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Chapter 1

Introduction

Magneto-plasmonics, a new field that merges the concepts from plasmonics and
magnetics, has gained increasing interest not only in the field of magnetism but also in
the field of plasmonics. The typical and important topic in magneto-plasmonics is that
large magneto-optical effect is observed by surface plasmon resonance. Researchers
consider that this phenomenon is due to the surface plasmon excitation; it is expected that
plasmon excitation can enhance the magneto-optical effect beyond its current limitation.
However, at present, it is not clear whether the enhancement of the magneto-optical effect
by surface plasmon excitation is genuine or not due to the lack of evidence. Therefore, it
is important to clarify the relationship between magneto-optical effect enhancement and
surface plasmon excitation through experiment to realize unique optical devices such as
a high-resolution spatial light modulator. Moreover, magneto-plasmonics is still in its
infancy and there is still much unexplored physics to be discussed especially on the

interaction between surface plasmons and magnetization.

In this chapter, first, the background knowledge of plasmonics is provided. Second, a
brief research history of the correlation between magnetics and optics (magneto-optics)
is given. Then, a review of the current research on magneto-plasmonics is introduced.

Finally, the focus point of this research is defined.



1.1 Plasmonics

Plasmonics is the study of the optical phenomena induced by and associated with surface
plasmons. The first part of this section explains plasmons. Subsequent part describes the
two kinds of plasmons: (1) propagating surface plasmons, and (2) localized surface

plasmons.

1.1.1 Plasmons

A plasmon is a quantum of collective oscillations of free electrons in a material, arising
from the quantization of plasma oscillations. This phenomenon is observed in free-

electron-like metals. The dielectric constant of metal (e, (w)) is expressed as &,,(w) =
1-— (%)2, where w,, is the plasma frequency in metal [1.1]. The electromagnetic

properties related to the electron plasma effects are significantly different from the
properties of the ordinary dielectric materials in the frequency range below the plasma
frequency where the real part of a dielectric constant is negative. Light below the plasma
frequency is reflected because the electrons in metal screen the electric field of light.
Light above the plasma frequency is transmitted because the electrons cannot respond

fast enough to screen it [1.2].

Surface plasmons are the electron plasma oscillations near a metal surface and interact
strongly with light. There are two types of surface plasmons: propagating surface

plasmons and localized surface plasmons. Each is described in the following subsections.



1.1.2 Propagating surface plasmons

Surface plasmons polariton (SPP) propagates along the interface of a metal and a
dielectric material, including a combination of electromagnetic waves and surface charge
density wave [1.1]. This surface plasma wave is a TM-polarized wave whose magnetic
vector is perpendicular to the direction of the propagation of the SPP and parallel to the
plane of interface [1.3]. A schematic of SPP propagation is given in Fig. 1-1. Plasmons
propagate along the metal-dielectric interface, and decay evanescently away from the
interface. In metals, the field decay is larger than in dielectric material owing to small
penetration depth. SPPs continue to propagate along the interface until the energy they
have is lost due to ohmic loss or through scattering. It has been observed that SPPs cannot
be directly excited by light irradiation because the SPP dispersion lies to the right of light
line [1.4]. The resulting wavevector / phase mismatch prevents the direct excitation of
SPP to light [1.5]. The excitation of SPPs can be performed by using either a prism (Otto

and Kretchman configuration) or a diffraction grating of appropriate pitch [1.6].
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Figure 1-1. Sketch of charge oscillations and electric fields for SPP in a metal/dielectric

interface. E and H are the electric field and the magnetic field, respectively.

1.1.3 Localized surface plasmons

Localized surface plasmons (LSPs) are charge density oscillations confined to a metallic
nanostructure [1.7]. As shown in Fig. 1-2, when the size of a metallic nanostructure is
smaller than the wavelength of incident light, the electric field of the light induces waves
of collective electron oscillations confined to the surface of the nanoparticle, which is the
LSP resonance [1.7]. This wave motion is composed of different orders, from the lowest
dipolar to higher order multipoles, depending on the size of the nanostructure relative to
the wavelength of light [1.7]. However, in the case that the nanostructure size is much
smaller than the wavelength of incident light, the electron oscillation can be considered

to be predominantly dipolar [1.7].
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Figure 1-2. Sketch of charge oscillation for LSP in a metallic nanoparticle.

The dipolar polarizability (a;) along one of the principal axes j is expressed as,

g(w)—es(w)
es(w)+Lj(e(w)—&s(w))’

a; = Veg(w) (1.2)

where V is the volume of the nanostructure, &,(w) is the permittivity of the medium
surrounding the nanostructure, e(w) is the permittivity of the nanostructure’s substance,
and L; is the depolarization factor that satisfies the condition Lx + Ly + L, =1 [1.8]. The
depolarized field inside the nanostructure is induced by the incident electric field and is
related to L;, which is dependent on the shape of the nanostructure [1.9]. For a spherical
nanoparticle, Ly = Ly = L, = 1/3. When the denominator in Eq. (1.1) is zero, e(w) =
—2¢&,(w) resulting in a significant polarization induced in the nanostructure, which

means that LSP resonance is excited. For an elliptical nanostructure, the values of Ly, Ly,
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and L; are different. When the length of x-axis is longer than the ones of y and z axis, Lx
is smaller compared to Ly and L; (Lx < Ly and L;). Since a larger value of &(w) isrequired
to excite the LSP resonance associated with the x-axis [1.8, 1.10], a long wavelength
resonance is present in the spectrum when light is polarized along the x-axis (long axis).
This LSP is commonly named as longitudinal LSP. The resonance associated with the y
and z-axis (short axis) appears at shorter wavelengths and is commonly named as
transversal LSP. In the elliptical nanostructure, the resonant wavelength of both the

longitudinal and transverse LSP can be tuned by changing the structure’s aspect ratio.

