization analysis
on transition metals, which opens a way to develop time-resolved RMOKE measure-
ments with polarization analysis in the future. Here, we present the development for
RMOKE measurement systems with the polarization analysis and the first demonstra-
tion of longitudinal RMOKE measurements using the linearly polarized HHG laser.

Rotating-analyzer ellipsometry (RAE) was incorporated for the polarization analysis.
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FIGURE 5.14: Comparison of large-facility based light source, FEL at SACLA,
and a laboratory-based light source. In the image of SACLA, the end sta-
tion of SXFEL beamline is shown. The image of SACLA was taken from
http://xfel.riken.jp/.

5.4.2 Developments

Figure 5.15 presents the schematic diagram of the measurement system, which we
call HHG beamline. The beamline is comprised of 1) titanium-sapphire (Ti:S) laser,
2) the gas-cell chamber, 3) the differential-pumping chamber, 4) the multilayer-mirror
chamber, 5) the spectrometer chamber and 6) the electromagnetic-coil chamber con-
nected with RAE unit. The 1) is used for the seed of the HHG. At 2), high harmonics
with respect to the seed laser are generated. 3) is a vacuum buffer chamber between 2)
and 4) with the vacuum pressure level of the order of 10° Pa and 10~% Pa, respectively.
At 4), the specific energy window is picked up from the high harmonic spectrum. 5) is
used for evaluating the HHG spectrum. Finally, at 6) the RMOKE measurements with
the polarization analysis are performed. The detailed explanations for each section are

given below.
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1) Ti:S laser system

Commercial Ti:S laser system, Astrella-1K-USP from Coherent, Inc., is implemented
on an optical bench, which avoids a vibration influence, inside a hutch that keeps dusts
and contaminants from entering. Temperature inside the hutch is kept and stabilized.
The variation of temperature is within 0.5 degree over 48 hours. As a seed for HHG,
this Ti:S laser is used. Pulse energy is around 6.0 W with the duration of < 35 fs and
the wavelength of 800 nm at a repetition rate of 1 kHz.

2) Gas-cell chamber

First, the gas-cell chamber positions at the side of incoming beam in the HHG beam-
line. A sapphire window is used as the incident port of the gas-cell chamber for en-
hancing a transmission of 800 nm light. At the gas-cell position, intense-fundamental
laser and noble gas, Ne or Ar, introduced from an external gas line, interact together
and generate odd numbered harmonics. At the upstream side of the gas-cell chamber,
the plank-convex lens with a focal length of 400 mm is employed in order to focus the
fundamental laser at the gas-cell position. The internal diameter of gas-cell is 4 mm
and the diameter of a hole for introducing fundamental laser is 300 pm. The high har-
monic generation is extremely sensitive to the coupling condition between fundamental
laser and the noble gas, therefore there are several adjusting mechanisms; i) focusing
lens is mounted on the linear translation stage and focusing point can be adjusted with
respect to the gas cell position.ii) gas-cell position itself is also adjustable by using
xyz-stages, which enables the accurate alignment. iii) In addition to the translational
adjustment of gas-cell, there are two axes for angular adjustments. From a gas cylin-
der, the noble gas is supplied to the gas-cell and it fills the internal space continuously.
The gas-cell chamber is kept being pumped with turbo molecular pump (TMP). The
pressure at gas-cell chamber with keeping flow of the noble gas is around 2.0 Pa. For
controlling the gas flow quantitatively, a mass flow meter is equipped to the external
gas line. Depending on the noble gas, the color of its ionization is different. In Fig.

5.16, ionization of Ne and Ar is shown.
3) Differential-pumping chamber

The differential pumping chamber follows the gas-cell chamber. This acts as a buffer
chamber for improving the vacuum level gradually from the gas-cell chamber to the
multilayer-mirror chamber. Inside this chamber, there is a translation stage. A fluo-
rescence plate is equipped at the tip of the stage for confirming the fundamental laser

passes through the hole of the gas-cell properly.
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FIGURE 5.16: Ionization at gas-cell caused by interaction between fundamental
laser and (a) Ne and (b) Ar.

4) Multilayer-mirror chamber

This chamber contains two multilayer mirrors and plays a role similar to the double
crystal X-ray spectrometer implemented in an typical X-ray beamline at the third
generation SR facility. These two reflection-type multilayer mirrors select particular

energy window high harmonic spectra.

The incident angle is 9°, from the surface normal for both multilayer mirrors. The
light injected into the first multilayer mirror, a plane mirror, has all of the components
of the odd-numbered harmonics and a large part of the fundamental laser that is not
transformed into high harmonics. After reflection from the first multilayer, the beam
proceeds to the second multilayer, a concave mirror. This second multilayer also acts
as a focusing mirror with length of 1214 mm for horizontal and 1278 mm for vertical
direction. The difference is due to the nature of the concave mirror. If the troidal mirror
is used, the focal length for the vertical direction becomes the same as that for horizontal
direction. The multilayer mirrors can be aligned using motorized angular adjusting
system for vertical and horizontal direction under ultrahigh vacuum environment. Each
multilayer mirror is mounted on the revolver-type holder that can accommodate four
multilayers. Depending on a desired energy window, appropriate set of multilayer
mirrors are chosen by rotating the revolver using a wobble stick without breaking the
vacuum. The calculated reflectivity from these multilayer mirrors is presented in Fig.

5.17 in the case of Mo/Si with 12.4 nm periodicity and 30 repetition number, which
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FIGURE 5.17: Calculated reflectivity (left axis) as a function of photon energy
(5 - 130 eV) for Mo/Si multilayer mirror (MLM) installed in MLM chamber
by using optical constants in Ref. [208] done by NTT-AT Inc., which is a
manufacturer of the MLM. Red line is the reflectivity using one MLM and
blue one is the reflectivity using two MLMs. High harmonic orders are also
indicated assuming that fundamental laser is 800 nm. These harmonics region
corresponds to M absorption edge of Fe.

is optimized for the M-edge of Fe (the photon energy of 53-54 eV). The reflectivity
spectra of the multilayer mirror shows a peak around 53 eV. There is also a peak around

100 eV, which is the second-order Bragg peak.

There is a finite reflectivity below 20 eV in the reflectivity of the multilayer mirror
as well as at a higher narrow energy window defined by the multilayer composition. In
order to eliminate the energy lower than 20 eV, Al, N-Parylene (CgHg),,, or Sc filter can
be installed inside the triplex gate valve, which is connected to either the spectrometer
or the electromagnetic coil chamber, at the downstream side of the multilayer mirror
chamber. The transmission of Al filter with the thickness of 70 nm is given as the
red curve in Fig. 5.18 In general, conversion efficiency of fundamental laser into the

high harmonics is ~ 107°-1078 [209, 210]. Therefore most part of the fundamental
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FIGURE 5.18: Calculated transmission for 700 A Al (red), 1700 A N-Parylene
(blue) and 250 A Sc (green) filter installed in the triplex gate valve located
behind the MLM chamber [171].

laser passes through the gas-cell. Al filter removes the energy component below the
ultraviolet range including fundamental laser. Due to Al Lo 3-edges, this filter also
attenuates energy above 72 eV. N-Parylene is used for attenuating light near 20 eV
that cannot be eliminated by the Al filter. Depending on experiments, Sc filter is
introduced for attenuating energy ~ 40 eV. The calculated transmission is shown in

