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Abstract

Magnetism has been attracting great interest in for many years because its research
has led us deep understanding of our nature and the application has become highly
necessary in our society. Experimentally, light or an electromagnetic wave has been
used as a probe to investigate magnetic materials via the magneto-optical effects. Es-
pecially, since the novel spintronics materials, such as heterostructures of magnetic
and topological insulators (TIs), are paid attention nowadays, the magneto-optical ef-
fect in the vacuum ultraviolet ~ soft X-ray energy region is expected as a powerful
method with element-selectivity and a resonant enhancement in order to understand
their buried magnetism. However, only the magnetic circular dichroism (MCD) that is
just one of the phenomena of the magneto-optical effect has been mostly discussed. It is
required to develop new methods that enable us to obtain both of the magneto-optical

parameters, MCD and the optical rotation, and to investigate magnetism using them.

In the present thesis, we studied the magnetism of buried layers using the magneto-
optical effect in the soft X-ray energy region. We also developed a new method with a
polarization modulated synchrotron radiation. The first issue is the origin of the prox-
imity effect that induces a magnetic order in a TT at the interface with a magnetic ma-
terial as one of the interesting magnetic phenomena at buried layers. By angle-resolved
photoelectron spectroscopy (ARPES) and X-ray MCD (XMCD) measurements of the
T1, BiaSes, on a ferrimagnetic insulator, YsFe;012 (YIG), the Dirac-like surface state
of BigSes was directly observed and the localized 3d spin states of Fe?* in YIG were
confirmed. We also proposed the interface model that the proximity effect is likely
described in terms of the exchange interaction between the localized Fe 3d electrons
in YIG and the delocalized electrons of the surface and bulk states in BisSes observed
by ARPES. However, because we only had indirect evidences of TI’s magnetism at
the buried interface, we have to focus on the bulk sensitive method with high accu-
racy, resonant magneto-optical Kerr effect (MOKE) measurement, to investigate buried
magnetic layers. Therefore, second subject is the study of L-edge resonant MOKE of
a buried Fe film to get a deeper understanding of resonant MOKE. The sign change
of the Kerr rotation angle (k) between the Ls- and Lo-edges was first observed in
the experiment and reproduced by the classical electromagnetic simulation using em-
pirical optical constants. In addition, the spectrum of 0k at the Lsz-edge, including
fine features, was reproduced by the quantum resonant scattering calculation with the

configuration interaction model. We also found the polarization dependence of k.



Nevertheless, intrinsically, MOKE is described by two parameters, 6k and the ellip-
ticity (ex) that are derived from the optical rotation and MCD, respectively. In the
final topic, to discuss not only 6k but also ek, which is difficult to be observed by
the existing resonant MOKE method in the soft X-ray energy region, we developed
a new soft X-ray source with a polarization modulation at SPring-8 BLO7LSU fully
utilizing the feature of a segmented cross undulator. Its performance was confirmed
by the XMCD measurements with the modulated light, then, we also developed a new
magneto-optical method by combing the modulated soft X-ray and resonant MOKE.
It enabled us to measure both of 0k and ek simultaneously with high accuracy. We
also determined the complex permittivity of the buried Fe film for the first time in the

soft X-ray energy region.

vi



Acknowledgements

It is my great pleasure to express my special gratitude to the following people for my

doctoral thesis.

First of all, I would like to express my deepest gratitude to my supervisor, Prof.
Iwao Matsuda, who has guided me to the exciting and splendid world of physics. I am
very grateful to him that I could study on this subject and for his continuous advice
and encouragement throughout my doctor course. His deep understanding of physics,
exceptional experimental expertise, and dedicated working attitude have set a good

example of an experimental physicist for me. I feel lucky to have him as my advisor.

I also would like to thank Prof. Hiroki Wadati for his collaboration on my research

and a lot of useful advice on not only experiments but also future academic plans.

I am grateful to Dr. Susumu Yamamoto for his valuable advice on the experiments,

writing manuscripts, and Dr. Koichiro Yaji for his a lot of useful advice.

I would like to thank Mr. Shingo Yamamoto as not only a collaborator but also a

friend. He also helped me whether business and personal.

I am also grateful to Mr. Takashi Someya for his collaborating on our MOKE study
and wonderful time to talk with him, and Dr. Ryu Yukawa for his a lot of valuable
advice and taking care of me, and Dr. Baojie Feng and Ms. Ro-Ya Liu for their help
with our ARPES study at Elettra, and Dr. Jiayi Tang, Mr. Kazushi Fujikawa, Mr.
Kazuma Akikubo, Mr. Suguru Ito, and Ms. Kaori Takeuchi for their help and taking

care of the group members.

With respect to our study on topological insulator, I would like to thank Dr. Koichi
Murata for valuable discussion and providing the samples. I am also grateful to Prof.
Kang L. Wang, Prof. Caroline A. Ross, and Dr. Mehmet Cengiz Onbasli for proving the
samples and for critical reading of its manuscript. I would like to give special thanks to
Prof. Shigemasa Suga for his wonderful advice on writing the manuscript. I also grateful
to Dr. Kenichi Ozawa for his support for the ARPES measurement and valuable advice
on the manuscript, and Dr. Paolo Moras, Dr. Polina Sheverdyaeva, and Dr. Sanjoy
Kr Mahatha have given me a lot of experimental support. I am vey grateful to Dr.
Tetsuroh Shirasawa for his making the samples and a lot of advice on the manuscript. 1
also thank Dr. Naoya Fukui and Prof. Shuji Hasegawa for their assistance in the sample

preparation, and Prof. Akio Kimura for valuable discussion. This study was partially

vii



supported by the Ministry of Education, Culture, Sports, Science, and Technology of
Japan (X-ray Free Electron Laser Priority Strategy Program and Photon and Quantum
Basic Research Coordinated Development Program) and performed using facilities of
the Synchrotron Radiation Research Organization, The University of Tokyo (Proposal
No. 2014B7473, 2015B7401, 2015A7401, 2014B7401, 2014A7401).

With respect to our study on MOKE, I would like to give special thanks to Dr.
Munetaka Taguchi for the quantum calculation and valuable discussion with him. I
also very grateful to Dr. Yasuyuki Hirata for his support for MOKE experiments
and valuable discussion, and Dr. Kou Takubo, Mr. Masami Fujisawa, Mr. Yuichi
Yokoyama, Mr. Kohei Yamamoto for their help to do measurements. I am vey thank
Ms. Mihoko Araki for her help with the experiments and my daily lives at SPring-8. I
would like to thank Prof. Masakiyo Tsunoda and Prof. Takeshi Seki for providing the
Fe film and the FePt film, respectively, and Prof. Takashi Tanaka, Dr. Ryota Kinjo,
Dr. Akihiro Kagamihata, Dr. Takamitsu Seike, Dr. Masao Takeuchi for developing
the polarization modulated soft X-ray at SPring-8 BLO7LSU. I also very grateful to
Prof. Shik Shin for giving me the invaluable opportunities of MOKE experiments at
SPring-8 BLO7LSU. This work was partially supported by the Ministry of Education,
Culture, Sports, Science, and Technology of Japan (X-ray Free Electron Laser Priority
Strategy Program and Photon and Quantum Basic Research Coordinated Development
Program) and the Asahi Glass Foundation. The experiments were performed using
facilities of the Synchrotron Radiation Research Organization, The University of Tokyo
(Proposal No. 2014A7401, 2014B7401, 2014B7473, 2015A7401, 2015B7401, 2016 A 7403,
2016A7504, 2016B7403). I also thank Prof. Masato Kotsugi for valuable discussion and
Dr. Hiroshi Narita for building the experimental equipment. Mr. Valerio Lollobrigida

and Mr. Yoshinobu Takahashi are acknowledged for his support during the experiments.

I would like to thank Prof. Yoshihisa Harada and Dr. Jun Miyawaki for their
collaborating on the topological insulator and MOKE studies at SPring-8 BLO7TLSU,
and Dr. Rei Hobara for his assistance in the topological insulator sample preparation

and a lot of help with electronic systems and computer programs in the modulated
MOKE study.

I am very grateful to Prof. Masaharu Oshima, Dr. Hideharu Niwa, Dr. Hisao Kiuchi,
Dr. Yitao Cui, Mr. Kosuke Yamazoe, Mr. Junki Nakajima, Mr. Naoki [tamoto, Mr.
Takanobu Inoue, Mr. Hao Wang, Mr. Tomoyuki Tsuyama, Ms. Misa Harada, Ms.
Yuka Kosegawa, Ms. Yukimi Yamamoto, Ms. Emi Harada, and Ms. Emi Mitsuda.
They have spared a great deal of time for helping me at SPring-8.

viii



I also would like to thank Dr. Kenta Kuroda, Dr. Takeshi Suzuki, Ms. Ayumi
Harasawa, Mr. Hirofumi Kudo, Ms. Akiko Fukushima, Ms. Motoko Yoshizawa, Ms.
Yumiko Aihara, Ms. Kuniko Ikeda, Ms. Yumiko Tsutsumi, Ms. Yoshie Kaneko, and
Ms. Akiko Hayashi for a lot of help with my research at Kashiwa.

I would like to express my special thanks to Prof. Fumio Komori and his group
members: Dr. Toshio Miyamachi, Mr. Takushi Iimori, Mr. Norikazu Kawamura, Dr.
Masamichi Yamada, Dr. Koichiro Ienaga, Dr. Sunghun Kim, Mr. Yukio Takahashi,
Mr. Shuhei Nakashima, Mr. Takuma Hattori, Mr. Sogen Toyohisa. They brought me

the precious chance to practice presentation skills at meetings.

I am also would like to thank Dr. Luca Castiglioni, Prof. Jirg Osterwalder, and Dr.
Matthias Hengsberger, from whom I have been fortunate enough to receive tremendous
guidance and knowledge on surface physics during my stay at Ziirich, Switzerland as
an oversea education. I also thank all members of Surface Science Group, University
of Ziirich for their kind help during my stay. Especially, the laser group members: Mr.
Pavlo Kliuiev, Mr. Kay Waltar, Dr. Claude Monney, and Mr. Adrian Schuler gave me
valuable advice. I would also like to thank secretaries of this group for great assistance

to perform the research in comfort.

I wish to express my thanks to Prof. Tai-Chang Chiang for valuable discussion about

topological insulator during his stay at The Institute for Solid State Physics (ISSP).

I need to thank Prof. Makoto Gonokami and Prof. Junji Yumoto who have been
taking care of my course work of the Advanced Leading Graduate Course for Photon
Science (ALPS) and giving valuable advice. I also acknowledge economical support from
the ALPS programs of the University of Tokyo. I also would like to thank secretaries of
this program and Gonokami-Yumoto-Ideguchi group for their help, and their members

for discussion with them.

Finally, I would like to thank my family, especially, my parents for their kind support

and understanding during all my studies.