The LSP resonance strongly depends on the material, size, geometry, dielectric
environment surrounding the nanostructure, and separation distance of the nanostructures.
In LSP experiments at the visible region, common material used for nanostructure

fabrication are metals such as silver (Ag), copper (Cu), and gold (Au) [1.11].

When LSP is resonantly excited by light, certain optical characteristics are observed. First,
strong light absorption occurs at the plasmon resonant wavelength [1.12], as shown in
Fig. 1-3 (a). This phenomenon has already been used in stained glass. Second, an intense
electric field on the surface of the nanostructure is generated by the electron oscillation
induced by the incident electric field [1.13], as shown in Fig. 1-3 (b). The magnitude of
the plasmon resonance-induced electric field decreases drastically as it moves far away
from the nanostructure surface, but the attained maximum electric field is larger than the
incident light [1.13]. Recently, the intense electric fields produced near plasmon resonant
metallic nanoparticles are utilized in several fields, such as surface enhanced Raman

spectroscopy (SERS) [1.14], catalysis activity enhancement [1.2], photovoltaic



conversion efficiency improvement [1.15], and so on.

—
Q
e
—_~
(=)}
S

0.8F 71 1 T £l
Resonant

wavelength |
of plasmons

|

|

|
0.4} | /

|
0.2+ |

|

| \ 4 )
400 800 1200 (

0.0 I AN
Enhanced electric field

High

0.6

Absorbance

Wavelength (nm)

Figure 1-3. (a) Calculated absorbance spectrum of an Au nanoparticle (diameter is 100
nm). When LSPs are resonantly excited by an electromagnetic wave, a sharp absorbance
peak centered at the plasmon resonance wavelength appears. (b) Calculated electric field

distribution for an Au nanoparticle under LSP excitation.



1.2 Magneto-optics

In this section, the basic knowledge of magneto-optics is introduced to better understand

magneto-plasmonics that will be described in the next section.

The interaction of light with materials is affected by the magnetic state of the medium,
such interaction between electromagnetic radiation and magnetically polarized material
results in the magneto-optical effect [1.16]. Today, two types of magneto-optical effect
are widely known. The first one is the Faraday effect that describes the interaction of
magnetic medium and light in a transmission geometry. Second is the magneto-optical

Kerr effect (MOKE), described in the reflection geometry.

In 1845, Michael Faraday observed the first magneto-optical effect, which is now called
the Faraday effect [1.17]. As shown in Fig. 1-4 (a), when polarized light passes through
a transparent material such as glass along the direction of an externally applied magnetic
field, the transmitted light is elliptically polarized with its major axis rotated from the
incident light’s initial plane of polarization [1.18]. This rotation of the plane of
polarization (6) is proportional to the propagation length of the transmitted light and the
magnitude of the applied magnetic field [1.18]. Especially, in the case that the transparent
material exhibits a ferromagnetic property, 0 is proportional to the magnitude of the

material’s internal magnetization [1.19].

In 1877, Reverend John Kerr discovered the magneto-optical Kerr effect (MOKE) [1.17].

There are three different MOKE geometries, namely, polar, longitudinal, and transversal



(Fig. 1-4 (b)). These geometries are identified by the relative orientation of the plane of
incident light and the magnetization in the sample. In polar geometry (polar Kerr effect),
the magnetization is aligned perpendicular to the sample plane and therefore always lies
in the plane of incidence. In the longitudinal geometry (longitudinal Kerr effect), the
magnetization lies along the sample plane and its direction is parallel to the plane of
incidence. In the transverse geometry (transverse Kerr effect), the magnetization direction
also lies along the sample plane but is perpendicular to the plane of incidence. In both
polar and longitudinal Kerr effects, elliptically polarized light is reflected to the sample
and the polarization plane is rotated with respect to the amplitude of magnetization and
its direction [1.20], which is similar to the Faraday effect. On the other hand, in the
transverse Kerr effect, a change in polarization state of the reflected light is not observed

but a change in the reflected intensity of the p-polarized light is detected [1.20].

In magnetics, the magneto-optical effect is widely used for the detection and
characterization of magnetic material. Its popularity is mainly based on two factors: (1)
the measurement technique is non-destructive for low laser powers since the heating is
not significant; and (2) the technique allows for high time-resolutions. Moreover, the
magneto-optical effect is connected to the spin-orbit coupling in magnetic material [1.17],
and can also be utilized to evaluate electron spin direction and polarization in the

spintronics field [1.21].

The optical characteristic of the magneto-optical effect is the polarization state of the
electromagnetic wave can be easily manipulated by the usage of the magnetic material.

Now magneto-optical effects are used to develop optical devices. The prominent



applications of the magneto-optical effect are isolator [1.22], and spatial light modulator
[1.23, 1.24]. Recently, magneto-optical effect based micron or nanometer-scaled optical
devices are actively being developed to realize holographic 3D movies [1.25, 1.26].
However, technical problems still need to be addressed. The most crucial issue is the
rotation of the polarization plane induced by the magneto-optical effect is small compared
to the practical amount that magneto-optical devices need. Therefore, now magneto-
optical research work has focused on the development of materials with large magneto-

optical activity to improve the performance of magneto-optical devices.