Fig. 5.18.
5) Spectrometer chamber

HHG spectrum measurements are exclusive with regard to the RMOKE measure-
ments. When HHG laser is introduced to the spectrometer chamber from the mul-
tilayer mirror chamber, the Au mirror is translated onto the beam axis as shown in
Fig. 5.15. There are two Au mirrors inside the multilayer mirror chamber; upstream
one is used when the whole HHG spectra are measured and the downstream one is
employed when the energy window selected by multilayer mirrors is evaluated. The
HHG light is transferred to the Rowland-type grating with 1200 grooves/mm (30-002,
Shimadzu Inc.). The incident angle into the grating is 87° from the surface normal. The

diffracted light with energy-dependent angle variation are measured by micro-channel
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plate (MCP) (Hamamatsu Photonics Inc., F2813-22P58, 22 means 2 stages and channel
diameter is 15 pym and P58 corresponds to fluorescent material). The fluorescent plate
behind the MCP makes it possible to visualize the spectra. At the incident port of the
spectrometer, there is an incident slit with the horizontal width of hundreds of pm.
Assuming that the Rowland condition is met, the width of the incident slit determines
the energy resolution of the spectrometer. In the current setup with the 200 pm width,

measurements are done with E/AFE =~ 90 at 53 eV.
6) Electromagnetic-coil chamber

Electromagnetic coil generates magnetic fields up to + 0.5 T with a homogeneity
of 1 % over 1 cm diameter sphere by supplying electric current with the maximum
of £ 22 A by a bipolar power supply (BWS40-15, Takasago Inc.). A water-cooling
system is equipped for the magnetic pole during operation. The magnetic pole itself is
positioned inside the vacuum. With this electromagnetic coil, we can apply a magnetic
field perpendicular and parallel with regard to the sample surface, which is enabled by
the rotation of the sample holder with respect to the axis normal to the paper surface
as shown in Fig. 5.15. The HHG hits a sample with an incident angle of 45° and the
reflected light is transferred to a RAE unit for the polarization analysis. The RAE
unit is comprised of the reflection-type multilayer mirror (Mo/Si, periodicity 15.6 nm,
repetition number 10) and MCP detector (F4655, Hamamatsu Photonics Inc.). The
transferred light impinges on the multilayer mirror in the RAE unit with the incident
angle of 45°, where the ratio between s- and p-polarized reflectivity (rs/r,) is on the
order of ten. By using the differential pumping rotary flange driven by a pulsed motor,
this unit can be rotated together with respect to the light axis of the reflected light
from the sample. At both sides of the ports normal to the incident light, RAE unit
can be equipped as shown in Fig. 5.15. Depending either on a longitudinal or polar
geometry, one of the RAE units is employed for the determination of Kerr rotation
angle. Combining these two geometries, in-plane and out-of-plane magnetization can be
measured in an element-selective way without breaking the vacuum if the magnetization
is not canted. In the oblique incidence in the currently developed setup, the detected
Kerr angle contains both polar and longitudinal contributions if the magnetization
is canted from the direction either parallel or perpendicular to the sample surface in
a system. By using liquid-He flow-type cryostat and temperature controller, sample
temperature can be varied from 10-300 K. Measurements are usually operated under
5x107% Pa. In this vacuum pressure level, the degas from the magnetic pole does not
deteriorate the pressure. The volume inside the chamber is so small, 9200 cm?. For

pumping the this volume, it takes less than a hour from atmospheric pressure.
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FIGURE 5.19: High-order harmonics spectra before (red) and after (blue) the
multilayer mirrors as shown in Fig. 5.15. Cutoff energy was 45th order, which
corresponds to ~ 70 eV. After reflection from two multilayer mirrors, the energy
window around Fe M-edge is obtained. The vertical broken line indicates the
position of the harmonic order.

5.4.3 Experiment

HHG spectrum

In Fig. 5.19, the HHG spectra before and after the reflection from two multilayer
mirrors (Mo/Si, periodicity: 12.4 nm, repetition number: 30) are presented for the fun-
damental laser with the fluence of 2.67 mJ /pulse, which gives photon flux of ~ 1.1x10'6
photons/pulse. In this measurement, Ne gas was employed for the generation of high-
order harmonics. The input beam size into the focal lens is ~ 10 mm. The comparison
between the two spectra confirms that multilayer mirrors act as a monochromator.
The separation of the energy window around Fe M-edge from the whole HHG spectra
was successfully performed. Other energy region can also be extracted if a different
multilayer mirror, which has a peak of reflectivity at a specific energy region, is used.

The broadened spectra are due to the deviation from the ideal Rowland condition.
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Under the following parameter; [,=21.56 eV (ionization potential) for Ne, A=800
nm, pulse energy: 2.67 mJ/pulse, pulse width: ~ 100 fs, and beam diameter: 100
pum, the ponderomotive energy (Eq. (3.10)) is estimated to be 20.2 eV and the cut-off
energy is expected to be 86 eV by using Eq. (3.11) in the framework of three-step
model described in Sec. 3.2. The observed cutoff energy is smaller than the calculated
one. There are several factors that are sensitive to high harmonic generation efficiency;
1) misalignment of gas-cell to fundamental laser, 2) optimization of focal length, 3)
selection of interaction length and hole diameter of gas-cell, and 4) noble gas pressure. It
is supposed that improvement of these factors enhances the accuracy of phase-matching

condition, which results in the extended cut-off energy.

Demonstration of longitudinal RMOKE

We demonstrated longitudinal RMOKE measurements on Fe(001)-p(1x1) films ter-
minated by oxygen (Fe(001)) grown on MgO(001) substrates [211] using the light with
the energy window shown in Fig. 5.19. The power of the fundamental laser was set to
2.67 W. Current target sample is the in-plane magnetization film. The results obtained
using this system are shown in Fig. 5.20. The whole data for both magnetic field
directions shown in Fig. 5.20 was collected within 20 minutes including the time for

the field reversal. The experimental data are fitted by Eq. (4.10).

1.9°4+0.25° of the Kerr rotation angle was extracted. The error bar is determined
from the fitting. In the visible range, the Kerr angle of an iron thin film in the longitu-
dinal geometry is ~ 0.02 degree [212]. In the current study, the giant magneto-optical
response was demonstrated due to the resonant enhancement at the inner-core absorp-
tion edge[119, 128, 129, 132, 156, 158, 207]. The order of the Kerr rotation angle in the
RMOKE measurement is more than the experimental resolution using RAE method.
If the optical alignment is fully optimized and the RAE measurement is conducted in
a wider y range (0°-360°) than that shown in Fig. 5.20, the resolution for determining
the Kerr angle using the RAE technique reaches to ~ 0.01 degree [213, 214].

If one tries to measure unknown magnetic samples, in principle, hysteresis loops can
be also measured with the current system. This gives basic magnetic properties such
as coercive field and Kerr angles at a saturation field as shown in the previous reports
using synchrotron radiation for RMOKE measurements [156]. In the hysteresis loop
measurements, one can measure the intensity dependence on external magnetic field
under fixing the y at the angle where cosine curve becomes zero (At this point the

largest variation of the field-dependent intensity is expected).
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FIGURE 5.20: Demonstration of longitudinal RMOKE on Fe under surface-
parallel magnetic field, +H= 240 mT (red circles) and -H = -240 mT (blue
circles), application with hv ~ 53 eV. The broken vertical lines indicate the
minimum positions determined by fitting using cosine curves (solid lines).

It is of interest to compare the RMOKE technique with a conventional probing
technique of a ferromagnetic order, X-ray magnetic circular dichroism (XMCD), which

uses circularly-polarized light in the HHG regime.