December, 2016
Yuya Kubota

X






Contents

Abstract v

Acknowledgements vii

1 Introduction 1
1.1 Background of the present study . . ... ... ... ... ........ 1
1.2 Purpose of the present study . . . . .. ... ... ... ... ... ... 4
1.3 Structure of this thesis . . . . . . . .. .. .. oo o 6

2 Basic principles 9
2.1 Magneto-optical effect . . . . . . ... oo 9

2.1.1 Magnetic circular dichroism (MCD) . ... .. ... ... .... 11
2.1.2  Magneto-optical Kerr effect (MOKE). . . . .. ... ... .... 14
2.2 Spintronics materials . . . . . .. ... L L 18
2.2.1 3d transition magnetic materials . . . . ... ..o 18
2.2.2 'Topological materials . . . . .. ... ... ... ... 21

3 Experimental methods 25

3.1 Light source . . . . . . . . . . 25
3.1.1 Principle of synchrotron radiation (SR) . . . ... ... ... .. 25
3.1.2 Undulators . . . . .. . .. 28

3.2 Measurement . . . . . ... Lo 31
3.2.1 Photoelectron spectroscopy (PES) . . ... ... ... .. ... . 31
3.2.2 X-ray magnetic circular dichroism (XMCD) measurement . . . . 36
3.2.3 Magneto-optical Kerr effect (MOKE) measurement . . . . . . . . 40

4 Interface electronic structure at the topological insulator-ferrimagnetic
insulator junction 43
4.1 Introduction . . . . . . . . . L 43
4.2 Experiment . . . . . . . .. 44
4.3 Results and discussion . . . . . ... ..o Lo oo 47

4.3.1 Angle-resolved photoelectron spectroscopy (ARPES) study . . . 47
4.3.2  X-ray magnetic circular dichroism (XMCD) study . . ... ... 48

X1



Contents xii

4.3.3 Interaction model at the interface. . . . . . . .. ... ... ... 50

4.4 Conclusion . . . . . . . . .. 52

5 L-edge resonant MOKE of a buried Fe film 53

5.1 Introduction . . . . . . . . . . . . . .. 53

5.2 Experiment . . . . . . . ... 55

5.2.1 Segmented cross undulator . . . . ... ... 55

5.2.2  Sample and longitudinal MOKE (L-MOKE) measurement . . . . 56

5.3 Results and discussion . . . . . . .. ... oL 58
5.3.1 Simulation based on classical electromagnetic calculation with

empirical parameters . . . . . . ... ... L. 58

5.3.2 Simulation based on quantum resonant scattering theory . . . . . 60

5.3.3 Polarization dependence of the Kerr rotation angle . . . . . . .. 65

5.4 Conclusion . . . . . . . . .. 66

6 Developments of the method investigating the magneto-optical effect

with polarization modulation 69
6.1 Introduction. . . . . . . . . . . . .. 69
6.2 Experiment . . . . . . .. .. 70

6.2.1 Synchrotron radiation with polarization modulation . . . . . .. 70

6.2.2 Samples . . . . .. 73
6.3 Results and discussion . . . . .. .. .. Lo oo 75
6.4 Conclusion . . . . . . . . . ... 78

7 Determination of element-specific complex permittivity with polar-

ization modulated soft X-ray 79
7.1 Introduction . . . . . . . . . . e e 79
7.2 Experiment . . . . . . . ... 80
7.3 Results and discussion . . . . . . . . . .. ... 87
7.4 Conclusion . . . . . . . . . . e 90
8 Summary and future prospect 93
8.1 Summary . . . . . . .. e e 93
8.2 Future prospect . . . . . . . . .. e e e 95

Bibliography 99



Chapter 1

Introduction

1.1 Background of the present study

Magnetism is one of the significant properties of condensed matters. The research
has led us deep understanding of our nature and the application has become highly nec-
essary in our society. Experimentally, light or an electromagnetic wave has been used
as a probe to investigate magnetic materials. With visible light, we have been able
to see various magneto-optical effects, such as the Faraday effect [1] and the magneto-
optical Kerr effect (MOKE) [2-4]. When the probing photon energy increases up to
the vacuum ultraviolet (VUV) ~ X-ray region, the spectroscopic information becomes
element-specific since it energetically covers absorption edges of the composing ele-
ments in a material. Since the X-ray absorption spectroscopy (XAS) requires a simple
measurement set-up of electron yield, the XAS experiments have been carried out over
the world. Moreover, the theoretical development of X-ray magnetic circular dichroism
(XMCD), which is a phenomenon derived from the difference of the absorption be-
tween left- and right-circular polarized light (LCP and RCP) depending on magnetism,
has now allowed researchers to evaluate the spin and orbital magnetic moments of the

magnetic elements of a sample [5-7].

The XMCD approach has nowadays applied to the novel spintronics materials, such
as heterostructures of magnetic and topological insulators (TIs) [8-16]. However, it has
been technically challenging to resolve their academic and industrial demands. This

is partly due to the fact that conventional detection of the electron yield in XMCD
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is rather surface sensitive [17] and, on the other hand, the main concerns of the het-
erostructures are magnetic properties of the buried film and the interface. Thus, in-
novations in measurement of the X-ray magneto-optical effect have been highly called

for.

In addition to XMCD, MOKE using a resonant enhancement, so-called resonant
MOKE, has also been mostly applied to the transversal MOKE (T-MOKE) geome-
try in the soft X-ray energy region [18, 19]. Since the reflected light from a sample
is detected in MOKE measurement, it is a bulk sensitive method, thus, can access
the magnetism of buried layers. Furthermore, MOKE experiment enables us to inves-
tigate not only the magnetic circular dichroism (MCD) like as XMCD but also the
optical rotation derived from the variation of the phase difference between LCP and
RCP. Permittivity, which is one of the most important parameters describing magnetic
properties of materials, can be determined completely only after measuring both of
these two magneto-optical parameters. However, since T-MOKE shows only intensity
variations of the reflection, these parameters are non-separable in its measurement.
Although they can be investigated individually by using the Faraday effect [20, 21], its
transmission experiment is not suitable to be operated in the soft X-ray region because

of a strong interaction between light and materials.

On the other hand, in the polar- and longitudinal- MOKE (P- and L-MOKE) mea-
surements, the light polarization changes from linearly to elliptically due to MCD and
its plane rotates as a result of the optical rotation before and after reflection at a surface
of magnetic material. In contrast to the Faraday effect measurement, these techniques
can be operated as long as the sample can reflect the incident light. Moreover, using
the resonant enhancement in the VUV ~ soft X-ray region, the optical rotation angle
(the Kerr rotation angle, 6k ) becomes significantly larger than that obtained by visible
light [22-29], as shown in Figs. 1.1(a) and (b). Some theoretical studies were also re-
ported phenomenologically and by the first-principles calculations [21, 24, 25, 30, 31].
Figure 1.1(c) shows the 0k spectrum obtained by the first-principles calculation. How-
ever, as one can see, there still remains a discrepancy in the fx values between experi-

ment and theory, especially respect to quantum mechanism.

Furthermore, there is one more problem to determine the permittivity that it is
more difficult to measure the ellipticity (ex) of the elliptically polarization than 6k
by the conventional technique in the VUV ~ soft X-ray region [28]. In the visible
energy region, MOKE measurement is performed with a polarization modulated inci-

dent light [33]. This method enables us to measure g and ek not only simultaneously
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films at the visible photon energy region. The dashed line shows the theoretical
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FIGURE 1.2: (a) The Kerr rotation angle (fk) and reflectance magnetocircular
dichroism (RMCD) spectra of FesSeg at room temperature (RT). (b) Real and
imaginary parts of off-diagonal element of conductivity tensor of FexSeg at RT.
Taken from Ref. [34].

but also accurately, thus determine the permittivity completely. Figure 1.2 shows an
example of results obtained by the MOKE measurement with the modulated visible
light [34]. From the values of Ak and reflectance magnetocircular dichroism (RMCD),
which is proportional to ek, the real and imaginary parts of off-diagonal element of
conductivity tensor that have magnetic information can be calculated. Conductivity
has the mostly same information as permittivity and they can be transformed to each

other easily.

However, it is difficult to realize a polarization modulated synchrotron radiation
(SR) using conventional undulators. To get a proper understanding of the magneto-
optical effect and the permittivity completely, it is required that a new SR source
with the modulation using a new undulator and a new method to measure 0k and ex

simultaneously.

1.2 Purpose of the present study

The main purpose of this thesis is to unveil the magnetism of buried layers. Further-
more, to realize it, we develop a new soft X-ray source with the polarization modulation

and a new method combining the new light source and the magneto-optical effect.

At first, we focused on an interesting magnetism of the buried interface between a

three dimensional (3D) TI, BisSes, and a magnetic material, YsFe;O012 (YIG). It was
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reported that BisSes shows a magnetic order at the interface due to the proximity
effect even at 7' = 130 K by visible MOKE and transport measurements [13]. To
understand its mechanism, we investigated the interface by angle-resolved photoelec-
tron spectroscopy (ARPES) and XMCD measurements with fixed polarizations. The

interesting issues in this study are as follows:

e Does BisSesz make Dirac-like surface states at the surface and the interface even

grown on YIG?

e What mechanism generates the proximity effect at the interface? Is it possible

that the magnetic order of TI realizes above RT?

From the conclusion of the first topic, we considered that investigating magnetism
of buried layers requires a bulk sensitive method with high accuracy. Therefore, in
second topic, we focused on resonant MOKE and studied it using a buried Fe film for
the s- and p-polarized SR at the L-edge to get a proper understanding. The values of
fx obtained from the experiment were compared with that obtained from two types
of simulations: one is based on classical electromagnetic theory, and the other is the

quantum resonant scattering calculation. We discuss on the following problems:

e What shape of 6k spectrum can be observed with a smaller influence of the
capping layer than that of previous studies [24, 25] at the Fe L-edge? How does

it depend on the polarization of incident light?

e What quantum mechanism controls resonant MOKE? What makes the discrep-

ancy between experiment and theory, as shown in Fig. 1.17

The third objective is a development of the new soft X-ray source with the polar-
ization modulation by fully utilizing the feature of a segmented cross undulator at
SPring-8 BLO7LSU. Furthermore, we considered the new method combing the new soft
X-ray and the resonant MOKE measurement with the rotating-analyzer ellipsometry

(RAE) to get new information of buried magnetic layers.

Finally, as a main subject of this thesis, we realized the resonant MOKE measurement
for the buried Fe film with the polarization modulated soft X-ray. The central issues

of this study are as follows:

e How can g and ek be observed simultaneously in the soft X-ray energy region?
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e What values of permittivity of the buried Fe film is determined that nobody has

succeeded in doing in the soft X-ray energy region?

1.3 Structure of this thesis

Chapter 2 describes the basic principles of the magneto-optical effect and spintronics
materials used in this thesis. In the section of the magneto-optical effect, I focus
on MCD and MOKE for using in experiments. 3d transition magnetic materials and
topological materials are described as the spintronics materials that are employed as

samples in our studies.

Chapter 3 describes light sources and conventional experimental methods. SR from
the VUV to the soft X-ray energy region was used as a light source in this thesis.
To observe a band structure directly, ARPES experiment was operated at the VUV-
Photoemission beamline at Elettra, Italy. In addition, XMCD and MOKE measure-
ments were performed at the Fe L-edge at SPring-8 BLO7LSU to discuss magnetic
properties. Especially, the MOKE measurements were used the resonant enhancement

at the absorption edges with the RAE.

Chapter 4 describes the study of an interface between a 3D TI, BisSes, film and a
ferrimagnetic insulator, YIG, film. This material is expected that the magnetic TT ap-
pears at the interface by the proximity effect. From ARPES and XMCD measurements,

we proposed the model of the proximity effect at the interface.