10



Transparent material /:

ransmitted light

y
;’)(()ilsarization\ . H
X
Incident light
(b)
Kerr effect
Polar Longitudinal Transversal

Incident light
Reflected light

"f

Magnetic material

Figure 1-4. Magneto-optical effect for (a) transmission (Faraday effect) where H and 6
are the applied magnetic field and polarization rotation angle, respectively. (b) Magneto-
optical effect for reflection (Kerr effect). The three configurations, defined by the relative

orientation between the magnetization direction (M) of the magnetic material and the

plane of incidence, are illustrated.
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1.3 Magneto-plasmonics

Magneto-plasmonics, a research field that merges concepts from plasmonics and
magnetism, has rapidly developed over the years [1.27, 1.28]. Magneto-plasmonics offers
the unique possibility to manipulate light by the use of magnetic materials. The typical
and important topic in magneto-plasmonics is the enhancement of the magneto-optical
effect by surface plasmon resonance. In the last decade, some research groups have
reported that a large magneto-optical effect is observable at the resonant wavelength of
surface plasmons [1.29 — 1.33]. For a magneto-optical effect based photonic device, the
excitation of surface plasmon resonance is one possible performance enhancement tool

of the magneto-optical effect in the device.

As described in section 1.1.3, when surface plasmon resonance is excited, a localized
high intensity electromagnetic field is created. This generated electric field is applied for
to improve functionality such as in catalysis [1.2], and solar cells [1.15]. This
enhancement phenomenon is called the field enhancement effect. However, the magneto-
optical effect is intrinsically independent to light intensity [1.34]. The mechanism behind
the magneto-optical enhancement by plasmon resonance may be different from merely
the field-enhancement effect. In the current state of plasmonic enhancement of the
magneto-optical effect, a theoretically plausible explanation as to why the large magneto-
optical effect occurs at the plasmon resonance excitation wavelength has not been
presented and the enhancement mechanism is not fully understood. Moreover, in order to
provide evidence of surface plasmon resonance-induced enhancement of magneto-optical
activity, researchers show that the peak wavelength in the magneto-optical effect
spectrum is consistent with the peak wavelength in the transmittance (or reflection)

12



spectrum of the sample [1.29 — 1.33]. It is insufficient to assert the relationship between
surface plasmon excitation and the magneto-optical effect enhancement because
originally the magneto-optical effect shows wavelength dependence [1.35]. Therefore, it
is not clear whether the magneto-optical effect enhancement by surface plasmon

excitation is genuine or not.

Now, research in magneto-plasmonics focuses not only on the plasmonic enhancement
of magneto-optical effect but also in various topics such as the magnetic field modulation
of the surface plasmons wave vector [1.36, 1.37], and spin current generation by the
surface plasmon resonance [1.38]. However, the mechanism of plasmonic modulation of
the magnetization in magnetic material is yet to be realized and the interaction between

surface plasmons and magnetization contains unexplored physics and is still in its infancy.

13



1.4 The scope of this research

The focal interest and motivation of this thesis is the clarification of the interaction
between the magnetic property and the surface plasmons excitation. This thesis consists
of two projects that focus on the different properties. The first is the magneto-optical Kerr
effect enhancement by surface plasmon excitation, and the second is the magnetic

anisotropy energy modulation by surface plasmon excitation.

1.4.1 The remaining Chapters of this thesis

In Chapter 2, the theoretical framework of the magneto-optical effect from a
macroscopic view is introduced. The basic principle and experimental setup of the
magneto-optical Kerr effect measurement are also presented. Then, theoretical and
experimental work on polarization dependence of longitudinal magneto-optical Kerr
effect in cobalt (Co) thin film and Co nanostructure was carried out. This is an essential
issue to determine the sample structure used in Chapter 3. It is shown that the shape
induced longitudinal magneto-optical Kerr effect can be ignored in a rectangular shaped

Co nanostructure.

Chapter 3 presents the experimental results of the longitudinal magneto-optical Kerr
effect measurements while changing the polarization direction of incident light. The LSP
excitation state can be switched on or off by changing the polarization direction of the
incident light in the Au/Co/Au rectangular-shaped nanostructure described in this chapter.

Using this device, a clear enhancement of the longitudinal magneto-optical effect is

14



observed by the LSP excitation. The enhancement of the magneto-optical figure of merit

in the magneto-plasmonic nanostructure by LSP excitation is also discussed.

Chapter 4 provides the experimental results of magnetic anisotropy energy modulation
by LSPs. The magnetization loops obtained from the magnetic field dependence of the
polar magneto-optical Kerr effect shows significant change when the LSPs are excited.
From these loops, in-plane magnetic anisotropy energy increase by the plasmon
resonance is estimated. The mechanism of in-plane magnetic anisotropy enhancement by

the plasmon resonance is also discussed.

Finally, Chapter 5 gives the summary and conclusions.

15
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Chapter 2

Construction of the longitudinal magneto-optical Kerr effect

measurement system

The evaluation of magnetic property for this work were done using magneto-optical Kerr
effect (MOKE) measurement system. In this chapter, first, the theory for magneto-optical
effect (MO effect) is explained. Second, the measurement principle and experimental
setup for evaluating the longitudinal magneto-optical Kerr effect (L-MOKE) is
introduced. Finally, by using my L-MOKE measurement system, the L-MOKE of the s-
wave and p-wave in Co thin film and Co rectangular nanostructure were experimentally

evaluated.