There were various methods for generating circularly-polarized high harmonics emis-
sion as discussed in Sec. 2.3, however these techniques for generating circularly-
polarized high harmonics need much more complex experimental setup and fine-tuning
of optical alignments. Furthermore, the degree of circular polarization, which depends
on the photon energy and should be measured precisely, is below 75 %, so that the
XMCD signals tend to become smaller than the intrinsic magnetic signals. In the
preceding M-edge XMCD researches using HHG laser, transmission geometry was em-
ployed, which also makes a limitation regarding the material groups that the XMCD
using HHG can apply. The number of photon flux itself in the case of circular HHG
pulse was the similar order to that of linear HHG pulse [27, 29]. It was shown that
for 3d transition metals, Fe, Co and Ni, the XMCD asymmetry were 7 %, 12 %, and
3 % respectively. Noise levels at the off-resonance region were 1-2 % (Fe), 3-5 % (Co),
and 1 % (Ni). According to these preceding reports, signal-to-noise ratio (SNR) of
M-edge XMCD for 3d transition metals is in 2 ~ 7. On the other hand, in the M-
edge RMOKE, the SNR reaches to the order of 100 ~ 1000 by taking into account
the resolution (~ 0.01 degree) of Kerr angle in RAE. Therefore, the probing technique

in the linear-polarization scheme is preferred for detecting in-plane and out-of-plane
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components of magnetization if the target sample has a minute magnetization. This
is the case for ultrathin magnetic films and diluted magnetic semiconductors. It is of
note that acquisition times for a certain energy range around M edge are shorter in
XMCD (a few minutes ~ 10 hours [28]) than in RMOKE (tens of minutes ~ 2 hours).

5.4.4 Conclusoin and future prospects

We developed the RMOKE measurement system with the polarization analysis using
laboratory-based light source, HHG laser. In this measurement schemes, in-plane and
out-of-plane magnetization can be detected in the polar and longitudinal geometries,
respectively. We selected the energy near Fe M edge from the high harmonic spectra
by using two Mo/Si multilayer mirrors and the Al filter. We demonstrated longitudinal
RMOKE measurements on the Fe film with this system using the RAE method. Kerr
angle of 1.9°, which was 100 times larger than that in the visible range, was observed.
This scheme has a sufficient resolution for detecting the Kerr angle in the M-edge
RMOKE measurement.

It is of note that the currently developed system can easily evolved into the measure-
ment for the vectorial magnetization in three dimension for ultrathin films by using
p- and s-polarized light and two polar geometries, where in-plane azimuth angle of
the sample is different by 90° each other, and one longitudinal configuration [215]. In
addition, the transmission-type XMCD measurements can be possible by introducing
a detector at the opposite port with respect to the incident port in our measurement

system.

This system can be applied to the multi-component magnetic compounds with out-of-
plane magnetization, such as L1 ferromagnetic alloy, and ferrimagnetic alloy composed
of ferromagnet and rare-earth metals, e.g. GdFeCo, and TbFeCo [11] as well as the
in-plane magnetic system. The mechanism of their magnetization behavior, especially
magnetization reversal, in the sub-picoseconds timescale is one of the central issues in
the field of femtomagnetism. Besides, the buried magnetism can be investigated using
this system [12]. This material category has a nanometer-scale layered structure, such

as magnetoresistance, spin-valve materials and magnetic topological insulators.

The nature of the ultrashort pulse of HHG laser can also be used for tracking laser-
induced phenomena. In fact, HHG laser has been intensively applied in the field of
ultrafast spin, carrier and molecular dynamics [216-219]. Recently, time-resolved TR-

RMOKE in the transverse geometry and TR-XMCD measurements were conducted
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on 3d transition metals in the energy region near M edges using the HHG laser as
discussed in Sec. 2.2. Different from those previous researches, if our measurement
schemes are extended into time-resolved scheme (Appendix D), TR-RMOKE using the
polarization analysis can be performed under the magnetic field parallel (longitudi-
nal) and perpendicular (polar) to the sample surface for multi-component magnetic
materials. This polarization analysis gives time-dependent Kerr angles and ellipticity,
both of which is required for extracting the intrinsic magnetization response ((see Sec.
5.1.2)) as pointed out by the preceding theoretical study [220]. It is expected that the
time-resolved RMOKE with the RAE technique using the table-top HHG laser will be
extensively facilitated in the field of femtomagnetism. We have already extended the
static RMOKE measurement system using HHG laser, presented in this section, into

time-resolved regime, which is presented in Appendix D.



5.5 Conclusion 95

5.5 Conclusion

In this chapter, we have extended RMOKE technique developed in Chapter 4 into the
time-resolved scheme. Firstly, we demonstrated the first experiment of TR-RMOKE
by observing ultrafast magnetization reversal of GdFeCo using FEL at FERMI. Not
only did we show the ability that traces in sub-picosecond timescale, but also the
role of the compensation temperature in magnetization reversal process. Secondly, we
applied the TR-RMOKE measurements to ultrathin magnetic films and revealed that
this method can trace with better signal-to-noise ratio and shorter measurement time
compared to the conventional TR-XMCD measurements. Through the TR-RMOKE
and TR-XMCD measurements, we explored the timescale of magnetization dynamics
for Au/Fe/Au systems. In the relaxation process, we showed that the existence of
the interface makes the lattice degree of freedom dominant in the relaxation from the
laser-induced demagnetization process. Furthermore, the demagnetization timescale
of a-few-monolayer Fe film was discovered within ~ 300 fs. Using the TR-RMOKE
technique with a smaller jitter value, it is expected that the intrinsic demagnetization
timescale will be extracted, which gives the importance of the spin-orbit coupling in
spin-flip processes in the demagnetization phenomena. Thirdly, we developed RMOKE
measurement systems using a HHG laser, which is a laboratory-based light source.
These measurement schemes can be complementarily used with FEL measurements for

investigating ultrafast spin dynamics.

Finally, we give open questions in the study of ultrafast spin dynamics, which the
new technique developed in this thesis, TR-RMOKE using a FEL, can be applied
in order to deepen the understanding of the mechanism underlying the laser-induced
phenomena. Basically, this technique have sensitivity to a subnanometer-scale system
with the sub-picosecond time resolution, it is suitable to investigate the role of interface

in the magnetization dynamics, which is poorly understood in this field.

e An observation of ultrafast angular momentum transfer between baths of the
spin and the lattice degree of freedom. This technique will reveal the role of
interface in the angular-momentum transfer, which gives deeper insight regarding

the demagnetization and the magnetization reversal process.

e Interaction between ultrashort pulses and magnetic materials such as chiral spin
structures which is interfacially induced and has two competing energies between
exchange and spin-orbit interaction. This can be measured by using circularly

polarized pumping pulses.
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e The role of exchange interaction in the ultrafast spin dynamics. This can be

investigated by combining the TR-RMOKE technique with high magnetic fields
that suppress the spin dynamics and enable one to observe dynamics related to

the exchange interaction.

The role of spin currents (so called superdiffusive current in this field) that affects
demagnetization process. Especially, it is still not well known how the transient
spin accumulation at interfaces acts in the nonlocal spin current transport. This
can be investigated by pumping the magnetic layer from one side of a target
heterostructure and probing the nonmagnetic layer from the other side of the
system in the TR-RMOKE regime.

Direct observation of the phonon excitation in the transient magnetization phe-
nomena. Combining TR-RMOKE with time-resolved diffraction technique, spin

and phonon excitation can be traced simultaneously.

The role of exchange couplings of metallic alloys and multilayer systems in ultra-
fast magnetization reversal. So far, the magnetization reversal has been observed
in the limited material groups, alloys and heterostructures. Although the under-
lying mechanism of the laser-induced magnetization reversal is still not clear, it
seems that the intersublattice and interfacial exchange interaction plays an im-
portant role in this process. In order to investigate this topics, element-selective

methods are required, and the TR-RMOKE technique fits for this study.



Chapter 6

Resonant enhancement of second
harmonic generation in the EUV

region

This chapter is covered by the publication list [3]. This paper is in press in the

journal of Physical Review Letters.