In Chapter 5, the L-edge resonant MOKE of a buried Fe film was investigated. 0k
was measured for the s- and p-polarized incident soft X-rays. The experimental values
were compared with the calculation values obtained from two methods: one is based
on the phenomenological theory with empirical optical constants, and the other is the
simulation based on the quantum resonant scattering theory with the configuration

interaction (CI) model.

The main subjects of this thesis are a development of a polarization modulated soft
X-ray and an adapting this light source to the magneto-optical effect. The detail of
this development of the polarization modulation at SPring-8 BLO7TLSU is described in
Chapter 6. In addition, the XMCD measurements with this modulated light source for

magnetic materials were made to estimate the performance of this soft X-ray.
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Furthermore, the polarization modulated soft X-ray was combined and the resonant
MOKE measurement with the RAE in Chapter 7. In this resonant MOKE measure-
ment, 0k and ex can be measured simultaneously and accurately. Chapter 7 describes
the detail of this method and shows the results of resonant MOKE with the modulation
for the buried Fe film. Therefore, the element-specific complex permittivity of Fe was

determined for the first time in the soft X-ray energy region.

Finally, Chapter 8 is devoted to summary and future prospects.






Chapter 2
Basic principles

2.1 Magneto-optical effect

First, I shall define left-circular polarized light (LCP) and right-circular polarized
light (RCP) used in this thesis. Figure 2.1 shows the definition of LCP, RCP, the
helicity+ (o), and the helicity— (o7) of light. LCP (RCP) that has the helicity+(—)
is defined as that the electric field vector turns counterclockwise (clockwise) when the

observer is facing in the on-coming light.

The magneto-optical effect is a phenomenon where light and a magnetic material
interact with each other. The origin of the magneto-optical effect is shown in Fig. 2.2.
The trajectory of the electric field of linear polarized light is expressed by a superpo-
sition of LCP and RCP with the same amplitude and rotating velocity, as shown in
Fig. 2.2(a). After interaction with a magnetic material, if a phase difference between
LCP and RCP is generated, the polarization plane of the linear polarized light rotates,
as shown in Fig. 2.2(b). This phenomenon is called the optical rotation. As shown

in Fig. 2.2(c), if a difference of amplitude between the electric fields of LCP and RCP

LCP, helicity+ (o*) RCP, helicity- (o)

Light + >

Observer

FI1GURE 2.1: Definition of circular polarization and the helicity.
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(a) Without the magneto-optical effect (b) With the optical rotation

//A\\
; 3
(c) With MCD (d) With the optical rotation and MCD
[\
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| |
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FIGURE 2.2: Schematic drawing of the origin of the magneto-optical effect. 6
represents the optical rotation angle.

is generated, that is called the magnetic circular dichroism (MCD), the linear polar-
ization varies to an elliptically polarization. When both of the optical rotation and
MCD are observed, the light interacted with the magnetic material has the elliptically

polarization and its plane rotates, as shown in Fig. 2.2(d).

There are some kinds of the magneto-optical effects, such as MCD, the Faraday
effect [1], the magneto-optical Kerr effect (MOKE) [2-4], and the magnetic double
refraction [35]. In this section, I describe MCD, especially X-ray MCD (XMCD), and
MOKE that were discussed in this thesis.
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FIGURE 2.3: Schematic drawing of the 2p — 3d optical transition in a magnetic
material. The directions of magnetization (M) and the majority spin are
antiparallel. Er represents the Fermi energy.

2.1.1 Magnetic circular dichroism (MCD)

As mentioned above, MCD is a phenomenon that a magnetic material shows a dif-
ference of photo-absorption between LCP and RCP. When X-ray is used as an incident
light, MCD can be observed at the absorption edges and it reflects the spin states of the
magnetic samples. Here, I shall focus on this XMCD, especially, the 2p — 3d optical
transition because the 3d electrons play the central role in the magnetism of transition

magnetic metals, thus, it is most widely used in XMCD measurements.

Figure 2.3 shows the optical transition of 2p — 3d in a magnetic material. By
the exchange interaction, the 3d state splits to the majority spin state (up spin) and

the minority spin state (down spin). After a 2p electron is excited by LCP or RCP,
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which has a parallel or antiparallel direction to that of the magnetization, a 2p hole
is generated and the 2p state splits to the 2ps,, and 2p;/, states by the spin-obit
(SO) interaction. At the 2p3/y (2p1/2) state, the spin angular momentum S and the
orbital angular momentum L are parallel (antiparallel). Using the Clebsch-Gordan
coefficients, the spherical harmonics Y,”, and the spin functions «, 8, the angle parts

of wave functions of the 2p3/5 and 2p, /, states are expressed as

2p3 /2
15.5) x Yi'a
3 1 2v/0 11
‘jm> _ |§7§> X 3}/105_'_ §}/15 (2 1)
j) = )
13,50 o/ 3YT la o /3YY
k|%7 %3> 8 Y1_167
2101/2
11 1v0 2v1
m) 15,3) < —y/5YTa+4/3Y18 (2.2)
§) = )
|30 500 o0 —\/3Y a4/ 5Y8

Under the electric dipole approximation, the spin state is conserved and the z compo-
nent of the electric orbital angular momentum excited by o increases by 1 (Am; = +1).

On the other hand, o~ beam decreases m; by 1 (Am; = —1).

Figure 2.4 shows a schematic drawing of the relative transition probabilities in the
2p — 3d optical transition with the exchange and SO interactions in the 3d state.
Here, T assume that the radial parts of wave functions of the 2p3,, and 2p;/, states

can be equal, and the majority 3d spin state is fully occupied to discuss simply. The

Gaunt coefficients ¢! (2mg, 1m,,)

2

relative transition probability by circular polarized light is calculated by using the
x +y
= |ct (2mg, 1my) | (2.3)

V2r 1mp>

Defining the number of holes at the mg state as h,,,, the expectation values of L, and

| 2mals [my) 2 = j<2md

S, are calculated as

(L2) = = (2h42 + hy1 — ho1 — 2h_2) B, (2.4)

h
(S2) = (hy2 + hgr + ho + ho1 + hs) 5 (2.5)
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+3/2 +1/2JC\ -1/21-3/2

+1/2 -1/2

FIGURE 2.4: Schematic drawing of the relative transition probabilities and the
energy levels in the 2p — 3d optical transition by o or o~ with the exchange
and SO interactions in the 3d state. The blue squares represent the one electron
occupation probabilities.

The intensity of relative optical transition is proportional to the product of h,,, and
the transition probabilities, as shown in Fig. 2.4. Therefore, we obtain the intensity of

the 2p — 3d relative optical transition by o+ and o~

L3 : Alp, o< 6hys+ 6hy1 4+ 2hg —6h_1 — 18h_q, (2.6)
Lo: AILQ x 12hy9 + 3hy1 — 2hg — 3h_1, (27)
and
AILg + AIL2 x9 (2h+2 + h+1 —h_1— 2h,2) x —9 <Lz> . (2.8)
If there is no SO interaction at the 3d state, that is to say, h,,, = const. and

(L) =0, we can obtain Al;, = —Alr,, thus, the XMCD absorption spectrum like as
Fig. 2.5(a) is observed. However, ordinarily, the SO interaction works at the 3d state
((Lz) # 0). The absolute values of XMCD integral at the L3- and Lo-edges are not
equal (Alr, # —AlIr,) and the XMCD spectrum shapes like as Fig. 2.5(b).



14 2. BASIC PRINCIPLES
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FIGURE 2.5: Schematic drawing of the XMCD absorption spectra at the L-
edge without the SO interaction (a) and with the SO interaction (b) at the
3d state. The absolute values of XMCD integral at the Ls- and Lo-edges are
equal in (a) or not equal in (b).

2.1.2 Magneto-optical Kerr effect (MOKE)

MOKE is one of the popular phenomena where photon and magnetic materials in-
teract with each other. MOKE is classified into three types by its geometry, the polar
MOKE (P-MOKE), the longitudinal MOKE (L-MOKE), and the transverse MOKE
(T-MOKE), as shown in Fig. 2.6. In this thesis, the surface normal of a magnetic
material can be chosen parallel to the z-axis and the plane of incidence as the yz-plane.
The directions of magnetization are parallel to the z-, y-, and x-axes for P-, L-, and
T-MOKE, respectively. In P- and L-MOKE, the light polarization changes from lin-
early to elliptically and its plane rotates before and after reflection at the surface of

a magnetic material, as shown in Fig 2.6(a). Its rotation angle is defined as the Kerr
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(a) Polar MOKE
Magnetic material

FIGURE 2.6: Schematics of the geometries of the polar (a), longitudinal (b),
and transverse (c) MOKE.

rotation angle (fk) and the ellipticity (ex) is defined as
b
ek = arctan o (2.9)

where a and b are the long and short axes of the ellipse, respectively. Observation of Ok
and e has been used to obtain magnetic information. On the other hand, T-MOKE

shows only intensity variations of the reflected light depending on the magnetization.
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Polar MOKE (P-MOKE)

P-MOKE is theoretically expressed by the complex Fresnel coefficients [4]

rss = (no cos ¢; — ncos @) / (ng cos ¢; + ncos @) , (2.10)
rpp = (ncos ¢; — ng cos @) / (ncos ¢; + np cos ¢y) (2.11)
A —ing (ny —n_) cos ¢; (2.12)
P2 (n cosey +no cosd;) (n cosg; +ng cosdy) cosgy’ '
Tsp="Tps- (2.13)

r;; means the ratio of the incident j-polarized electric field and the reflected i-polarized
electric field. n (ng) represents the complex refraction constant of the magnetic ma-
terial (over layer) given by n (ng) = 1 — dy(g) + iB1(p)- It is composed of a real part
1 —d1(0) and an imaginary part () that represent non-magnetic dispersion and ab-
sorption, respectively. n are expressed as ny = 1— (01 = Ad)+1i (81 = AfB), where the
subscripted sign + indicates that the directions of the photon helicity and magnetiza-
tion are parallel/antiparallel in the sample, and n = 1/2 (ny +n_). Here Ad and AfS
denote the magnetic contributions of §; and (1, respectively. ¢; and ¢; are the angles
of incidence and refraction, respectively. 0k and ek for the s-polarized incident light
(65 and €3) and the p-polarized incident light (67, and &) in the P-MOKE geometry

are expressed as [4]

s a8 _ . —inonQ cos ¢;
0K + e = Tps/rss ~ (n2 — n%) (COS (¢Z — ¢t)> 5 (214)
i = i~ Ty (s ) (215)

where the Voigt parameter ) for the P-MOKE geometry is given by
Q = (ny —n_)/(ncos¢;). Moreover, the permittivity tensor for the P-MOKE geom-

etry is expressed as

—Cry  Eyy 0 ) (216)

and @ is also given by Q = i€yy/€xs.
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Longitudinal MOKE (L-MOKE)

The complex Fresnel coefficients for L-MOKE are the same as those for P-MOKE

except for rg, [4],

rss = (1o cos ¢; — ncos ) / (ng cos ¢; + ncos ¢y) , (2.17)
Tpp=(ncos ¢; — ng cos @) / (ncos ¢; + ng cos @) , (2.18)
S —ing (N4 — n_) cos ¢; (2.19)
P2 (n cosey +ng cosp;) (n cosg; +ng cosdy) cosgy’ '
oy =T (2.20)

0k, €k, and the permittivity tensor for L-MOKE are expressed as

) —ingn@ [ cos ¢; tan ¢y
O +ick = —Tps/Tss = , 2.21
K K ps/ EX] (n2 _ 7’[,(2)) <COS (¢Z _ ¢t)> ( )
. —1 ; tan qbt
0L +ick = —rg, /Tp, & ingn@_( cos g , 2.22
K K SP/ pp (nQ _ ng) coS (d)z + ¢t) ( )
€xx 0 €
€= 0 €y 0 |, (2.23)
—€zz 0 €
where @ for the L-MOKE geometry is given by
nye —n— L €xz
= — =1—. 2.24
7 sin ¢y zem ( )

Transverse MOKE (T-MOKE)
In T-MOKE, the intensity variation of the reflected light depending on magnetism
occurs for only the p-polarized wave. The reflection coefficients have the form

o
rpp (M%) & Fpp |1 £ €o€2 510 2¢

, 2.25
€2 cos? ¢; — €peq + €2 sin? ¢; ( )

where 7, is the non-magnetic p-polarized reflection coefficient of the magnetic material
and ¢g = n2 [4]. € and ez represent the diagonal and off-diagonal components of

permittivity tensor, respectively.
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2.2 Spintronics materials

In this section, I shall describe 3d transition magnetic materials and topological
materials, especially, topological insulator (TI) as the representative materials that
have been widely used in the fields of magnetism and spintronics. It is notable that
the spin properties of 3d transition magnetic materials and TI are affected by the spin

exchange interaction and the SO interaction, respectively.