2.1 The origin of magneto-optics

The MO effect is the study of the reflection or transmission of polarized light by a
substance that is subjected to a magnetic field. This reflection or transmission can produce
several effects, including (1) rotation of polarization direction (¢) of the linearly polarized
incident light, and (2) introduction of ellipticity () to the reflected beam. The 7 represents
the ratio of the long axis and the short axis in elliptically polarized light. From an optics
view point, #is equal to the phase difference between the right circular polarization (RCP)
and left circular polarization (LCP) in the reflected or transmitted light. The  comes from

the difference of absorption of RCP and LCP in material.
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Macroscopically, the MO response can be expressed by the permittivity in the material
[2.1]. In an isotropic material without magnetization (M), the dielectric tensor (&) is

described as [2.1],
Ex O 0
£ = ( 0 &, O ) (2.1)

where &, is the diagonal matrix element. For isotropic material, the diagonal elements
are identical and the off-diagonal elements are zero. The presence of M establishes a
symmetry break of permittivity and induces a uniaxial anisotropy of permittivity,
resulting in off-diagonal elements. The dielectric tensor in the isotropic material with M

is described as [2.1],

1 —iQM, iQM,
E=¢,| iQOM, 1 —iQM, | 2.2)
—iQM,  iQM, 1

where M; is the direction cosines of the magnetization vector, with respect to the
crystallographic axes; Q is the magneto-optical constant. Next, the effective refractive
index (1) is related to the dielectric constant at the visible region through the following

equation,

ne = ¢ (2.3)
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Maxwell’s equation combined with Eq. (2.2) and Eq. (2.3) yields the refractive index with
respect to M, such a calculation results in two solutions of the refractive indices of RCR

(ng) and LCP (n) [2.2]:
ng =n(l+ %QM - k), (2.4)

n(l-— %QM - k), (2.5)

S
=
Il

where K is the unit vectors of the propagation direction of light, and M is the direction of
the magnetization. In this way, a magnetic material has two different refractive indices,
which is called magnetic birefringence. Generally, the refractive index is a complex
number, where the real part of the refractive index gives the factor by which the phase
velocity of light is decreased in a material as compared with vacuum. Comparing to Eq.
(2.4) and Eq. (2.5), the different real part in the refractive index results in deviating phase
velocity for RCP and LCP. Therefore, the rotation of the polarization plane occurs. The
imaginary part of the refractive index characterizes the light extinction. The imaginary
parts of ng and n; causes different absorption for RCP and LCP. Hence, linear

polarized light transforms to elliptical polarized light.
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2.2 Experimental setup for magneto-optical Kerr effect measurement

In this study, L-MOKE measurement system by combining the photoelastic modulator

(PEM) and linear polarizer was constructed.

2.2.1 Measurement principle

In this section, the basic principle for measuring ¢ and » using a PEM is qualitatively
introduced. PEM consists of a piezo-vibrator and a transparent crystal that, when
unstressed, has an isotropic refractive index. By driving a piezo-vibrator at a certain
frequency (p), a periodic strain is induced in one axis of the crystal. As a result, light
birefringence is induced in the crystal. As shown in Fig. 2-1 (a), when light passes through

the PEM, light receives a periodically varying phase retardation (&), which is described

by

6 = O, sin 2mpt, (2.6)

where &, is the amplitude of retardation and t is time [2.3]. Figure 2-1 (b) shows the
time dependence of the phase retardation produced by the modulator and Figure 2-1 (c)
shows the polarization state of the light passing through the PEM at a certain time [2.4].
The polarizing angle of incident light is 45° with respect to the vibrating axis of the piezo-
vibrator. §, is set to m/2. In this case, the maximum and the minimum of § correspond
to circularly polarized light. The variation of polarization state is linear polarization (LP)

—RCP —LP—LCP - LP in one period of modulation. The magnitude of the x-component
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of the electric field vector (Ex) is constant against time [2.4], as shown in Fig. 2-1 (d).
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Figure 2-1. (a) Sketch of PEM. (b) The time (t) dependence of phase retardation (6) for
transmitted light passing through the PEM. p indicates the modulation frequency of the
PEM. In this case, the magnitude of ¢ is set to /2. (c) The polarization state of transmitted
light passing through the PEM. The polarization axis of the incident linearly polarized
light is set to 45 degrees with respect to the vibration axis of the PEM. (d) Time
dependence of the electric field (E) corresponding to the x direction (Ex) of the transmitted
light passing through the PEM.
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Next, a new optical configuration when light passing through the PEM illuminates onto
a sample is considered, as shown in Fig. 2-2 (a). When a difference between phase shifts
for LCP and RCP such as Kerr rotation (8;) exists, the plane of linear polarized light is
rotated, and the Ex in linear polarization is changed. Especially, if the plane is rotated
along the x axis as seen in Fig. 2-2 (b), Ex is larger compared to the one without sample
att=0. Atthe time & equal to 6, Ex is same as the one without a sample as shown in
Fig. 2-1 (d). Thus the 2p frequency component appears in the time dependence plot of Ex

as shown in Fig. 2-2 (c) [2.4].
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Figure 2-2. (a) The reflection configuration: linearly polarized light passes through the
PEM, and then light is reflected by the sample. (b) The polarization state of the reflected
light from the sample. In this case, | set an assumption that a difference between phase
shifts for RCP and LCP such as Kerr rotation occurs when light is reflected by the sample.
(c) Time (t) dependence of Ex in reflected light from the sample with different phase shifts
in each circularly polarized light. p indicates the modulation frequency of the PEM. Blue

dot line indicates the Ex without sample.
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On the other hand, when an optical absorption difference between LCP and RCP like a
Kerr ellipticity (ny) is present, Ex for RCP and LCP become different as demonstrated in
Fig. 2-3 (a), resulting in the appearance of a p frequency component in the time
dependence plot of Ex as shown in Fig. 2-3 (b) [2.4]. In this way, signals corresponding
to n, and 6, are obtained by detecting the p and 2p component of the electric field in

reflected or transmitted light.

4o #O #

X

Electric field x E

12p 1/p Timet

Figure 2-3. (a) The polarization state of the reflected light from the sample. In this case,
| set an assumption that an optical absorption difference between RCP and LCP such as
Kerr ellipticity occurs when light is reflected by the sample. (c) The time (t) dependence
of Ex in reflected light from the sample with different optical absorption for each
circularly polarized light. p indicates the modulation frequency of the PEM. Blue dot line
indicates the Ex without sample.