6.1 Introduction

In Chapter 5, we have developed time-resolved resonant MOKE (TR-RMOKE) using
a free electron laser (FEL) and a high harmonic generartion (HHG) laser. It is quite
important from the spintronic point of view that the detection of magnetization at
buried interface, where the spatial inversion symmetry (IS) is broken. Therefore it is
desired to develop a measurement scheme with element selectivity and probing ability
that detects signals from systems without IS. In the visible region, magnetization-
induced second harmonic generation (MSHG) has been often used for the detection of
systems that lack IS as explained in Sec. 2.2. SHG measurements in soft x-ray range
is expected to give information of electric and magnetic ordering for each element in
noncentrosymmetric media as presented in Sec. 2.4.5. However, in the soft X-ray
region, nonlinear optical effects have not been observed until recently. As a first step
in this direction, the SHG signals in the soft x-ray range from noncentrosymmetric

media needs to be verified. In this chapter, we explore the feasibility of soft-x-ray SHG
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measurements that detect crystallographic SHG which has time invariant property as

shown in Fig. 6.1. This corresponds to x(¥ which is introduced in Sec. 2.4.5.

Soft x-ray SHG

Unoccupied band (excited state)

2w

Y Y Core level (ground state)
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FIGURE 6.1: SHG signals in the electric-dipole regime are composed of terms
that have time-invariant (x(*)) and invariant (x(¢)) tensor. SHG itself has not
been reported in the preceding study. In this chapter, we focus on detect-
ing SHG signals from crystallographic component (X(i) ) as a first step in the
direction of the nonlinear regime of magneto-optical effects in the soft x-ray
range.

The extremely low nonlinear optical signals in the ultraviolet ~ X-ray range have
allowed researchers to only perform transmission experiments of the gas phase or ul-
trathin films [221-226]. In this chapter, we present SHG of the reflected beam of a soft
X-ray FEL from a solid, which is enhanced by the core-level resonant effect in the ma-
terial. The effect inherently indicates addition of element specificity in SHG and it will

be applicable for a wide range of samples, from nonlinear crystals to heterojunctions.

The phenomena of SHG can be expressed in terms of the second-order nonlinear

susceptibility ijfG@w;w), which becomes zero for centrosymmetric systems in the

electric-dipole regime [227-230]. The ijf G(2w;w) can be enhanced when the pho-
ton energy (2w;w) matches the energy difference of the electronic states of a material
(Fig. 6.2(a)). With the electric fields Ej(w) and Ej(w), the SHG P;(2w) is expressed

as P;(2w) = €0 Dy, ijfG(Qu);w)Ej (w)Ek(w). Under the perturbation approximation,
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FIGURE 6.2: Second harmonic generation in the GaFeOj crystal using
Fe 3p resonance. a Energy diagram of SHG. The notations, 0, n’, and n
represent the ground state, virtual state, and excited state, respectively. b
Projection view along the ¢ axis of the crystal structure of GaFeOs.

xfﬁf G (2w;w) is simply written as [229]

H
XZkG(Zw w)

<z>0n<y>nn/<k>n/0 <J>on<t>pp <k>p0
eoh? Z (wno — 2w)(wnro — w) (Wno + w)(wWno — w)
<G> on<k>pn <t>p00

(Wno + w)(wWpro + 2w)

). (6.1)

where <j>¢, is the jth Cartesian component of the dipole transition matrix element
and N is the total atomic/molecular number density. The notations 0, n/, and n
represent the ground state, virtual state, and excited state, respectively (Fig. 6.2(a)).

The denominators of the first and second terms, corresponding to the resonance factors

SHG
and Xijk

photon energy of the ultrashort pulse laser can be tuned to the binding energy of the

(2w;w), become large by the condition 2w = wyg or w = wyg. Thus, if the

core-level state or the absorption edge in a material, the SHG signal in the soft X-ray

region is likely to be enhanced by the core-level resonance effect.

SHG signals were detected when the photon energy with double frequency 2w was
above the absorption edge of the sample. The core-level resonance inherently indi-
cates addition of element specificity to the SHG experiment. Furthermore, in the
transmission-type SHG measurements, a phase-matching condition is important for
coherent amplification of second harmonic waves which interact with second-order po-
larization. Therefore, the second harmonics are usually observed in a specific direction
with respect to the direction of the fundamental wave. However, in the reflection

measurement geometry, the phase-matching condition is automatically satisfied, which
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results in that the present method can be used for various samples and experimental
conditions. We also found good compatibility of the SHG measurement with the work-
ing principles of self-amplified spontaneous emission FEL (SASE-FEL). Experiments of
optical frequency conversion with SXFEL are expected to reveal the origins of nonlinear
effects in multicomponent materials and trace the ultrafast dynamics at the interfaces

of heterojunctions.

6.2 Experiment
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FIGURE 6.3: Measurement of SHG using SXFEL. (a) Schematic diagram of
the SXFEL beamline (BL1) at SACLA and the SHG measurement system.
(b) Fe 3p absorption spectrum of the GaFeOg crystal. (c) Intensity plot of the
w component of the reflected SXFEL pulses 1,, with respect to the individual
incident intensity Iy at the photon energy hiw = 27.5 eV. (d) Plot of I, at the
photon energy of 2fuw = 55 eV. (e) Plot of Iy, at the photon energy of 2hw =
53 eV. The dashed lines shown in (c) and (d) were fitted by a power law. The
15, values are normalized for comparison.

We measured the SHG signal from GaFeOg [231], which has a non-centrosymmetric
orthorhombic structure with space group Pc2in at room temperature and is known
to show SHG in the visible region [232]. Figure 6.2(b) shows a projection view of the
crystal structure along the ¢ axis with spontaneous polarization along the b axis. The

photon energy of the SXFEL pulse was set to near the half of the Fe 3p absorption edge
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(Fig. 6.3). This absorption spectrum of the GaFeOs crystal was taken at a bending-
magnet beamline, BL5B [233] at UVSOR facility in Japan. The absorption originated
from Fe 3p edge is risen from ~ 54 eV. Thus, the SHG resonance condition (2w = wpyg)
is satisfied by the energy difference between the Fe 3p level and the unoccupied band,
as shown in Fig. 6.2(a). The SHG experiment was performed with a SXFEL pulse
generated at BL1 (the SXFEL beamline) of SACLA [234, 235]. Figure 6.3(a) shows an
overview of the beamline and the measurement system. A FEL beam was generated
by the principle of SASE, which is associated with formation of the microbunching
structure of an electron beam. The SXFEL was operated with a repetition rate at
60 Hz. Owing to the SASE scheme, the intensity of the SXFEL pulses fluctuated by
32%, which was evaluated by the coefficient of variation, and the incident power Iy was
evaluated using photoionization of Ar gas at the Iy monitor in a shot-by-shot manner.
With the spectrometer installed at the beamline, we confirmed that the intensity of
the second-order harmonics of SXFEL or spontaneous undulator radiation was below
the detection limit. The SXFEL pulses with durations of 100 fs and energies of up
to 25 uJ were irradiated onto the sample with the p-polarized configuration along the
spontaneous polarization axis (b axis) of the GaFeO3 crystal with an incident angle of
45° with respect to the sample normal. The spot size of FEL at sample position was ~
100 pm. The reflected SXFEL beam with an angle of 45° entered into a spectrometer
composed of a slit, a grating, and a microchannel plate (MCP) detector. The spectral
intensities of the reflected light (1, and Ia,) were measured by the MCP position,
as shown in Fig. 6.3(a). The intensities of the spectral components w and 2w were
measured in a shot-by-shot manner with individual Iy shots. Setting the spectrometer
at the 2w configuration, we confirmed that the photoluminescence light from the sample

after the two-photon absorption process [236, 237] was below the detection limit.