2.2.1 3d transition magnetic materials

Elements in the d-block of the periodic table, which includes groups 3 to 12 on the
periodic table, are called 3d transition metals. They have one or more d-orbital electrons
as their outermost electrons. Especially, since Fe, Co, and Ni exhibit ferromagnetism
at room temperature (RT), their pure metals and alloys have been attracting a wide
interest in the magnetism and spintronics research fields for many years. Figure 2.7
shows the saturation magnetic moment per atom at 7' = 0 K of alloys including Fe, Co,

or Ni as dependent on the average electron number per atom. This curve is called the
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FIGURE 2.7: Saturation magnetization as dependent on electron concentra-
tion. Taken from Ref. [36].
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Slater-Pauling curve. As one can see, this relation has regularity mostly independent
on materials. The magnetic moments per atom of pure Fe, Co, and Ni are 2.2, 1.7, and

0.6 up/atom, respectively.

3d transition metals form 3d bands that determine their magnetic properties. Fig-
ure 2.8 shows the spin density of states of Ni (a) and Fe (b) obtained by the calculations.
As one can see, the 3d band splits to the up spin state and the down spin state derived
from the exchange interaction. The up spin state of Ni is occupied fully and there is
only a limited number of holes in the down spin state. On the other hand, for Fe, the
density of states (DOS) for up spin (n4) is much larger than that for down spin (n).
The difference between ny and n| corresponds to the magnetic moment, that is to say,

ny —ny = 0.6 ug/atom for Ni, ny —nj = 2.2 ug/atom for Fe.

Finally, we show 6k of representative examples of 3d transition magnetic metals and

their alloys obtained by using visible light, as shown in Table 2.1.

TABLE 2.1: The Kerr rotation angle (fk) of representative examples of 3d
transition magnetic metals and their alloys in the visible range at RT.

Material | 0k (degree) | hv (eV) | Ref.
Fo 0.87 0.75 | [39]
Co 0.85 0.62 | [39]
Ni 0.19 31 | [39]

F6304 0.32 1 [40]
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(a) Ni
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FIGURE 2.8: (a) Density of states (DOS) curves for up (upper) and down
spins (bottom) of Ni. Taken from Ref. [37]. (b) DOS curves for up (upper)
and down spins (bottom) of Fe. Taken from Ref. [38]. Ef represents the Fermi
energy.
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2.2.2 Topological materials

(a) 2D (b) 3D
Helical spin current

FIGURE 2.9: Schematic drawing of a 2D (a) and a 3D (b) TIL.

TI was first proposed theoretically in 2005 [41-43]. TT is a quantum spin Hall system
and realized in both of two dimensional (2D) [41-43] and three dimensional (3D) [44-
46] systems, as shown in Fig. 2.9. Although TIs show bulk insulating performance,
they exhibit gapless states at their edges (for 2D) and surfaces (for 3D). The edge or
surface states are ensured by time-reversal symmetry (TRS) and the spin polarization
of the edge or surface states electrons is locked to its momentum (helical spin current),

as shown in Fig. 2.9.

Two dimensional topological insulator (2D TI)

Figure 2.10(a) shows a schematic drawing of the band structure of 2D TI. The gap-
less edge state connects the valence band with the conduction band of the bulk state
(insulator). The band structure of the edge state is symmetric about k = 0, where
k represents a wave number, and the symmetric points show opposite spin directions

each other (the Kramers pair).

There is a number that describes the characteristic of TI, the Zs topological num-
ber [41, 47, 48]. The Z, topological number, v, is defined below. Here, I shall consider
that there are 2N bands (IV: integer) below the Fermi energy (FEr), and they have
Bloch eigenstates |u, k) (n =1, 2, ---, 2N). A 2N x 2N matrix w (k) is defined as

Wi (B) = (U —k|OlUn k), m,n=1,--- 2N, (2.26)
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(a) Band structure (b) TRIM
0 1)A
I_‘3 r4
Edge state
Valence band
>
0 )k L, L, (10)

FIGURE 2.10: (a) Schematic drawing of the band structure of 2D TI. (b)
TRIM for 2D TI.

where © is a time reversal operator. On the other hand, I define time-reversal invariant
momenta (TRIM) as k = —k (mod G), where G is a reciprocal lattice vector. In 2D
system, using the reciprocal lattice unit vectors G and Ga, there are four TRIM at
k=0,G1/2, G2/2, (G + G2) /2, as shown in Fig. 2.10(b). I rewrite these k to k =T;
(i =1, 2, 3, 4). The Z5 topological number v is defined as

(-1 = H w (2.27)

where Pf and det represent Pfaffian and determinant, respectively. The Z5 topological
number v takes v = 0 or v = 1. When a material shows v = 1, it is a non-trivial TI.

On the other hand, a material that has v = 0 is a trivial TI, that is to say, not a TL.

Experimentally, for example, Bi thin film [49] and CdTe/HgTe/CdTe quantum well [50—
53] are reported as 2D TIs.

Three dimensional topological insulator (3D TI)

Figure 2.11(a) shows a schematic drawing of the band structure of 3D TI. The surface
state makes a Dirac cone, which is obtained from a rotation of the band structure of

the 2D TI edge state [Fig. 2.10(a)] about the vertical axis.
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(a) Band structure (b) TRIM
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FIGURE 2.11: (a) Schematic drawing of the band structure of 3D TI. (b)
TRIM for 3D TI.

In an analogous way to 2D TI, there are eight TRIM in 3D system at
k= % (TL1G1 + noGo + n3G3) (nl, no, ng = 0, 1), where G1, G2, G5 are the reciprocal

lattice unit vectors, as shown in Fig 2.11(b).

For 3D TI, four Zs topological numbers, vy; (v11413), are defined as [44, 48]
(-0 =] (2.28)

(=1)% = 11 & (j=1,2,3), (2.29)

i=(n1nana),n;=1

where
N

0; = H Eom (T4) - (2.30)
m=1

€om (T;) is a parity eigenstate (+1 or -1) of the m™ state from the lowest energy state
at the TRIM k = I';. It is notable that the parities of 2m — 1" and 2m'™ states are
equal (£2, = E2m—1) because of the Kramers degeneracy. The Z5 topological numbers,
vp and vj, take 0 or 1, respectively. Furthermore, when vy = 1, the surface states in
wherever surface directions make the gapless band structures, thus, this TI is called a
strong TI. On the other hand, there is at least one surface state that has a gap when

g = 0, and this type of TI is classified as a weak TI.

Chalcogen compounds are the most famous materials as 3D TI. Figure 2.12(a) shows
the crystal structure of BigSes that is one of the chalcogen compounds [54]. It makes

a laminate structure composed of Bi and Se, and a unit as a quintuple layer (QL).
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FIGURE 2.12: (a) Schematic drawing of the crystal structure of BigSes. t1,
to, and t3 represent three primitive lattice vectors. BisSes makes a unit as a
quintuple layer (Sel-Bil-Se2-Bil’-Sel’), as indicated by the red square. Taken
from Ref. [54]. (b, ¢) ARPES spectra of BisSe3(111) near the I' along the T'—M
(b) and T — K (c) momentum-space cuts. The Fermi energy (E) crosses not
only the surface state but also the bulk conduction band. Taken from Ref. [55].
(d) ARPES Fermi mapping of Bis_5CasSez(111). Ca was doped to tune Ep
of BisSes. The spin directions at Er are indicated by the arrows. Taken from
Ref. [56]. (e) y component of spin polarization along the I' — M momentum-
space cut at the binding energy Fg = —20 meV, where the only surface state is
included. Schematic drawing of the cut direction is shown in the inset. Taken
from Ref. [56].

Figures 2.12(b) and (c) show the results of angle-resolved photoelectron spectroscopy
(ARPES) for BiaSes [55], and it was reported that its surface state shapes a Dirac
cone, as shown in Fig. 2.11(a). Furthermore, spin-resolved ARPES showed the helical
spin polarization of the surface state of BisSes that is the fundamental feature of TI,

as shown in Figs. 2.12(d) and (e) [56].
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Experimental methods

3.1 Light source

3.1.1 Principle of synchrotron radiation (SR)

Synchrotron radiation (SR) [57, 58] is an electromagnetic radiation emitted when a
high-energy electron is accelerated radially, ordinarily, the electron is forced to travel
in a curved path by a magnetic field, as shown in Fig. 3.1. Comparing with other
light sources that enable us to use a limited energy range, SR can cover a broad range,
from microwaves to X-rays and gamma rays. Figure 3.2 shows a classification of the
electromagnetic radiation based on its energy (wavelength). Furthermore, SR has a
high directionality due to the relativistic effect, as shown in Fig. 3.1. Using a velocity

of an electron, v, a relative velocity is defined as f = v/c, where ¢ is a speed of light in

Electronic trajectory
\ /
N Acceleration /
N 7
t

Vi@

FIGURE 3.1: Schematic drawing of the emission of SR with an angle distribu-
tion of the radiation power.