27



2.2.2 Theoretical description of the MO signal detection

A schematic diagram showing the principle of the MOKE measurement method is given
in Fig. 2-4. The coordinates are as shown in the figure; the z axis is parallel to the direction
of propagation of incident light. The y axis is located in the plane of incident, while, the
X axis is perpendicular to the yz plane. A polarizer is placed in the illumination path to
generate linearly polarized incident light. The polarizing angle of the polarizer (P) is
defined with respect to x-axis as ¢. When ¢ is set to 0° or 90°, p or s-polarized light
illuminates the sample. The reflected light passes through the PEM and analyzer (A). The
vibrating axis of the PEM is aligned to the ¢ = 0 degrees of P. The polarizing axis of A
makes an angle of 45° with respect to the ¢ = 0 degrees of P. The amplitude of the electric

field of reflected light E, pass through A is described below [2.4],
_ E B 5 . B 6 i
E, = ﬁ{n(l —ie9)e + r_(1+ie®)e %}, 2.7)

where E is the amplitude of electric field of the incident polarized light; § is the phase
retardation given by the PEM operation: . are the Fresnel coefficients of the sample;
r, = |rylexp(if;) and r_ = |r_|exp(if_) for RCP and LCP, respectively. The light
intensity detected by detector (D) (I,), which is proportional to |E|?, is described by

[2.4],
E? AR . .
I, = 7{R +—-sin d + Rsin(A6 + 2¢) cos 6}. (2.8)

R, 4R, and 40 are defined as

28



R= (I l?+ [r1?), (2.9)

AR = |ry|*> — |r_|%, (2.10)

AO =0, — 6. 2.11)

The magneto-optical parameter, Kerr rotation 6, and Kerr ellipticity n,, can be

expressed by using Eq. (2.9) — (2.11) in the following equations [2.4],

O = ——- (2.12)
M= 3 (213)

By applying Eqg. (2.12) and (2.13) to Eq. (2.8),
I, = E;R{l + 21, sin§ + sin(2¢ — 26;,) cos 6}. (2.14)

By applying Eq. (2.6) to Eqg. (2.14) and using the expansion formulae below [2.4],

sin(8, sin 2mpt) = 2J,(6,) sin 2npt + -++
cos(d, sin 2nmpt) = J,(8,) + 2/,(8,) sin 4mpt + -+, (2.15)
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where J,(x) isan n-th order Bessel function, Eq. (2.14) is developed,

[ = I1(0) + I(p) sin 2mpt + 1(2p) sin 4mpt + -, (2.16)
in which
1(0) = A{1 + Jo(80) sin(2¢ — 26,)}, (2.17)
I(p) =~ A{2n. - 2J1(60)}, (2.18)
1(2p) = A{2],(6)) sin(2¢ — 26,)}, (2.19)
where A = Fo'R is defined to simplify the formula. The ratios 1(p) / 1(0) and I(2p) /

1(0) are provided below,

I(p) _ 4N J1(80)

100) ~ 7 1+4Jo(80) sin(2p—26y)’ (2.20)
12p) _ ~ 2]2(8o)sin(2¢—26k)

10) 1+J(8o) sin(p—26y)’ (2.21)

where B and C are the appropriate constant parameter representing the ratio of gains of
the detector — amplifier system for p Hz and 2p Hz component to the DC components.
For a certain value of §, = 2.408 radians, J, = 0 [2.5], which value is obtained by

calculating the Bessel function in reference. Therefore I(p) / 1(0) is proportional to 7,
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1(2p) / 1(0) can be expressed as a function of 6,. Eq. (2.20) and Eqg. (2.21) are given in

the case of ¢ = 0 degrees as

()]

Me = 2577 10y (2.22)
_ 1. —1( -1 1@2p)
0, = > sin (20]2 _1(0))' (2.23)

Therefore, n, and 6, can be calculated from the experimental value of the DC, p and
2p component of light intensity that is detected by the photodetector. It is noted that in
the case of ¢ = 90 degrees, the sign of 6, is opposite to the one of ¢ = 0 degrees, while

N, has the same sign.

Sample

Polarizer
y ¢@=0 or 90°

Analyzer 45°

Figure 2-4. A schematic diagram of the MOKE measurement method using PEM.

Finally, the calibration method about constant values BJ: and CJ. is introduced [2.4].

For the case of CJ, as shown in Fig. 2-5 (a), the polarizing axis ¢ of polarizer is set at -
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45° with respect to the x-axis, and also the polarizing axis of analyzer at 45°. The PEM,
in which modulation axis is oriented to x-axis, is placed between the polarizer and
analyzer. In this condition, 6, and n, are equal to zero because the sample is not placed
in the illumination path. When the J, =0 (6, =2.408 rad.) is set in Eq. (2.21), the value

of CJ; is obtained as,

12p) _
oh 2CJ,. (2.24)

Second, when the value of BJ; is estimated, a quarter wave plate should be set between
the PEM and the analyzer as shown in Fig. 2-5 (b). Phase retardation § given by the

PEM and the quarter wave plate is described by
§ ==+ 8y sin 2mpt. (2.25)
Using ¢ =-45°, 6, = n, =0, and substituting Eq. (2.25) into Eq. (2.14),

I = {1 —Jo cos% + 24 sin%sin 2npt — 2/, cosgsin 4mtpt } (2.26)

From this equation, 1(0) and I(p) can be introduced instead of Eq.(2.17) and Eq. (2.18),

1(0) = 1—J,cos g (2.27)

I(p) = 2J; sin % (2.28)
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Hence,

) _
o =281 (2.29)

In this way, the coefficient value of BJ; is provided.