6.3 Results

6.3.1 Second harmonic generation measurement using FEL

Figure 6.3(c) shows a plot of the variation of the reflected intensity at a photon
energy of hw = 27.5 eV with respect to the incident intensity Ip. The dashed line
represents fitting using the power law o Ig . The exponent coefficient 5 = 1.0, which
means linearity of the w component. The intensity of the 2w component (2/uw = 55

eV) shows apparent nonlinear dependence with Iy, as shown in Fig. 6.3(d). Moreover,
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FIGURE 6.4: Measurement of the SHG power dependence. Temporal variation
of the I5,—Iy diagrams during the measurements.

the 2w signal disappears when the photon energy is tuned to 2hw = 53 eV (hw = 26.5
eV), which is below the Fe 3p absorption edge (Fig. 6.3(e)).

It is worth noting that the individual measurements of the Is,—Iy diagrams in Figs.
6.3 were performed without artificial regulation of the Iy intensity and they were com-
pleted after several minutes. The inherent intensity fluctuation of SXFEL allows ex-
perimentalists to automatically obtain the data, as shown in Fig. 6.4. For a single
measurement at each data point, the data points (Ia,, Ip) of individual shots initially
appear random, but they show apparent dependence after a sufficient number of shots.
Good compatibility between the SHG measurements and SXFEL is beneficial for effi-

cient experiments in limited beam time.

Figure 6.5 shows Is,—Iy diagrams in the logarithmic scale with different photon
energies. The features of Fe 3p absorption of GaFeOgs are observed above 54 eV and,
correspondingly, quadratic intensity dependence of the SHG light is shown in Fig. 6.5
observed in the same region. From power-law fitting, the exponent coefficients are
B =17 (2w = 55 ¢eV), f = 1.9 (2w = 57 eV), and f = 1.9 (2w = 59 eV). The
experimental values consistently match the quadratic intensity dependence (5 = 2) of
the SHG light. These results unambiguously indicate detection of SHG light from the

GaFeOg crystal, which is enhanced by the resonance effect of the Fe 3p core level.
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FIGURE 6.5: Logarithmic I,y diagrams. I, is plotted on the left axis for
the photon energy of 2iuw = 55 eV (red circle), 2hw = 57 eV (blue circle), and
2hw = 59 eV (green circle). The dashed lines were fitting using a power law.
I, (orange circle) is plotted on the right axis for hw = 27.5 eV.

6.3.2 X-ray photoelectron spectroscopy

We performed X-ray photoelectron spectroscopy (XPS) around O 2s peak on GaFeOs
using synchrotron radiation at BL-2A MUSASHI of the Photon Factory (PF), KEK,
Japan. Fig. 6.6 shows the normal-emission XPS spectrum obtained at room tempera-
ture with the incident photon energy of 56 eV. The total energy resolution evaluated
by the Au 4f state is 41 meV for the photon energy of 56 eV. The peak positions
were determined using multi-peak fitting composed of two Gaussian functions after

the subtraction of the background defined by the quadratic function. The quadratic
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FIGURE 6.6: X-ray photoelectron spectroscopy of O 2s in GaFeOs. X-ray
photoelectron spectroscopy spectrum measured with the photon energy of 56
eV at room temperature. Red circles are experimental results. Blue solid line
is the fitting composed of two gaussian functions. Each gaussian fitting results
are shown in dotted black lines.

function for the background was generated through the fitting to the XPS raw data
with masking the certain range from 17.6 eV to 25.8 €V as the unit of binding energy.
The O 2s peak is partially overlapped with the oxidized Ga 3d peaks. Ga3T 3d state
can be seen in 19.9 eV. The O 2s peak is located at the 22.7 eV. These positions are
consistent with the preceding reports [238, 239].

6.4 Discussion

The transition from O 2s to Fe 3d state corresponds to the energy slightly lower than
hw used in the experiments. Therefore, there is a possibility that the double resonance
condition shown in Fig. 6.7 were met in this SHG measurements. In this resonance
condition, the transition from Fe 3p to O 2s state occurs when distribution of the
Fe 3p states spreads over the O site and a magnitude of the matrix element becomes
finite. This intriguing condition occurs in the SHG process that gives the additional

enhancement that apparently satisfies the first term in Eq. (6.1).
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FIGURE 6.7: Possible double resonance mechanism in SHG measurements for
GaFeOs.

6.5 Conclusion

For the first time, we observed SHG from a nonlinear crystal in the soft X-ray region
in the reflection geometry under the possible double resonant condition. The obser-
vation indicates addition of element specificity in SHG. The present method can be
extended to a variety of samples, including the interfaces of heterojuctions, and many
applications, such as the interface of the spintronic heterojunction under operation.
Magnetization-induced SHG can be achieved with element selectivity of the magnetic

atom at the interface.

The current measurement showed the feasibility of measuring crystallographic com-
ponents of SHG signals in the soft x-ray range. In the previous SHG measurements in
the visible range, the magnetic SHG signal is as large as that of the crystallographic
contribution [91]. We here clarify the application of this technique which is sensi-
tive both to crystallographic (including electric) and magnetic symmetry information.
In principle, the target groups are i) a noncentrosymmetric crystallographic structure
without magnetic order, ii) a centrosymmetric crystallographic structure with non-
centrosymmetric magnetic order, iii) a noncentrosymmetric crystallographic structure
with centrosymmetric magnetic order, and iv) a noncentrosymmetric crystallographic
structure with noncentrosymmetric magnetic order. Therefore, the nonlinear-optical
technique in the soft x-ray range has a various applications in the field of condensed

matter physics and chemistry as follows:
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e Ultrafast spin dynamics of antiferromagnets: antiferromagnetic order belongs to

a larger variety of material groups including insulators, metals, semiconductors,
superconductors, and semimetals, while ferromagnetic order is mostly observed
in metallic materials. Furthermore, the antiferromagnetic order has much larger
exchange interaction between spin sublattices when compared with ferro/ferri-
magnetic order, which results in much faster spin dynamics than that of ferro/-
ferrimagnetic materials [240, 241]. The laser-induced ultrafast spin dynamics of a
ferro/ferrimagnetic order can be traced by linear magneto-optical measurements
that are developed in the previous chapter, however the antiferromagnetic order
cannot be detected within the linear regime. The time-resolved SHG measure-
ments in the soft x-ray range can trace the dynamics of antiferromagnetic order
as well as ferro/ferrimagnetic order in a noncentrosymmetric media. This will
provide deeper insight into the coherent interaction between femtosecond laser
pulses and magnetic materials in the highly nonequilibrium state and reveal the

role of exchange interaction in the magnetization dynamics.

Multiferroics: multiferroic materials are known to show a coexistence of electric
and magnetic order [242]. This class of materials has a potential to be imple-
mented in new-generation devices in which the magnetization can be controlled
by electric fields rather than magnetic fields or electric currents. This will provide
faster, and more energy-efficient devices. The target materials are mostly mul-
ticomponent systems, such as BiFeOg, or orthorhombic/hexagonal RMnO3 with
R= Sc, Y, In or Dy-Lu and so on [243]. Therefore, element-selective measure-
ments are indispensable for investigating these materials. Among multiferroic
materials, spin-driven multiferroicity has attracting attention because it shows
the close correlation between the electric and magnetic order and partly shares
the domain boundaries between those two ferroic orders [244]. The multiferroicity
with this scheme (magnetic-order induced ferroelectricity) at room temperature
has not been observed yet. Element-selective SHG measurements developed in
this chapter will give a powerful tool for investigating these class of materials
because, in principle, SHG is sensitive to the breaking of spatial and time in-
version symmetry. Furthermore, recently not only bulk materials but also thin
films or heterostructures are intensively investigated in this community for seek-
ing new magnetoelectric functionalities that can be tuned at room temperature
such as hexagonal YMnOs-permalloy [245], BiFeO3-CoFe heterostructures [246],
and PbZr,Ti;_,03-LaSrMnO3-PbZr, Ti;_, O3 [247] and so on. For distinguish-

ing roles carried by each element in the ferroic orders that appear only at the
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interface, SHG in the soft x-ray range can also be effective because it can detect
signals from the interface element selectively. Dynamical features that are impor-
tant for the development of multiferroic devices have not well investigated yet so
far. The current technique has a potential to extend into measurements in the
time domain and can be useful also for the ultrafast spin dynamics that closely

coupled with the ferroelectric order.