25
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Wavelength (m) Photon energy hv
-1 Microwaves
103 (MM e —+— 1 meV
-1 Farinfrared rays
(THz)
T Near infrared rays
-6 — — 1 eV
10% (um) Visible light

. . Ultraviolet rays
Vacuum ultraviolet rays

-+ (VUV)
10 (NM) mfem Soft X-rays —1— 1keV
10 (A) 4~ X-rays
1 Hard X-rays
10712 (fM) mafeum —— 1 MeV

Gamma rays

\/ \/

F1GURE 3.2: Classification of the electromagnetic radiation based on its wave-
length (left axis) and energy (right axis).

vacuum. I shall define v as

1

AR

where E represents the electron’s energy. Hence, an expectation of ¥, which is a half

= 1957F [GeV], (3.1)

of an angle of SR’s space distribution, is calculated as

=/1- 3. (3.2)

(w2) " ~



3.1 Light source 27

A photon number (n) distribution of SR, called the brightness, is expressed as functions

of a wavelength (A) and a solid angle from the light source (2)

d®n [
dtdQdA /X

— 3.46 x 10%° <A;)2 {1 + (7\11)2}2 {K22/3 ©) +

photons/sec/mrad?/0.1%b.w./mA]

(,.)/\I/)Q K2
1+ (y2)2 3

(5)} ;33

where Kj/3 and K3 are the modified Bessel functions of the second kind, and ¢ is
defined as

e=x{1+ (y\y)Q}g/Q . (3.4)

Ac and €. are the critical wavelength and the critical energy, respectively, and defined
* 18.6

A [A] = 5'59E3p [[(r*:l(jw = 7 [GoV] B [tesla] (3:5)

‘. [keV] = 124 2.22F3 [GeV}7 (3.6)

A [A] 0 p [m]
where p and B represent a radius of the electron circular trajectory and a strength of
the magnetic field, respectively. A. and e, are also defined where the total radiation
power is divided in half, and they are near the peaks of spectra. The integrated value
of the brightness with respect to ¥ is called the photon flux. On the other hand, the
divided value of the brightness by the size of light source is defined as the brilliance.

The first and second terms in the last bracket in Eq. (3.3) express the parallel and
perpendicular components of the electric field to the plane of trajectory (Ip and Iy),
respectively. Using Ip and Iy, degrees of linear and circular polarization (Pr, and Pc)

are expressed as

N 2
I e e )

) = = 4 , (3.7)
I I T
PEIVKZ (O + K ()
Po=+ Viply (3.8)

- Ip + IN,
where + (-) corresponds when ¥ > 0 (¥ < 0). When ¥ =0, P, =1 and Pc = 0.

Furthermore, Py, decreases, while Po increases with increasing of |¥|.

In this thesis, I shall focus on the vacuum ultraviolet (VUV) and soft X-ray energy
region. Their ranges are defined around A ~ 10 nm (about 10 eV) for VUV, and
1 A ~ 10 nm order (1 keV~10 eV order) for soft X-ray, as shown in Fig. 3.2. These

energy ranges cover a lot of absorption edges, and a strong interaction between light and
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materials is observed there. Therefore, it enables us to do many kinds of measurements

with element-selectivity and a resonant enhancement.

3.1.2 Undulators

Bending Magnet

—
A e

SR

FIGURE 3.3: Schematic drawing of an insertion device (ID). Based on Ref. [59].

An insertion device (ID) is a light source of SR [59]. It can generate much more
intense SR than that obtained by only bending magnets, as described above. The ID
consists of two magnet lines where two polarized magnets (N and S) line up alternately,
and N and S magnets face each other vertically, as shown in Fig. 3.3. In a SR ring, the
ID is inserted in the straight section between bending magnets. High-energy electrons
pass between the two magnet lines and take a sinusoidally serpentine motion derived

from the magnetic period. Hence, SR is emitted with high-brilliance.

A parameter K is defined as

eB)\y
K = y——— 0.934B [tesla] \g [cm], (3.9)

where e and m are the elementary charge and the electron mass, respectively. B is
a maximum value of the magnetic field in the ID, and Ag is a period length of the
magnetic field. When K > 1, the ID is called a wiggler and SR is emitted only near
peaks of the electron sinusoidally motion. Another type of ID is called an undulator
when K < 1. The undulator can generate SR without a break in the electron motion,

and its beam size and angular spread are much smaller than those generated from the
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wiggler. This feature is suitable for the SR ring that has a low-emittance electron
beam [59].

From here, I focus on the undulator. The undulator with a weak magnetic field
(K < 1) can generate a quasi-monochromatic light where the fundamental wave is
dominant. When K = 1, not only the fundamental wave but also odd-order harmonic

waves can be generated. A wavelength of k& order harmonic wave is expressed as

o K? 50
A\ = 14— 0 1

where 6 is an angle between the beam direction and the straight line of the undulator.

Its brightness is calculated as

d®n
h 2/0.1%b.w./mA
T [photons/sec/mrad?/0.1%b.w./mA |
2
&K E K2
= 4.555 x 10472N25,€K2{J(k_1)/2 (4 =Tz (5 , (3.11)

where &, = k/ (1 + K2/ 2), N is a periodic number of the undulator, w is a frequency,

and Jj is the k order Bessel function.

Planar undulators, as shown in Fig. 3.3, generate a magnetic field vertically or hori-
zontally. When an electron passes the undulator with a vertical (horizontal) magnetic
field, horizontal (vertical) polarized light is emitted. To get circular polarized light,
especially, the VUV ~ soft X-ray region, a helical undulator is used (in the hard X-ray
region, wavelength plates are used). Figure 3.4 shows a schematic drawing of the helical
undulator used at SPring-8 [59]. In the helical undulator, the electron trajectory shapes
a helix and it generates circular polarized light. Moreover, SR emitted from the helical
undulator includes only the fundamental wave on the straight line axis. This type of
undulator consists of three magnet lines at the top and bottom. The vertical magnetic
field can be generated by the central magnet line, while the lines at both sides gen-
erate the horizontal magnetic field. Moreover, left-circular polarized light (LCP) and
right-circular polarized light (RCP) can be switched by shifting the central magnet line,
which is called phasing.

To generate linear polarized soft X-ray when the electron energy is very high, such
as SPring-8, a figure-8 undulator is employed [59, 60]. Figure 3.5 shows a schematic
drawing of the figure-8 undulator. The electron trajectory resembles the figure of eight
(8) in the figure-8 undulator, as shown in Fig. 3.5 (upper right) and horizontal polarized
light is generated by this type of undulator. In order to create the figure-8 undulator,
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Phasing

FIGURE 3.4: Schematic drawing of the helical undulator used at SPring-8.
LCP or RCP can be switched by phasing. Taken from Ref. [59].

FIGURE 3.5: Schematic drawing of the figure-8 undulator. Upper right figure
shows the trajectory of the electron in the figure-8 undulator. Taken from
Ref. [60].

the periodic length of the magnet lines at both sides in the helical undulator (Fig. 3.4) is
slightly changed to doubling along the z-axis (the straight direction of the undulator),

as shown in Fig. 3.5.
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3.2 Measurement

3.2.1 Photoelectron spectroscopy (PES)

Photoelectron spectroscopy (PES) [61] is one of the powerful methods to measure
an electron state in a solid. This technique detects a kinetic energy of a photoelectron
generated by the photoelectric effect investigated by A. Einstein [62]. The kinetic

energy of the photoelectron (Ey) in vacuum is expressed as
Eyx = hv — Ep — ¢, (3.12)

where hv is a photon energy injected to the solid, Eg is a binding energy of the electron
in the solid respect to the Fermi energy (EF). The work function, ¢, is normally
¢ =4 ~ 5 eV. Figure 3.6 shows the principle of the PES process. From the Fermi’s
Golden Rule, the transition probability (w) of the electron from the initial state v; with
the energy Fj; to the final state ¢y with the energy E; expressed as

2
w X %| (Wl Ali) 1?6 (B — B — hv), (3.13)
A=-(A.-p+ A)—¢+—€2 A-A (3.14)
- 2me pTp €Ps T 52 ) :

where A and ¢, are the vector and scalar potentials and p represents the momentum
operator p = ihV. m is the free electron mass. The commutation relation in Eq. (3.14)
is calculated as A-p+p-A=2A-p+ih(V - A). If the gauge ¢, = 0 is chosen, the
two photon emission term A - A can be neglected, and one assumes that V. A =0
because of the translational invariance in the solid, Eq. (3.14) can be rewritten as

A=A.p. (3.15)
mc

Normally, because the wavelength of the incident light is large compared to the atomic
distances, A can be taken as constant A = Ay. Therefore, the bracket in Eq. (3.13)

can be calculated as

(Vr| Alabi) oc (Pr| A= plihi) o< (hy| AV -V [ih;) o (| A - rlihi) = Ao (by|r|ei), (3.16)
where V is the electron-electron interaction.

Here, it is assumed that a system has IV electrons and an electron is photoexcited from

the initial state ¢; to the final state (a free electron) ¢ ¢ g, with energy Fy. Furthermore,
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FIGURE 3.6: Schematic drawing of the PES process [61]. Evac is the vacuum
energy level.

the remaining N — 1 electrons change from the initial state 1; (N — 1) to the final state
s (N — 1) that has s excited states with energy E (N — 1). s is used as the number

of states and the running index. In this situation, Eq. (3.16) is rewritten as
(rlrlvi) = (b1 B rio) Y s, (3.17)
S

with
¢s = (Wrs (N = D[ (N = 1)) (3.18)

|cs|? is the probability that the removal of a photoelectron from the initial state ¢; of the
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N-electron ground state leaves the system in the excited state s of the N — 1-electron

system. The intensity of PES (I) in this situation is expressed as

Lo Y |{gmrio0) [Ples®s (Bi + Es (N — 1) = Eg (N) = hv) § (E — By + ¢) f(E,T),

(3.19)
where Ey (N) is the ground state energy of the N-electron system and f(E,T) is the
Fermi distribution function. Moreover, the spectral function of an electron with energy

E and momentum k is defined as
Ak, B) = esl. (3.20)
A (k, E) and the one-electron Green’s function G (k, E') are related by the equation

A(k,E) = = [ImG (k, E)] , (3.21)

1
T

where G (k, E) is expressed with the self-energy X (k, E) as

1
G(k,FE)= 3.22
& E) = 5 (k) = 5 k. B)’ (3:22)
with E° (k) = h?k?/(2m). Eventually, A (k, E) is expressed as
1 ImXY
A(k,E) =~ u (3.23)

T (E — E° (k) — ReX)? + (ImX)?
Three step model

As mentioned above, the photoelectric effect in the solid can be described by one
step transition in the N-electron system (the one step model). Nevertheless, the PES
process can be divided into three steps (the three step model) and it can describe
the process more successfully than the one step model. Figure 3.7 shows a schematic

drawing of the three step model of the PES process.

In the first step, electrons in the solid are photoexcited by the incident light with

energy hv. Its detail has been already described above.

In the second step, the photoexcited electrons are scattered and transported to the
surface. Not only the electrons whose energies are conserved by the elastic scattering
but also the secondary electrons which lose their energies are generated by the inelastic

scattering. The average distance where an electron does not lose its energy in solids
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FIGURE 3.7: Schematic drawing of the three step model of the PES pro-
cess [61]. The process is divided into (1) photoexcitation of electrons, (2)
transport of the photoelectrons to the surface, and (3) penetration through
the surface. The horizontal axes denote the DOS.

is called the mean-free path and depends on the kinetic energy of electron, as shown
in Fig. 3.8. As one can see, the relation between the mean-free path and the kinetic
energy of electron is independent on elements of solids, so-called the universal curve.
When the incident light with hy = 50 ~ 80 eV is used for PES, the electrons that
escape from the solid in ~ 5 A depth can be detected, therefore, it is surface sensitive.
On the other hand, in the other photon energy regions, one can operate a relatively

bulk sensitive PES.

In the final step, photoelectrons penetrate to the vacuum through the surface. The
photoelectrons which have larger energies than the work function ¢ can escape from

the solid and be detected.