(@)

Polarization axis

(b) y
Quarter wave plate

N

Figure 2-5. Optical configuration for calibrating constant values (a) CJ2, and (b) BJ:.
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2.3 Determination of L-MOKE system setting

In this study, the L-MOKE with/without plasmon excitation is evaluated by changing
the polarization direction of incident light (s or p), which is discussed in more detail in
Chapter 3. If the L-MOKE response is essentially different for s-polarized light and p-
polarized light, it cannot determine whether the difference of the L-MOKE response by
changing the polarization direction is caused by plasmon excitation or is merely the
polarization dependence of L-MOKE. So, in this section, the polarization dependence of
L-MOKE response is theoretically examined based on the simplified analytic expression
for MOKE of p and s-waves with different incident angle. Then, the optical layout of

constructed L-MOKE measurement system is introduced.

2.3.1 Incident angle dependence of L-MOKE for s and p-polarized light

Chun-Yeol You, et al. explained that the L-MOKE response of p and s-polarized light as
a function of incidentangle 6, in the situation when light is incident from a nonmagnetic

medium, 0, to a magnetic medium, 1 [2.6]. The formulae are described below,

__cosfytan 6, . _ingn,Q
P cos(Bp+61) (ny2-ny2)

(2.30)

cosfptanf; ingn.Q
cos(8p—01) (n12-ng?)’

@, = (2.31)

where @, and @, represent the complex Kerr rotation of p and s-polarized light,

34



respectively. n, and n, are the refractive indices of the nonmagnetic medium and
magnetic medium, respectively. 6; isthe complex refractive angle and Q the magneto-

optical constant. By dividing Eq. (2.31) to (2.30),

D5 cos(Bp+641)

D) " cos(6p—67) (2.32)
Since the refractive angle is related to the incident angle via Snell’s law,
ng sin 8, = n4 sin 6y, (2.33)

@ . : : . :
the (D—S as a function of 6, can be estimated if material data for n, and n, ata certain
14

wavelength is prepared. When linearly polarized light with 4 = 756 nm, which is very
close to the wavelength of laser used in L-MOKE system, illuminates Co (n = 2.4 + 4.64i,
[2.7]) from air (n = 1), the incident angle dependence of |&| / |c1>p| in Co shows that
|| / |®,| gradually decreases with increasing 6, (Fig. 2-6). The minimum value of
|| / |q§p| occurs at 8, = 81°. In this study, the incident angle was set to minimum of
14° due to the clearance between optical components in the L-MOKE system. |&| /
|®,| at 6, = 14° was calculated to be 0.99 in air/Co medium. This means that the
theoretical difference of |@| in p-polarized light and s-polarized light is about 1 % in the

Co thin film, in which plasmon resonance is not excited.
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Figure 2-6. The incident angle (6o) dependence of the ratio of magnitude of complex Kerr

rotation (|&|) with respect to the s-wave (|@s|) and p-wave (|Pp|) (|Ds| / |@p|) in Co. The

polarized light with 2 = 756 nm is illuminated from air to Co.
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2.3.2 Optical setup of L-MOKE measurement system

Figure 2-7 shows a block diagram and photograph of the constructed L-MOKE
measurement system. In this system, CW-diode lasers were used as a light source with a
wavelength A of 640 nm (TOPTICA Photonics, iIBEAM SMART 640-5) or A = 785 nm
(Showa Optronics, D785S-100-11). An ND filter was placed between the laser and the
polarizer in order to adjust the light intensity. The illumination path was controlled by an
aluminum (Al) mirror. The incident angle was fixed at 14°. The illuminated light was
focused on the sample surface by the lens, the spot diameter size was closed to 500 um.
Two Gran-Taylor prisms (THORLABS, GT10, extinction ratio; 100,000 : 1) were used
as a polarizer and analyzer. By rotating the polarization axis of the polarizer, p-polarized
light was realized. For the case of s-polarized light, it was necessary to both rotate the
polarization axis of the polarizer to 90° and set a half-wave plate between the light source
and polarizer. The PEM module (Hinds instruments, PEM100 II/FS42) modulates the
phase velocity of light at p = 42 kHz and generates 2 reference square wave signals that
are fed into the lock-in amplifier (Stanford Research Systems, MODEL SR850) which
measures both 1% and 2" harmonic of the detected signal. The reflected light was focused
to the Si photodetector (New Focus, Nanosecond Photodetector Model 1621) for
detection. The output voltage signal from the detector corresponds to the input light
intensity and is fed to a lock-in amplifier and low-pass filter (NF corporation, E-3201A).
By passing the output signal through a low-pass filter, the zero frequency component of
the output signal can be obtained. Detected voltage signals were simultaneously sent to a
PC via an A/D converter (National instruments, DAQ NI USB-6259), and then 6, and

1, Were calculated by using LabVIEW program.
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The sample was placed between two neodymium magnets (Magfine, size; ¢ 50 mm x
50 mm) in order to apply a magnetic field to the sample. The magnetic field was aligned
parallel to both the sample surface and the incoming light’s plane of incidence, which
provides the longitudinal Kerr effect condition. The magnetic field strength was varied
by adjusting the distance between the two magnets. The polarity of the magnetic field
was reversed by rotating the magnets 180°. A Gauss meter was used to measure the
strength and polarity of the magnetic field. The maximum magnetic field strength was

estimated to be 1200 Gauss.
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Figure 2-7. (a) Block diagram of L-MOKE measurement system comprising of a
polarizer, analyzer, PEM, and a lock-in amplifier. (b) Photograph of actual L-MOKE

measurement system constructed in this work. Led line indicates the illumination path.
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2.4 L-MOKE response of s and p-wave in Co thin film and Co nanostructure

In this section, the experimental results of the complex Kerr rotation for s and p-
polarized light in longitudinal configuration are shown in Co thin film and Co

nanostructure.