Magnetic topological insulator: two groups of ferromagnetism in the topologi-
cal insulators are reported: one is in the system with the interface between the
ferromagnetic layer and the topological insulator layer [248, 249], and the other
is in the diluted magnetic topological insulators [250, 251]. The origin of those
ferromagnetisms, which breaks the time-reversal symmetry in the topological in-
sulator, is still under debate. The ferromagnetism at the interface in the former
case can be investigated by using magnetic SHG measurements in the soft x-ray

range.

Catalysis science: for developing energy-efficient solar cell, thin-layers structure
has been attracting attention recently [252]. In these systems, at the interface,
charges are separated and chemical energy transformation occurs in catalytic
reactions [253]. Furthermore by using a optical laser together with a soft-x-ray
FEL, surface/interface chemistry reactions can be traced with the subpicosecond
time resolution [254]. Therefore, static and dynamical SHG measurements in the
soft X-ray range can separately detect element in a series of chemical reactions.
The current technique makes it possible to detect the presence of specific reaction

products at the interface between solid and liquid/gas of a catalyst.






Chapter 7

Conclusions

7.1 Summary

We developed RMOKE techniques in the extreme ultraviolet (EUV) / soft X-ray
region and extended them into time-resolved techniques using a free electron laser
(FEL). These new techniques can detect out-of-plane as well as in-plane magnetization
with element selectivity, track the laser-induced magnetization at the sub-picosecond

timescale, and measure with a sensitivity to subnanometer-scale system.

e A static RMOKE measurement technique in a polar geometry was developed.
Using rotating-analyzer ellipsometry (RAE), we measured the Kerr angle in the
EUV region. The M-edge RMOKE measurement of Ni thin films using syn-
chrotron radiation revealed a giant Kerr rotation angle, 50 times larger than that
observed using conventional visible MOKE. The overall features of the spectrum
were reproduced by a simulation based on resonant scattering theory. To extract
more microscopic features from the RMOKE spectrum, first-principles calcula-
tions are required, but such calculations are beyond the scope of this thesis. We
showed that our technique can be used to detect of out-of-plane magnetization

with element selectivity.

e We extended the RMOKE technique into the time-resolved regime. We studied
the ferrimagnetic alloy, GdFeCo, by using time-resolved RMOKE (TR-RMOKE)
with a free electron laser (FEL) at FERMIQELETTRA. By measuring the time-
dependent Kerr angle using RAE, we tracked the ultrafast magnetization reversal

of the Fe sublattice in GdFeCo at a delay time of 200 fs after irradiation with the
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pump pulse. Considering the timescale of the magnetization reversal, our results
are consistent with earlier results measured with time-resolved X-ray magnetic
circular dichroism (TR-XMCD). Thus, TR-RMOKE can track magnetization dy-
namics at the sub-picosecond timescale. The mechanism of magnetization reversal
in highly non-equilibrium states is not yet understood well, so further investiga-
tion is needed in other magnetic systems and ferrimagnetic systems. However,
we revealed that the compensation temperature, Tj;, was independent of the

ultrafast magnetization reversal.

We used the TR-RMOKE technique to study magnetic films with sub-nanometer
thickness by using FEL at SACLA. We showed that TR-RMOKE with FEL can
detect out-of-plane magnetization dynamics at the sub-picosecond timescale with
a better signal-to-noise ratio and shorter measurement time than TR-XMCD
with synchrotron radiation using laser slicing, the conventional element-selective
technique. We revealed the timescales of the demagnetization and the relaxation
process, which also depended on the thickness of the ultrathin magnetic layer,
by using the developed TR-RMOKE technique and conventional TR-XMCD. We
found that our technique is useful for revealing the magnetization dynamics of
ultrathin magnetic systems with perpendicular magnetization, which are useful

in spintronic devices.

We developed RMOKE measurement system in a polar and longitudinal geome-
try using laboratory-based light source, a high harmonic generation (HHG) laser.
The specific energy can be extracted from HHG spectrum by using two multilayer
mirrors and an Al filter. Using this system, the longitudinal RMOKE measure-
ments were demonstrated on the Fe thin film. We observed giant Kerr rotation

angle, 1.9°, which is 100 times larger than that observed in visible MOKE.

We explored the nonlinear effect in EUV region. We observed second harmonic
generation (SHG) from a non-centrosymmetric crystal, GaFeOs, by using FEL
in the reflection geometry. This was the first observation of SHG in the EUV
region. Because of the existence of O 2s and the relatively broad spatial distri-
bution of 3p states in Fe, the condition of double resonance seems to be met,
which produced resonant enhancement of SHG signals. These results open the
way toward extending the RMOKE technique developed in this thesis into the

nonlinear regime.
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7.2 Future prospect

The following can be considered as future prospects.

e Better time resolution using FEL: the time-resolution for the TR-RMOKE exper-
iments using FEL in this thesis was limited by the pulse duration or jitter, which
was approximately 100-300 fs. For time-resolved MOKE in the visible region,
the typical temporal resolution is below 100 fs. By improving the upstream con-
dition of the FEL facility and reducing jitter between the pump and probe pulse,
TR-RMOKE using FEL can detect magnetization dynamics at timescales below
100 fs. Because demagnetization occurs at a timescale below 100 fs, improving

the temporal resolution is also important in the FEL measurements.

e Labratory-based time-resolved RMOKE studies involving the polarization analy-
sis: We developed an RMOKE measurement system that uses rotating-analyzer
ellipsometry with a high harmonic generation laser. Polarization analysis of
RMOKE in polar and longitudinal geometries reveals the out-of-plane and in-
plane magnetization, allowing one to use a laboratory-based light source to track
the three dimensional spin information with element-selectivity. Our method can
be used to complement methods using with a free electron laser, a source which

requires a large facility, severely limiting its opportunity.

e Determination of the dispersive and absorptive part of the optical constants and
dielectric tensor in the soft X-ray region: Polarization analysis of MOKE reveals
both polarization rotation and ellipticity, which contain the dispersive and ab-
sorptive properties of the optical constants. The RMOKE investigated in this
thesis can determine these material-dependent quantities in the EUV / soft X-
ray region. This information is important for investigating linear and nonlinear
optics and the magneto-optical effect in the EUV / soft X-ray region, in which

element-selective measurements can be conducted.

e Optical components in the soft X-ray region using RMOKE: Through the RMOKE,
the polarization state, 0, drastically changes, so this property can be used to
change the polarization state in this energy region. Polarization is usually con-
trolled by an undulator, but if we use the RMOKE of magnetic films we can
change the polarization of the incident light without changing the upstream opti-
cal parameters. In transmission or reflection configurations, circularly polarized
light can be generated just by inserting magnetic materials in the light axis in
the EUV / soft X-ray region.
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e Voltage effect on ultrafast spin dynamics: Recently voltage-induced magnetiza-

tion has been intensively investigated because it enables the control of magnetism
without applying a current or magnetic field, which cause heat problems. To
develop ever-faster devices that operate using electric voltage, it is crucial to un-
ravel the fundamental properties of how voltage affects ultrafast magnetization
dynamics in a wide variety of materials. This research can be conducted using
time-resolved RMOKE using FEL.