Angle-resolved photoelectron spectroscopy (ARPES)

Angle-resolved photoelectron spectroscopy (ARPES) is the only technique that en-
ables us to determine band structures of materials. In ARPES, not only the kinetic

energy of the photoelectron but also its momentum can be detected by an analyzer,
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FIGURE 3.8: Universal curve of electrons in solids taken from Ref. [63]. The
dashed line represents the theoretical curve independent of elements.

such as a hemispherical PES analyzer, as shown in Fig. 3.9. Because the photon energy
is normally low in ARPES, the wave number of the incident photon can be neglected,
and the momentum of the photoelectron is conserved before and after the photoexci-
tation except for the reciprocal lattice vector (G) of the solid. The momenta of the

initial state (K;) and the final state (K ) have a relation as

Kf =K, + G. (3.24)

When the photoelectron is emitted from the solid to the vacuum, the momentum
parallel to the surface (K / /) is conserved, while the momentum perpendicular to the
surface (K ) is not done due to the inner potential (Vp), as shown in Fig. 3.9. The

momentum parallel to the surface of the emitted photoelectron (ky,/) is expressed as
ki =Ky =K. (3.25)
Using the polar emission angle 6, Ey, and Eq. (3.12), k¢, is calculated by

kp [ATY] = @@Sina (3.26)

= 0.5123\/hv — Eg — ¢ [eV]sinb, (3.27)
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FIGURE 3.9: Schematic drawing of the emission of a photoelectron from a
solid to the vacuum and its detection by a hemispherical PES analyzer.

therefore, K/, is given by

K;/ [A7'] =0.5123\/hv — Eg — ¢ [eV]sin 6. (3.28)

On the other hand, K;, is calculated by

K;i [A7'] =0.5123\/(hv — Eg — ¢) cos2 6 + Vj [eV]. (3.29)

3.2.2 X-ray magnetic circular dichroism (XMCD) measurement
X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a measurement of photo-absorption by the

excitation of a core electron into unoccupied states depending on photon energy. Its
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intensity is written as

()= [{fITli) ?6 (E; — Ef — hv), (3.30)
f

where T' is the dipole transition operator. i (f) and Ej ) represent the initial (final)

state and its energy of the optical transition, respectively.

To measure XAS spectrum in the hard X-ray energy region, the transmission mode,
where a ratio of the transmitted X-ray is obtained by the measurement of the X-ray
intensity at in front of and behind the sample, is widely used. On the other hand,
in the soft X-ray energy region, because of a strong interaction between light and the
sample, it is difficult to measure XAS spectrum by the transmission mode, therefore,
the yield mode is used. There are two types of the yield mode; one is the electron
yield mode and the other is the fluorescence yield mode. The electron yield mode is a
method detecting the amount of the electrons emitted by the incident soft X-ray, while
the fluorescence X-ray emitted from the sample is measured in the fluorescence yield
mode. Furthermore, the electron yield mode can be classified into the Auger electron
yield (AEY), the partial electron yield (PEY), and the total electron yield (TEY)
modes. The AEY method measures the amount of the Auger electrons. All escaping
electrons excited by the soft X-ray are detected in the TEY mode, while the PEY
method selects the energy of detected electrons. Since XAS spectrum can be measured
simply by measuring the current that flows in the sample (sample current) in the TEY
mode, this yield mode is most widely used and a convenient technique. Figure 3.10
shows a schematic drawing of the TEY and total fluorescence yield (TFY) methods
that were adopted in our experiments. The probing depths of the electron yield and
the fluorescence yield modes are about 5 ~ 10 nm and 10 ~ 100 nm depending on
the electron escape depth and the photon mean-free path, respectively [17]. Therefore,
the electron yield mode is surface sensitive, while the fluorescence yield mode is bulk

sensitive.

X-ray magnetic circular dichroism (XMCD) spectroscopy

X-ray magnetic circular dichroism (X-ray MCD, XMCD) spectroscopy [64, 65] is one
of the most leading methods to get the magnetic information. XMCD spectrum is
derived from the difference between the two absorption spectra obtained by circular
polarized light of opposite helicities, as shown in Fig 3.10. Using absorption edges,

the merit of this measurement is that one can use element-selectivity and a resonant
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FIGURE 3.10: Schematic drawing of a XMCD experimental set up. The TEY
method measures the sample current. A silicon drift detector (SDD) was used
for the TFY mode in our experiments.

enhancement. Moreover, one can obtain the values of the spin and orbital magnetic
moments by combining XMCD spectroscopy and the sum rules [5-7]. According to the
sum rules, their magnetic moments in units of ;g /atom (Mgpin and me,p) are calculated
by

4fL3+L2 (py — p—) dw
3 fL3+L2 (4 + p—) dw

(10 — ngq) , (3.31)

Morb = —

6 [, (ny —p)dw—4fp 1 (pg —p-)dw
fL3+L2 (4 + p—) dw

Mspin = —

7(Tz>)_1’

(10 — ngq) <1 +3 5

(3.32)
where nsg is the 3d electron occupation number of the specific transition metal atom.
The L3 and Lo represent the integration energy range, around the Ls- and Ls-edges,
respectively. (T%) is the expectation value of the magnetic dipole operator and (S;)
is equal to half of mgpin in Hartree atomic units. p4 are the spectra obtained by
the helicity &+, respectively. C. T. Chen et al. made the first report of the accurate
determination of mgpi, and me,, obtained from the XMCD spectra and the sum rules [7].

The integrated values of the MCD spectrum, p and ¢, are defined as

p= /1:3 (14— p) dow, (3.33)
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FIGURE 3.11: Results of the spectroscopy for Fe/parylene thin films at the
Fe L-edge. (a) Transmission spectra taken with the projection of the spin of
incident photons parallel (I, solid curve) and antiparallel (I_, dashed curve)
to the spin of the Fe 3d majority electrons (I and I_ are equal to the spectra
obtained by the helicity + and — when the direction of magnetization is fixed,
respectively). I represents the spectrum of the parylene substrates alone.
(b) Absorption spectra obtained from Iy and I_. (¢) MCD spectrum (solid
line) and its integration (dashed line). (d) Summed XAS spectrum (solid line)
and its integration (dashed line). The dotted line represents the two-step-like
function for edge-jump removal before the integration. Taken from Ref. [7].
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q= /LHL2 (4 — p—) dw. (3.34)

r is also the integrated value of the XAS spectrum after removing the two-step-like

function for edge-jump, as shown in Fig. 3.11(d),

, = / (g + po) do. (3.35)
L3+Lo

From Egs. (3.31)-(3.35), when the value of (%) / (S;) is negligible, the mqy1, t0 Mgpin
ratio can be calculated as
Morb _ 2(]
Mspin 9p — 6g
C. T. Chen et al. measured the XMCD spectra of Fe and Co thin films, and deter-

mined their ratios meyp, /Mspin and the individual values of mq,p, and mepin, as shown in

Table 3.1 [7]. It is notable that they used the theoretical values for nsg. These values

(3.36)

are in good agreement with those determined by the theoretical calculations or the
gyromagnetic ratio measurements.
TABLE 3.1: Ratios meyp,/mgepin and individual values of mey, and mgpi, for

Fe (body-centered cubic, bee) and Co (hexagonal close-packed, hep) obtained
from the XMCD spectra and the sum rules. Taken from Ref. [7].

Fe (bcc) | Co (hep)

Morb/Mspin 0.043 0.095
Morb 0.085 0.154
Mspin 1.98 1.62

3.2.3 Magneto-optical Kerr effect (MOKE) measurement

Magneto-optical Kerr effect (MOKE) measurement is a powerful technique to extract
the magnetic information. While polarizers and a 1/4 wavelength plate are normally
used to observe the Kerr rotation angle (k) and the ellipticity (ex) with visible light,
they can be determined by the rotating-analyzer ellipsometry (RAE) [28] in the VUV
~ soft X-ray energy region. Figure 3.12(a) shows a set up of the resonant longitudinal
MOKE (L-MOKE) measurement with the RAE. The RAE unit is composed of a mul-
tilayer mirror as an analyzer, and a detector. The elements and layer thicknesses of the
multilayer mirror are optimized to reflect the light that has the incident photon energy.
In this thesis, we used the multilayer mirror made of W/B4C with N = 100 periods
for periodic distances of d = 1.19 nm for the Fe L-edge (NTT-AT Corporation), and
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FIGURE 3.12: (a) Set up of the L-MOKE measurement with the RAE. The
RAE unit comprises by a multilayer mirror and a detector. (b) Typical results
of the intensity variation with rotation angle, y, for an Fe film taken at hv =
710 eV. The red and blue solid lines represent the spectra obtained when the
magnetic fields were +0.3 T (+B) and —0.3 T (—B), respectively. fx can be
determined from 265, = 6 (—B)—6 (+B) for the s-wave, 205 = 6 (+B)—0 (—B)
for the p-wave, respectively.
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a micro-channel plate (MCP) (Hamamatsu Photonics Corporation, MCP F4655) as a
detector. The intensity of the reflected light from the multilayer mirror is measured by

the detector as a function of rotation angle . It is expressed as

Do ‘ﬁﬂm

I(x)=-"22v (a2 — 1) cos 2ek cos? (0 —x)+a®+1-V (a2 — 1) cos2ek|, (3.37)

where « is the ratio, rs/rp, of reflectance amplitudes for the s- and p-waves [66, 67,
and 0 represents the azimuthal angle of the major axis of the elliptically polarization.
When the light can be defined consistently by the Stokes parameters, the value of V' is
unity [66]. It is known as Malus’s law that the intensity depends on the cosine square
function on y [66, 67]. In this study, y was swept clockwise with the observer facing

the beam. Using parameters C (ex) and Cs (ex), I (x) is also rewritten simply as
I(x)=C1(ex)cos2(x —0)+ Cs (ek) - (3.38)

Since the polarization plane rotates inversely under opposite magnetic fields in the
MOKE measurement, 6k for the s-polarized incident light can be determined from
the difference in the ellipsometry curves taken under opposite magnetic fields: 20§ =
0 (—B) — 0 (+B) in this geometry, as shown in Fig. 3.12(b). On the other hand, for the
p-polarized incident light, it should be taken into account that r,, includes n_ — ny
whose sign is inverse to n4 — n_ in rp,, as shown in Egs. (2.19) and (2.20). 6 is

calculated by 26}, = 6 (+B) — 6 (—B) based on the Onsager relations.



Chapter 4

Interface electronic structure at
the topological
insulator-ferrimagnetic insulator

junction

In this chapter, we studied a magnetic interface between a three dimensional (3D)
topological insulator (TI) and a magnetic material. This system is one of the interesting

buried magnetic layers.

4.1 Introduction

As mentioned in Chapter 2, TIs are notable materials currently attracting a wide
interest in both fundamental and applied research [68-70]. Although TIs show bulk
insulating performance, they exhibit Dirac-like gapless bands at their surfaces [54—
56, 71-74]. The surface state is ensured by time-reversal symmetry (TRS) and the spin
polarization of the surface state electrons is locked to its momentum. Because these
properties are resistant to non-magnetic external perturbations, TIs are expected to be

promising materials for new spintronic devices [68-70].

By breaking TRS, TIs exhibit a number of interesting features, such as the gap-
opening at the Dirac point [8, 75], the half-integer quantum Hall effect [76], the quantum
anomalous Hall effect [77, 78], the topological magnetoelectric effect [76, 79|, and the

43
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image magnetic monopole effect [80]. There are two methods for breaking the TRS; one
is by doping magnetic impurities (Cr, Fe, and Mn) [75, 77, 78, 81, 82|, and the other
is by connecting TIs to magnetic materials such as Fe, Co, and EuS [8-12]. However,
with the objective of device applications, magnetic metals in contact with TIs are not

appropriate because the TI surface state is short circuited by the metallic materials [14].