The 20-nm-thick Co thin film was fabricated onto an ITO coated glass substrate by using
electron beam evaporation. Co nanostructures were fabricated via electron beam
lithography and electron beam evaporation process. The experimental conditions are
same as the Au/Co/Au rectangular nanostructure whose fabrication process is described
in Chapter 3. Co nanostructures consisted of a 20-nm-thick Co thin film, whose long
axis length (Ly) is different from the short axis length (Ls). The L; is 320 nm. The Ls are
115, 140, 160, and 200 nm, respectively. Each rectangular structure was aligned with a
spacing of 200, 220, 290, and 340 nm in the short axis direction, and 580 nm in the long

axis direction. The device area was 500 x 500 um?,

The transmittance spectra in the fabricated Co nanostructure is shown in Fig. 2-8. When
the polarization direction of incident light is parallel to the short axis in the structure, it is
defined as “V-pol.”, and if the polarization direction is parallel to the long axis, it is
defined as “H-pol.”. In V-pol. and H-pol. condition, the typical absorption peak was not
observed in the visible region, which means that localized plasmon resonance was not
excited in the given wavelength range. In the Co thin film, as shown in Fig. 2-9, no
absorption peak was observed in the transmittance spectra in the wavelength range from

500 to 900 nm; therefore, confirming that there is no localized plasmon excitation in Co
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thin film in the visible region.
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Figure 2-8. Transmittance spectra in rectangular-shaped Co nanostructure in visible
region. The polarization direction of the incident light is parallel to (a) the short axis, and

(b) the long axis of the nanostructure.
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Figure 2-9. Transmittance spectra in 20-nm-thick Co thin film in visible region.

The L-MOKE response in Co thin film is evaluated. Table 1 indicates the L-MOKE

activity of s-wave and p-wave in the Co thin film. The complex Kerr rotation @ is defined

as

()] =9k+ink1

(2.34).

where 6, and n, are Kerr rotation, and Kerr ellipticity, respectively [2.8].

Table 1. The longitudinal magneto-optical Kerr effect (L-MOKE) activity in 20-nm-
thick Co thin film with respect to the s-wave and p-wave.

Polarization Kerr rotation Kerr ellipticity | Complex Kerr rotation
0, (mdeg.) n, (mdeg.) |®| (mdeg.)
s-wave 126+0.1 17.3+0.1 21.5+£0.1
p-wave 11.7+0.1 16.5+£0.1 20.2+0.1

From the table 1, the ratio of |®| for s-wave (|&|) and |@| for p-wave (|¢p|) (|og| 1

42




|®,]) is estimated to be 1.06, whose value is 7 % higher than the theoretical value
estimated in section 2.3.1. | consider that this difference is due to the measurement
accuracy of measurement instruments in my system such as the lock-in amplifier. From

this result, the measurement error of |&g| / |®,| is estimated to be within 7 %.

G. X. Du, et al., reported that the faraday effect (magneto-optical effect in transmission
light) response is different for the polarization direction of incident light in an elliptical
nanocylinder shaped magnetic thin film, which is described as a shape anisotropy [2.9].
The absolute value of the complex Kerr rotation for the polarized light, whose
polarization direction is perpendicular to the long axis of the nanocylinder, is higher than
when the polarization direction is parallel to the long axis. They also suggested that shape
anisotropy induced MO activity enhancement increases with increasing aspect ratio of
the nanocylinder [2.9]. In order to examine the shape anisotropy dependence of the L-
MOKE response in the Co rectangular nanostructure, |@| of the fabricated Co
nanostructure with different polarization light was evaluated. Note that the magnetic field
was applied parallel to the long axis of the rectangular nanostructure. The plane of
incidence was also set parallel to the long axis of rectangular array. |®| for the s-wave
(|Pcos|) and |@| for the p-wave (|@c,,|) with respect to Ls in the Co nanostructures
with varying Ls is shown in Fig. 2-10 (a). When the Ls increased, both |@¢,| and
|®cop| increased. Figure 2-10 (b) shows the ratio of |@cos| t0 |Pcop| (|Peos| /
|®cop|) as a function of Ls. Although |@cos| / |®cop| gradually increased with
increasing Ls, the values are within the 7% measurement error range determined in the
preceding paragraph. Therefore, I concluded that the shape anisotopy induced L-MOKE

enhancement can be ignored in the fabricated Co nanostructure.
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Figure 2-10. (a) The amplitude of the complex Kerr rotation (|®|) for s-wave (|@Pcos|) and
p-wave (|Dco,p|), and (b) the ratio of |Dcos| 10 |Dcop| (|Pcos| / |Pco,p|) With respect to the

short axis length (Ls) of the fabricated rectangular-shaped Co nanostructure.
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Chapter 3

Enhancement of longitudinal magneto-optical Kerr effect in
rectangular-shaped Au/Co/Au nanostructure by localized surface

plasmon resonance [3.1]

3.1 Introduction

The magneto-optical (MO) effect, namely, the Kerr effect or the Faraday effect, has
gained much attention owing to its capability of manipulating the polarization state of
light. Actually, the MO effect has already been applied to various photonic devices such
as isolator [3.2], high-resolution MO spatial light modulator [3.3 - 3.4], temperature
sensor [3.5], and magneto-optically controlled laser device [3.6]. However, the angle of
polarization rotation by the MO Kerr effect (MOKE) is usually very small, around 1.0°,
while practical MO devices demand a larger polarization angle rotation. Therefore, the

enhancement of the MO effect is strongly desired.