Element-selective, time-dependent depth, and lateral profiles of magnetic struc-
tures: the RMOKE can be used to observe depth profiles by changing the inci-
dent angle and photon energy. Furthermore this method can be applied to an
element-selective imaging technique that gives lateral magnetic information. By
extending these properties to the time domain, one can track time-dependent
three-dimensional magnetization dynamics with depth, and lateral resolution.
These measurements are important for developing magnetic devices made from

magneto-resistive, spin-valve, and exchange-coupled materials.

Nonlinear RMOKE in the EUV / soft X-ray region using FEL: In magnetic ma-
terials, the SHG signal, or second-order nonlinear susceptibility, depends on mag-
netization. Therefore, our observation of resonant SHG in the soft X-ray region
suggests that it is possible to probe interface magnetism with element selectivity
by using the nonlinear RMOKE technique. This nonlinear effect in the EUV /
soft X-ray region can also be applied to an imaging technique that can probe
ferroelectric domains as well as ferromagnetic domains by using a phase-sensitive

technique.



Appendix A

Magnetic moment of 3d

transition metals

Magnetic properties of 3d transition metals, Fe, Co, and Ni, and alloys containing
them have been one of the central target in magnetism study. This is because ferro-
magnetism at room temperature is shown only in Fe, Co and Ni and they have a sizable
magnetic moment at room temperature. Curie temperature , spin and orbital magnetic

moment for Fe, Co and Ni are shown in Table A.1.

TABLE A.1: The Curie temperature (T¢) [202], number of 3d electrons (nsq)

[96, 255, 256], spin magnetic moment (mggin), (mggin), orbital magnetic moment

(meyp,) and its ratio (me,/ mggin) [96, 179]. The values of magnetic moment

are experimentally determined.

Element Curie T¢ [K] n3g meL Morb,  Merb /mggin

spin
Fe (bcce) 1043 6.61 1.98 0.086 0.043
Co (hep) 1388 7.51 1.5 0.153 0.099
Ni (fec) 631 8.55 0.6 0.06 0.1

Magneto-optical effect can be observed in the system with spin-orbit (Agp) and
exchange interaction (Agx). Spin-orbit splitting between 2ps/, and 2p; /5 is Aso ~
13-16 eV [257]. Ago for 3p edge is one tenth as large as that of 2p edge. Exchange
splitting for 2p states is Agx ~ 0.3-0.9 eV [63] and for 3p states is ~ 1 eV [258-261].
Exchange splitting for 3d valence states is Apx ~ 1-2 eV [257].
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Appendix B

Experimental methods

B.1 RHEED

Reflection high energy electron diffraction (RHEED) is technique for probing the
process of film growth around sample surface in situ. A high energy electron beam is
utilized for this measurements and the wavelength of a electron can be expressed using

de Broglie formula as,

. _h_h 150.412
A === =/ B.1

where h is Plank constant, p is electron momentum, m is electron mass, e is an ele-
mentary charge and V is acceleration voltage for electrons. Depending on the electron
energy, measurement schemes vary: transmission electron diffraction for 100 keV ~ 1
MeV, RHEED (forward scattering) for 10 ~ 100 keV and lo-energy electron diffraction
(back scattering) for ~ 100 eV. For RHEED, the wavelength is A = 0.1 Afor 15 keV,
which is one tenth of that of typical hard X-ray. Therefore, in order to measure clear
forward-scattering diffraction spots or streaks, a high-energy electron beam should in-
cident on the sample with grazing angle ~ 1-3°. Due to this setup using grazing angle,
this technique is often combined with molecular beam epitaxy and enables one to ob-
serve surface properties such as reconstruction periodicities, surface orientation and

lateral lattice parameter of sample during film growth.

The intensity of diffraction wave can be written as,
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FIGURE B.1: Schematic diagram of construction of Ewald sphere in (a) three
dimensional and (b) two dimensional reciprocal space. 6 is grazing angle of
electron beam on sample.
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where f,,,;+(§) is a crystal structure factor and L(g) is Laue function. This expression
is obtained in the framework of Born approximation, or kinematic theory of diffraction

which does not consider multiple scattering.

There are several factors that keep in mind in analyzing RHEED data.

e Laue (Bragg) conditoin: when the following relation is met, Laue function has
sharp maximum. ¢ is scattering vector, @, 5, C is unit lattice vector in three

dimensional real space and h, k, and 1 is an integer.
G-a=h, G-b=k, G-é=1 (B.3)
This is satisfied when the scattering vector ¢ is expressed as

§ = ha* + kb* + 1 (B.4)

-

e Elastic Scattering: Considering only elastic scattering, the wavevector (k) of the

diffracted wave has the same magnitude as that (ko) of the incident wave.

ko =k (B.5)
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FIGURE B.2: Typical RHEED pattern for a) Surface with complete flatness
and periodicity, b) Surface with in-plane coherent length smaller than that in
a), d) Surface with nanometer-sized islands, d) Rotationally disordered surface,
e) Polycrystal. Each of the RHEED pattern and f) amorphous.

e Ewald sphere: Ewald sphere construction is an intuitive method for showing
diffracted condition. A sphere of radius 1/\ (=—ky—=—Fk—) is drawn with its
origin at the tail end of kg in reciprocal space with its origin at the head end of
ko. Then, the diffracted point appears where the sphere and the reciprocal lattice
point intersect B.1(a). Equations B.4 and B.5 are satisfied under this Ewald
Sphere.

e Extinction rule: Crystal structure factor becomes zero when (hkl) takes a certain

combination value, which vary depending on the crystal structure.

e Effect of inelastic scattering and multiple scattering: One of effect of the inelastic
scattering is Kikuchi line/band that is a distinct features showing specific crystal

orientation and the flatness of the surface.
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FIGURE B.3: Schematic diagram of an alternating gradient magnetometer.

e Reciprocal lattice rod: Reciprocal lattice of two dimensional surface corresponds

to rod normal to surface. In this case, shown in Fig. B.1(b)

Depending on the surface structure, RHEED pattern can be categorized as the fol-
lowing: a) Surface with complete flatness and periodicity, b) Surface with in-plane
coherent length smaller than that in a), d) Surface with nanometer-sized islands, d)
Rotationally disordered surface, e) Polycrystal. Each of the RHEED pattern and f)
amorphous in Fig. B.2.

B.2 Alternating gradient magnetometer

Alternating Gradient Magnetometer (AGM, MicroMag 2900, Princeton Measure-
ments Co.) can be used for measuring hysteresis curve with absolute magnetization
values under applying magnetic field either parallel or perpendicular to sample surface.
Magnetic coils attached on the poles of electromagnet generate field-gradient and it
gives force parallel to the field-gradient on a sample shown in Fig. B.3. The force is
measured with piezoelectric sensor. AC field generated by the coils modulates field-
gradient periodically and the sample vibrates with a certain amount of amplitude that
is proportional to magnetic moment. The sensitivity of this method is enhanced by
setting AC-field frequency around the resonance of sample holder. The advantage of
this method is high sensitivity (a few pemu) and the measurement speed compared to
vibrating sample magnetometer (VSM) which is also employed for measuring magneti-

zation curve. Basically, piezoelectric sensor detects force so that the signals is affected
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F1GURE B.4: Schematic diagram of a torque magnetometer.

by air-vibration, sample position with respect to sample holder, and tiny dust on sample
holder.

B.3 Torque Magnetometer

Torque magnetometer is suitable for measuring magnetic anisotropy. In this thesis,
this method was employed for evaluating perpendicular magnetic anisotropy (PMA) of
MgO/Fe/Au and Au/Fe/Au films in Sec. ??. PMA can also be measured from dif-
ference between in-plane and out-of-plane magnetization curve, however torque mag-
netometer can directly determine PMA energy and has high sensitivity to magnetic

anisotropy than other methods for measuring it.