Recently, it was suggested that a ferrimagnetic insulator, yttrium iron garnet (YIG,
Y3Fe5012) with a Curie temperature (T¢) ~ 550 K, has the potential to be an un-
derlayer for magnetic TI films [13-16]. It was reported, from magneto-transport and
magneto-optical measurements, that the temperature where the BisSes has a magnetic
order (Tyo) reaches ~ 130 K due to the proximity effect [13]. Furthermore, T¢ of
Cr-doped BisSes on YIG was found to be higher than that on a nonmagnetic substrate
through magneto-transport and X-ray magnetic circular dichroism (XMCD) measure-
ments [14, 15]. Understanding the mechanism of the proximity effect between TI and

YIG is required to realize Tyio above room temperature (RT) for practical applications.

In this chapter, we present results of angle-resolved photoelectron spectroscopy (ARPES)
and XMCD measurements for BisSes films on YIG. We have successfully observed the
TT surface state in this BisSes/YIG system and obtained direct evidence that the 3d
electrons of Fe in YIG induce the proximity effect at the interface between TT and YIG.

4.2 Experiment

YIG(111) thin films (8.4 nm thick) were grown by pulsed laser deposition (PLD) on
gadolinium gallium garnet (GGG) (111) substrates. Stoichiometric one-inch diameter
YIG targets were prepared by mixing Y203 and FesOg, followed by ball milling, calci-
nation, and sintering at 1400°C [83, 84]. The surfaces of the GGG substrates (Supplier:
MTT Crystals, Inc.) were cleaned by ultrasonicating in acetone and then in isopropanol.
PLD of YIG was carried out using a KrF coherent excimer laser (A = 248 nm, 400 mJ
pulses at 10 Hz pulse rate) at a growth rate of 3 nm/min (target-substrate distance:
85 mm) under 20 mTorr oxygen pressure (5 x 1075 Torr base pressure), while 10 mm
x10 mm GGG(111) substrates were held at 650°C. After deposition and before cool-
ing, the oxygen pressure in the chamber was increased to 500 Torr and then the films
were annealed at 650°C. This annealing step improved the quality of the YIG films, as
reported elsewhere [85]. The sample temperature was decreased to 200°C at 5°C/min

in oxygen ambient, followed by natural cooling to RT.
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FIGURE 4.1: (a) A schematic drawing of the crystal structure of YIG. There are
two sites for Fe ions, octahedral (O) and tetrahedral (T') sites. (b) A schematic
drawing of the BisSes film prepared on a YIG(111)/GGG(111) sample. (c) The
(00)-spot RHEED intensity oscillation during BisSes growth on the YIG film,
taken at an electron energy of 15 keV. (d) The RHEED pattern of a 6 QL
BisSes/YIG sample. The symbol a* represents the reciprocal lattice constant
of B12 Seg.

Figure 4.1(a) shows the crystal structure of YIG (space group laszd). The YIG
formula unit can be written as follows: {Y3"}[Fe3™](Fe3")O3;. The nonmagnetic
yttrium ions (Y3+) occupy 24c sites. Fe3* ions occupy 16a (octahedral, O) and 24d
(tetrahedral, T') lattice sites in the ratio of 2 : 3, respectively. The spins of these sites

are antiparallel and as a result, the unit cell is ferrimagnetic [86].

Figure 4.1(b) shows a schematic drawing of a BizSe3/YIG heterojunction. BisSes
films were grown on a YIG film prepared on GGG (YIG/GGG) using Bi and Se effusion
cells. At first, 2 quintuple layers (QLs) of BiySes were grown on YIG at 150°C and
subsequently annealed at 300°C. Then further Bi and Se depositions were made at a
sample temperature of 250°C. The thickness of the BisSes films was controlled from
3 to 6 QL by observing reflection high-energy electron diffraction (RHEED) intensity
oscillations, as shown in Fig. 4.1(c). After the deposition, the samples were annealed at
250°C for 15 min to improve the crystalline quality. Figure 4.1(d) presents the RHEED
pattern of the 6 QL BisSe3/YIG/GGG sample. Referred to the (00)-rod, streaks are

identified at 2a* and v/3xa* where a* represents the reciprocal lattice constant of
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F1GURE 4.2: Core level photoelectron spectroscopy spectra, taken at hy =
87.6 eV, of a 6 QL BiaSe3/YIG sample before (red) and after (blue) decapping.
These spectra were normalized to the Bi 5d5 /5 peak.

BisSes. The pattern indicates that the BisSes films have a multi-domain structure
such as a (111)-textured structure [87]. Finally, the sample surface was capped with a
30 nm-thick Se layer in order to transfer the sample wafer in air to the ARPES chamber.
Removal of the capping layer was accomplished by annealing at 190°C for ~ 10 min in

an ultra high vacuum (UHV) chamber prior to ARPES experiment.

The ARPES experiment was performed at the VUV-Photoemission beamline at Elet-
tra, Italy. Figure 4.2 shows the core level photoelectron spectra of the 6 QL BisSes/YIG
sample before and after the decapping procedure. In contrast to a large and broad peak
structure of the Se 3d peak for the capped sample, a clean BisSes surface shows only
a single Se 3d doublet component that is split by the spin-orbit (SO) interaction, as
reported previously [88]. On the other hand, no apparent change was observed for the
spectral features of the Bi 5d core level. These observations indicate that the present
capping/decapping procedure was appropriate and a clean BiySes film is left after the

decapping.

XMCD measurements of the BisSes/YIG samples were made at the Fe L-edge at RT
and 20 K. The experiment was made at the high-brilliance soft X-ray beamline [60],
BLO7LSU, at SPring-8, Japan. A magnetic field of 0.24 T was applied by a retractable
permanent magnet. The XMCD was measured at the Fe Lo 3-shell absorption edge of
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YIG by the total electron yield (TEY) and total fluorescence yield (TFY) modes. In
the TFY mode, fluorescence from the sample was detected by a silicon drift detector
(SDD), as shown in Fig. 3.10. XMCD spectra were derived from the difference between
the two absorption spectra obtained by circular polarized light of opposite helicities,
where the beam direction was set parallel to the magnetic field orientation and to the

surface normal direction.

4.3 Results and discussion

4.3.1 Angle-resolved photoelectron spectroscopy (ARPES) study

Figure 4.3(a) shows the momentum (k,,: parallel to the sample surface) distribution
curves (MDCs) of the ARPES spectra around the I' point, taken at hv = 52.4 eV,
at RT. In the ARPES experiment, linear polarized light was incident onto the sample
in the p-configuration. In the figure, it can be seen that the two peaks in the MDCs
at the Fermi energy (Er) approach with increasing binding energy (Ep) and overlap
each other at g = 0.38 eV, followed by separation at higher Ep. These results
unambiguously indicate band-crossing. The MDCs at RT in Fig. 4.3(a) and T' = 30 K
(not shown) were fitted by two Gaussian peaks and the peak positions are plotted in the
photoelectron band diagrams in Figs. 4.3(b) and (¢). At T'= 30 K and RT, the surface
state band shows the Dirac cone dispersion around the I' point with the Dirac point at
Ep = 0.38 €V. The band-dispersion curves were assigned to those of the Dirac surface
state bands of the BiySes film as reported previously [55, 74]. The Fermi velocity of this

system is vp = 5.1 x 10°> m/s and this value agrees with previous studies [54, 71, 72].

For comparison, the photoelectron band diagram, taken at hv = 23.1 eV, is also
shown in Fig. 4.3(d). The observed band between Er and 0.2 eV is assigned to the
bulk conduction band of BisSes, as reported previously [55, 74] and it crosses the Ep,
indicating the n-type doped nature. The electronic structures of the surface and bulk
states are essentially similar to the previous ARPES results of BisSes films on different
substrates [55, 56, 71-74]. Due to the TI nature of the BiySes film [69, 70, 80], the
existence of the surface state at the film/vacuum interface suggests its presence also
at the junction (interface) with the insulator YIG film. Moreover, Fig. 4.3(d) implies
that the BisSes bulk conduction band crosses Er at the BisSes3/YIG interface. It is
notable that the surface state band structure does not change with the temperature
across Tyio ~ 130 K [13], as shown in Fig. 4.3.
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FIGURE 4.3: (a) Photoelectron momentum distribution curves (MDCs), taken
at hv = 52.4 eV, for the 6 QL BiySe3/YIG sample at RT (red solid lines).
The solid black and green lines indicate the two-peak fitting curves. (b, c)
Photoelectron band diagrams around I' for the 6 QL BisSe3/YIG sample at
(b) T'=30 K and (c¢) RT (hv = 52.4 eV). The solid circles correspond to the
peak position from the MDCs and the black lines are fits. (d) ARPES spectra
of the 6 QL BisSes/YIG sample at T'= 30 K (hv = 23.1 V).

4.3.2 X-ray magnetic circular dichroism (XMCD) study

Figures 4.4(a) and (b) show the Fe 2p X-ray absorption spectra (a) and XMCD
spectra (b) by the TEY mode. The spectral shapes are mostly in agreement with those
of the Cr-doped BisSes/YIG sample reported by Liu et al. [14, 15]. Since the probing
depth of the present XMCD measurements using the TEY mode is about 5 ~ 10 nm, as
described in Chapter 3, not much different from the thickness of 3 nm (3 QL) and 6 nm
(6 QL) BiaSes [17, 89], the XMCD signals are thought to be essentially resulting from
the Fe atoms near the BisSes/YIG boundary. The positive XMCD peaks at hv = 708
and 710 eV and the negative peak at hv = 709.5 eV suggest opposite spin directions
for the Fe atoms at two different sites in the YIG crystal, O (2 per formula unit) and T’
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FIGURE 4.4: (a) XAS spectra of the 3 and 6 QL BizSe3/YIG samples obtained
by the TEY mode at RT and 20 K. The solid red and blue lines represent the
spectra taken with circular polarized light of plus and minus helicity (o*, 07),
respectively. (b) XMCD spectra of 3 QL BisSes3/YIG at T'= 20 K (red), 6 QL
BisSes/YIG at T' = 20 K (green), and 6 QL BisSes/YIG at RT (blue) obtained
by the TEY mode.

sites (3 per formula unit), as expected for the ferrimagnet. In the present measurement
configuration, the macroscopic magnetic direction of the ferrimagnetic YIG film shows
a negative peak for the Fe (T') site [14, 15]. Furthermore, we notice a slight structure

at the L3 pre-edge as described below.

The upper curves of Fig. 4.5(a) are the enlarged XAS spectra of the 6 QL BiySes/YIG
at RT obtained by the TEY mode at hv = 705 ~ 708 eV. One can notice a spectral
feature at hv ~ 706.5 eV in the o spectrum. Compared with the previous X-ray
absorption study [90], the spectral feature is likely assigned to the Fed* (§ < 3) state
in the YIG crystal. On the other hand, the spectra in Fig. 4.5(b) and the lower curves
in Fig. 4.5(a) are the XAS results obtained by the TFY mode and they essentially
have very similar spectral feature as those taken by the TEY mode, except for the
pre-edge structure at hv = 706.5 eV. Since the probing depth in the TFY mode is
10 ~ 100 nm, as described in Chapter 3 [17], the spectra obtained by this mode mainly
give information from Fe in the internal bulk region of YIG. These results indicate
the possible existence of the Feot state at the BizSes3/YIG interface. It was reported
that Fedt states were produced by oxygen deficiency at the surface or interface of

YIG [91, 92].
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FIGURE 4.5: (a) Enlarged XAS spectra of 6 QL BisSe3/YIG at RT in the
absorption edge region obtained by the TEY mode (upper) and the TFY mode
(bottom). Intensity enhancement is observed at the pre-edge in the o™ TEY
spectrum (indicated by arrow). The red and blue lines represent the spectra
taken with o and o, respectively. (b) XAS spectra of 6 QL BizSe3/YIG at
RT obtained by the TFY mode.