In this measurement, magnetic field is applied to a sample using electromagnetic
(EM) coil and reaches to saturation magnetization. The sample is sandwiched by the
two magnetic poles. When the magnetic field is applied in some direction which is
not parallel to the easy magnetization axis of sample, torque is generated for rotating
the sample so that the direction of external field coincide with the easy axis (Fig.
B.4). Torque magnetometer (TRT-2, Toei Inductory Co., Ltd) measures magnetic-field-
direction dependence of torque during rotation of electromagnetic coil under magnetic

field application with constant magnitude, 15 kOe. Torque can be expressed as,
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7)) = -2 (B.6)

, in which F is anisotropy energy. Effective PMA energy that includes shape anisotropy

can be expressed,

Eog = K gsin®0 (B.7)

Then, torque, T(#), becomes

T(0) = —Kogsin20 (B.8)

Therefore, torque curve obtained by rotating EM coil 360° is sine curve with two

oscillation and amplitude corresponds to the effective anisotropy energy.



Appendix C

Configuration-interaction

cluster-model calculation

In this section, calculations used in Sec. 4.4.2 are described[262-264].

We select a central Ni atom with appropriate linear combinations of 3d orbitals on
neighboring Ni atomic sites to serve as a reservoir of holes denoted by L. The ground
state |g> of the system is described by a linear combination of three configurations:
3d®, 3d°L, and 3d'°L%. For the ground state, we used parameters similar to those
in [264]: charge transfer energy (A) = -0.75 eV, on-site Coulomb interaction between
3d states (Ugq)=1.5 eV, core-hole potential (Uy.)=2.5 eV, and hybridization energy
(V)=1.6 eV. The Slater integrals (Racah parameter) for evaluating the parameters are
calculated with the Hartree-Fock method [262-264] and rescaled by 80 %.

The X-ray scattering cross section generally can be divided into a non-resonance term
(Thomson scattering) and resonance term (anomalous scattering). Conventional X-ray
diffraction and X-ray scattering with non-resonant condition can be described mainly
by Thomson scattering. However, at or near resonance for a specific absorption edge,
the scattering cross section is dominated by the anomalous term, which is a second-
order optical process described by the Kramers-Heisenberg formula. Thus, soft X-ray
MOKE at the resonance condition must also be described by this second-order optical
process. Furthermore, it is well known that in XAS and photoemission at the M-edge
for 3d transition metal systems, the final state cannot be described simply by a 3p
hole configuration because of super Coster-Kronig Auger decay and Fano interference.
For quantitative analysis of resonant X-ray MOKE at the M-edge region of transition

metal systems, we have to take into account all the above contributions. The present
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122 C. CONFIGURATION-INTERACTION CLUSTER-MODEL
CALCULATION

MOKE calculation based on the Kramers-Heisenberg formula was carried out with the

transition probability given by [262-264]

2

1 .
— (Vg — impVaVR)

%
4 BBy + hvin — Ho + il

9)

F(hVouta thn) = Z
f

(1)
X (5(Eg + hVin — Ef - hVout)

where Vi and V4 represent the electric dipole excitation and the Auger decay, re-
spectively, I is a lifetime operator in the intermediate state, p is the density of states
of the photoionization continuum, hv;, and hv,,; are the incident and emitted photon
energies, and F, and Ey are the energies of [¢g> and |f>, respectively. The calculation
takes into account the Fano interference between the 3p — 3d and 3d — e transitions
through the 3p — 3d3d super Coster-Kronig transition. The lifetime I in the intermedi-
ate state, |i>, has been taken as the multiplet-term-dependent lifetime from the Auger

decay:
1
F:wZ]<A];U> 12 6(Ea — E;) (C.2)

In the formula, |A> corresponds to the configuration of Sd"*IEf, where e¢ is a
continuum photoelectron state and 1/r represents the Coulomb potential where r is
the distance between particles. To our knowledge, no theoretical calculations have
been reported for the RMOKE with the Fano effect and multiplet term-dependent

lifetime.

For p-polarization in the polar RMOKE geometry, the complex Kerr angle is defined
by

0. + M, = —rsp/rpp (C.B)

where 0;, and 7, are the Kerr rotation angle and ellipticity, respectively, and r, and

rpp are defined as:
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Ficure C.1: (a) X-ray absorption spectrum (XAS), (b) Kerr rotation (),
and (c) Ellipticity (n) of the Ni crystal at the saturated magnetization, cal-
culated with the cluster model. (d) X-ray absorption spectrum (XAS), (e)
Kerr rotation (6y), and (f) Ellipticity () of the Ni crystal at the saturated
magnetization, calculated with the same manner as the (a), (b) and (c). For
comparison, the calculations in (a), (b) and (c¢) were made without the Fano
effect, while those in (d), (e) and (f) were done with the Fano effect.

ry = ENJE! (C.4)
rop = Ey/E. (C.5)

Fig. C.1(a)-(c) shows the XAS, Kerr, and ellipticity spectra for the CI model without
Fano interference, while Fig. C.1(d)-(f) shows them taking into account the Fano effect.
In both cases, at the absorption edge, 0y is as large as 10°, indicating a large MOKE.
Contribution of the Fano interference can be found in the pre-edge energy region. For

example, the Kerr rotation angle is large and has sharp photon energy dependence with
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the Fano effect in Fig. C.1(d), while it is small and dull without the Fano effect in Fig.
C.1(b).

Finally, we show calculated results compared with experimental values in Fig. C.2.
In the left figure (a), the Fano effect was not included in the calculation, while in the

right figure (b), it was taken into account.

12 T T T I T T T T 1 12 1 T { T T
10k [ } { ] 10} [ }
l (a) [ (b)
8F b 8F
g 75 b 3 =
e o il 1ee g
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FiGgure C.2: Compare the calculation with experimental results. Fano effect
was not included in the calculation for (a) and was taken into account for (b).
The calculated Kerr rotation angles in Fig. C.1(b) and (e) are reduced to 67
% to compensate the difference of total magnetic moment, determined with
XMCD (Fig. 4.9).



Appendix D

Time-resolved resonant MOKE

measurement system using a
HHG laser

We extended our resonant MOKE (RMOKE) measurement systems using a high
harmonic generation (HHG) laser, presented in Sec. 5.4, into time-resolved regime.
Figure D.1 shows the TR-RMOKE system using HHG laser.

At beam splitter the beam is separated to reflected light (89 %) for probe and trans-
mitted light (11 %) for pump pulse (FABS-800-R89-0-UF-1008, LEO Inc.). Delay stage
is used for making time-delay between pump and probe pulse (Sigma Tech Inc.). The
focal length of lens behind delay stage is determined so that the diameter of pump laser
at sample position is ~ 1 mm. Assuming that the pump pulse energy is 0.33 mJ/pulse,
the fluence at sample position is ~ 40 mJ/cm?. This value is enough for demagnetizing
or reversing magnetization. Depending on the experiments, the pump power can be
attenuated using \/2 wave plate (2-CPW-Z0-L/2-0800, Altechna Inc.) and thin film
polarizer (2-BFP-0800-A-2040, Altechna Inc.) by rotating the wave plate. The pump
pulse is incident on thin film polarizer with 56° (from surface normal), which is the

Brewster angle of this film.

Spatial overlap between pump and probe pulse is confirmed by using fluorescent plate
on sample holder. Temporal overlap between pump and probe pulse is first determined
using photodiode which is located in front of the electromagnetic coil chamber within £+

50 ps (this corresponds to + 15 mm of optical path length). Then, accurate overlapping
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126 D. TIME-RESOLVED RESONANT MOKE MEASUREMENT SYSTEM
USING A HHG LASER

with tens of femtoseconds time resolution is defined by phenomena of demagnetization

or magnetization reversal on target sample.
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