4.3.3 Interaction model at the interface

From the experimental results shown above, magnetic order of BisSes at the interface
is most probably associated with the interface spin polarized states of the BisSes film
and localized spin states of the interface Fe3t in the YIG film. Thus, the proximity
effect would be modeled as their interactions at the boundary. Such interface interaction
has been already investigated theoretically for a similar system that is composed of a
BisSes film and an EuS substrate [93]. When the T1I film has a Dirac surface state with
a gap at the Dirac point by breaking the TRS, these delocalized spins were found to
experience an exchange interaction with the localized spins of the 4 f electrons in the
Eu?" ions [93]. Moreover, it was found that bulk (p,-orbital) states of the BisSes film
also contribute to the spin-coupling between the TI and the magnetic material when
Er is located above the minimum of the bulk conduction band [93]. By analogy, the

magnetic order of BisSes at the interface can be understood as an exchange interaction
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FIGURE 4.6: A schematic drawing of the proximity effect at the BisSes and
YIG interface. The origin is the antiferromagnetic (AF) exchange interaction
between the spin polarized electrons of the BisSes film and the localized 3d
electrons of the Fe3t sites. The BisSes Dirac surface state band produces gap-
opening at the Dirac point. The macroscopic magnetic moments of BisSes
(Mr1) and YIG (Myig) have opposite orientations from each other.

between the spin polarized electrons in the (gapped) Dirac surface state of the BisSes
film and the localized 3d electrons of Fe3* in the YIG film [11, 13], as shown in Fig. 4.6.
Moreover, there is also a contribution from the bulk electrons in the BisSes film since
the bulk conduction band crosses Fr [Fig. 4.3(d)].

Judging from the sign of the XMCD signal, one can naturally assume that the Fedt
state originates from the Fe atom at the O site. At a surface, the Fe ions are likely
reduced by oxygen vacancies [91, 92] that are probably formed during the film growth
process. The Fe’t ions seem to occupy a few percent of the Fe sites, as estimated from
the XAS intensity ratio. The 3d electrons at the Fe (O) and Fe (7T') sites in YIG have
opposite spin orientations from each other and they individually have antiferromagnetic
interactions with the Dirac electrons of BisSes because all Fe 3d electron states are
occupied by the electrons with parallel spin due to the Hund’s rules. This results in
macroscopic configuration of the opposite magnetic moments between the BisSes film
and the YIG substrate [13], as schematically shown in Fig. 4.6. Since the spin magnetic
moment at the Fe3* (O) site is opposite to that of YIG and the magnetic moment of
Fed is smaller than that of Fe3T, one expects that the change to Feot at the O site
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enhances the magnetic order at the BisSes/YIG interface. On the other hand, the
Fe ions could also be reduced at the T site. However, it is not possible to argue the
formation of the Fe’T state at the T site since the corresponding faint signal of this
impurity in the XAS spectra [Figs. 4.4(a) and 4.5(a)] will be completely overlapping
and covered with the large spectral peak of the Fe3T (O) state at hv ~ 708 eV. Because
decrease of the spin magnetic moment at the Fe (7T") site results in suppression of the
interface magnetic order, one should conclude that it is unnecessary to increase the
number of the Fedt state at the interface. Nevertheless, our result implies a possible
improvement of the interface magnetic order by the selective reduction of the Fe?* state
at the Fe (O) site.

It is notable that not only investigating the details of the Fedt state but also an
appropriate analysis to determine atomic structure at the BisSes/YIG heterojunction
is needed in order to conduct a first-principles calculation to properly understand the

scenario.

4.4 Conclusion

In summary, we provide evidence of the surface state of the BisSes film on YIG by
ARPES and the significance of the Fe3T state for magnetic order of the BisSesz at the
interface by Fe Lo 3-edge XMCD. The origin of the proximity effect is likely described
in terms of the exchange interaction between the localized Fe3t 3d electrons in the
YIG film and the delocalized electrons of the Dirac surface state and the bulk state in
the BisSes film. In addition, we succeeded in showing the possibility that controlling
the valence number of the Fe ions at the interface may be able to change the interface
magnetic property. This study plays a part in understanding the proximity effect
between TI and YIG, contributing to the realization of TI-based devices.

However, this study only shows the indirect results of the magnetic TT at the interface.
To unveil the mechanism of magnetic order in TI perfectly, a direct measurement by

bulk sensitive methods with high accuracy is required.
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Chapter 8

Summary and future prospect

8.1 Summary

In the present thesis, the magnetism of buried layers was investigated and their at-
tracting properties were observed. In order to get abundant information on them, which
is difficult to obtain by the existing methods, we developed the new light source and
methods in the soft X-ray energy region with the polarization modulation. We demon-
strate the performance of this method and show the new information of magnetism

using the polarization modulation.

In Chapter 4, the interface electron state at the junction between a three dimen-
sional (3D) topological insulator (TI) film, BisSes, and a ferrimagnetic insulator film,
Y3Fe;012 (YIG), was investigated by measurements of angle-resolved photoelectron
spectroscopy (ARPES) and X-ray magnetic circular dichroism (XMCD). The magnetic
TT should appear at the interface derived from the proximity effect, which is expected to
be promising materials for new spintronic devices. The surface state of the BisSes film
was directly observed by ARPES and it has a Dirac-like band structure like as those
of other BisSes grown on different substrates. By XMCD measurements, the localized
3d spin states of Fe3t in the YIG film were confirmed. Furthermore, it should be also
reported that the valence number of the Fe ions in the YIG film varies and it could
affect the magnetism at the interface. From these results, we propose the interface
model that the proximity effect is likely described in terms of the exchange interaction
between the localized Fe 3d electrons in the YIG film and the delocalized electrons of
the surface and bulk states in the BisSes film observed by ARPES. This study shows
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the importance of the magnetism at the interface that it is ordinarily difficult to observe

in detail by the common techniques.

In Chapter 5, the L-edge resonant magneto-optical Kerr effect (MOKE) of a buried
Fe film was investigated by the rotating-analyzer ellipsometry (RAE) and the Kerr
rotation angle (fx) obtained by the experiment was compared with those obtained from
two theoretical simulations. The resonant MOKE measurement in the soft X-ray energy
region is a powerful method to detect the magnetism at buried layers because of using a
reflected light and the resonant enhancement. In contrast to MOKE with visible light,
resonant MOKE also has element-selectivity. The sign reversal of 0k between the Ls-
and Lo-edges was first observed in the experiment. Furthermore, it was consistent with
the classical electromagnetic simulation using the empirical optical constants. On the
other hand, the Ak spectrum at the Lg-edge, including the fine features, was reproduced
by the quantum theoretical calculation of the Fe 2p-3d resonant elastic scattering.
However, a large peak between the L3- and Lo-edges, which was also obtained from the
quantum calculation, is not found in the experimental spectrum. These features likely
originate from the quantum interference effect during the resonant scattering process
that is described by the Kramers-Heisenberg formula. The large peak could be reduced
by the decoherence process of the other optical transitions and the inelastic scattering
process in the actual sample. In addition, to the best of our knowledge, the polarization
dependence of fx was also reported for the first time in the soft X-ray energy region.
We succeeded in showing the usefulness of resonant MOKE, its quantum mechanism

that shapes the fk spectrum, and the tasks to improve quantum calculations.

In Chapter 6 and 7, we present the main subject of this thesis. We developed the
new polarization modulated soft X-ray at SPring-8 BLOTLSU fully utilizing the per-
formance of the segmented cross undulator, especially, the phase shifter composed of a
permanent magnet and an electromagnet. Its performance was confirmed by the XMCD
measurements with the modulated light for the FePt film and the (Bi;_,Sb;), Tes/YIG
samples. XMCD was obtained by extracting the p component, which is the same fre-
quency as the polarization modulation, from the sample current signal and its high
sensitivity and accuracy were shown. Moreover, we designed the new method combin-
ing the resonant MOKE measurement and the polarization modulated light in the soft
X-ray region. Adding the merits of the resonant MOKE measurement, this method
enables us to measure Ak and the ellipticity (ex) simultaneously and high accuracy due
to extracting the p and 2p components from the detected signal. Furthermore, since

Ok and ex are derived from the optical rotation and the magnetic circular dichroism
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(MCD), respectively, the off-diagonal components of the permittivity, which have mag-
netic information of materials, can be determined completely including both of the real
and imaginary parts. In fact, we succeeded in first measuring the 6k and ek spectra of
the Fe film simultaneously and they are consistent with the fact that the spectra of 0k
and ek are connected by the Kramers-Kronig relations. Although we have depended
on the simulation to obtain the value of permittivity in the soft X-ray energy region
in the past, the experimental complex permittivity can be determined completely by
our developed resonant MOKE method in this study. It is clear that the present study

opened the new field of magnetism research.

8.2 Future prospect

In the discussion above, the new methods were developed by combining the magneto-
optical effect with the polarization modulated soft X-ray. The XMCD measurement
with the polarization modulation, which enables us to observe a weak MCD, can be
applied to TI/magnetic material systems. In this thesis, the MCD of Fe3* in YIG
was observed and we considered its effect on the magnetism of TI. To get a proper
understanding of the proximity effect, it is required to observe the magnetism of TI
directly. Comparing with the previous study reported by M. Ye et al. [118], the MCD of
magnetic TI appearing only at the interface with a magnetic material should be much
weaker than that of a magnetic element doped TI, such as Cr-doped (Bii_;Sb,), Tes.
However, the XMCD measurement with the modulated light should become a method
that can detect the weak signal from the interface by an optimization of the undulator
at SPring-8 BLO7LSU. (Bi;_;Sb;), Tes on YIG that studied in Chapter 6 would be
investigated by the method and the MCD of Sb or Te in the TI should be observed
directly like as the previous study [118]. It leads to figure out the mechanism of the

proximity effect completely.

In addition, the MOKE measurement with the polarization modulation enables us
to measure the complex permittivity with element-selectivity in the soft X-ray energy
region, as discussed in Chapter 7. The permittivity of any kind of magnetic material
can be measured by this method with optimizations of the segmented cross undula-
tor and the multilayer mirror without the sample limitation like as the transmission
and diffraction methods. Permittivity would be useful to understand the electronic
structures and the optical transitions of the magnetic materials both of experimentally

and theoretically. Moreover, using the permittivity obtained experimentally can also
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develop optical designs that have relied on the simulations in the soft X-ray region until
now. It is also expected that the determination of permittivity would be used for the
material design, and the light induced spin-flip by the inverse Faraday effect [129, 130]
could be investigated, thus, this method can be applied to a time evolution study with
high harmonic generation (HHG) laser and X-ray free electron laser (XFEL) in the

future.
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