Recently, several research groups reported that a large MO effect was observed at the
resonant wavelength of local-mode surface plasmons (LSPs) [3.7 - 3.17]. This
phenomenon has been studied in several ferromagnetic materials such as yttrium iron
garnet (Y1G) incorporating Au particles [3.7], Au/[Co/Pt]+/Au [3.8, 3.9], Ni nanodisk
[3.10 - 3.12], CoPt-Ag nanostructure [3.13], and Au/Co/Au nanostructure [3.14 - 3.17].
Now, this research field is known as “magneto-plasmonics” [3.18 - 3.19]. In previous

reports, the authors just measured the wavelength dependence of MOKE and showed that
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its peak wavelength was the same as the peak of the transmission/reflection spectrum of
the device. However, since MOKE has wavelength dependence [3.20], it is not enough to
only show the relationship between plasmon excitation and the enhancement of MOKE
without switching the plasmon resonance on and off in the same device. Moreover, from
a practical point of view, the figure of merit (FOM) is also important to compare the
polarization angle change in MOKE devices [3.21 - 3.23]. FOM is often used to evaluate
the performance of magneto-optical device since high FOM gives rise to the signal-to-
noise ratio of MO signal [3.21 - 3.22]. So far, the quantitative evaluation of the FOM
parameter has not been performed to systematically discuss the effectiveness of plasmon

excitation in MOKE devices.

In this section, Au/Co/Au multilayered nano rectangular patch arrays were designed and
fabricated on a glass substrate. Since the nano rectangular shape is geometrically
anisotropic, the LSP resonance can be switched on or off by simply changing the
polarization direction of the incident light at a certain wavelength. Using this structure,
the behavior of the longitudinal MOKE (L-MOKE) for different incident polarization
directions was examined at an incident angle of 14°, in which angle polarization
dependence of L-MOKE is negligible. The FOMs in Au/Co/Au multilayered structures

and bare Co nanostructures with the same geometry were also evaluated and compared.
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3.2 Sample preparation and experimental method

In this study, a rectangular-shaped Au/Co/Au nanostructures was fabricated. In this
section, the fabrication procedure is briefly explained. The fabrication process is shown

in Fig. 3-1.

(1) Fabrication of nano patterns onto substrate

The device fabrication process started with cleaning the ITO-coated glass substrate (size:
24 x 24 mm?) in an ultrasonic bath for 10 min. in different solvents; first in ultrapure
water, second in acetone followed by isopropanol (IPA) and finally again in ultrapure
water. After the cleaning process, 140-nm-thick positive-type EB resist (ZEON,
ZEP520A) was spin coated onto the substrate. Next, the resist-coated substrate was set
into the electron beam lithography system (ELIONIX INC., ELS-7700H). Nano patterns
were drawn on the resist film at an acceleration voltage of 100 kV, a beam current of 100
pA, and dose shift of 1.6 psec. The drawing area was 500 x 500 pm?. After drawing,
patterns were developed in a solvent (Tokyo chemical industry, 4-Methyl-2-pentanone)

for 2 minutes.

(2) Fabrication of Au/Co/Au nanostructure

After patterning, the substrate with nano patterns was set into an evaporator (Katagiri
engineering, EB-Evap) capable of both electron beam deposition (EBD) and thermal
deposition (TD). A5-nm-thick chromium (Cr) thin film was first deposited as an adhesion
layer for the Au film via TD and then the 30-nm-thick Au, 6-nm-thick Co, and again 30-

nm-thick Au thin films were deposited by EBD without breaking the vacuum condition.
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The deposition rate was adjusted to 0.5 A /s in all films. After deposition, the remaining
resist was removed by anisole in an ultrasonic bath and finally rinsed in ultrapure water

for 1 minute.

Au/Co/Au rectangular patch arrays with various short axis lengths (Ls = 125, 145, 200
and 245 nm) and fixed long axis length (L) of 320 nm were made on the substrate. Figure
3-2 (a) shows the schematic of the thin films’ stacking structure. Figure 3-2 (b) - (e) show
the scanning electron microscope (SEM) images of the fabricated nanostructures. Each
rectangular patch array was aligned with a spacing of 200, 230, 330 and 380 nm in the
short axis direction, and 580 nm in the long axis direction. Since the ratios between the
length of the rectangular patch and spacing for all devices were kept almost at the same

value, the total area covered by nanostructures is approximately equalized.

Absorption properties of the structures were characterized by measuring the
transmittance spectra using a microspectrophotometer. This system consists of a
microscope (Olympus, BX51) and a spectrometer (Ocean optics, USB2000+XR1-ES),
which is capable of spectroscopic measurements in the wavelength range from 500 to 900
nm. The polarization direction of the incident light was changed by rotating the polarizer
that was set in the path of the beam between the sample and the light source. All samples

were measured with the incident beam perpendicular to the sample plane.

MO properties were measured via an L-MOKE measurement system introduced in
Chapter 2. A diode laser with wavelength (1) of 785 nm and linearly polarized was used

as a light source. Laser light was collimated and introduced at the device surface at a fixed
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incident angle of 14 degrees. As shown in Fig. 3-3, the plane of incidence was set parallel
to the long axis of the rectangular structure. In the optical setup, a half waveplate was
introduced in the light path and, by rotating the polarizer, the polarization direction of the
incident light was changed between p-pol. and s-pol. to switch the surface plasmon
resonance on or off. An external magnetic field (H) of 1000 Gauss was applied parallel
to the long axis of the structure. Both Kerr rotation and Kerr ellipticity were saturated for
all devices when the H was applied parallel to the long axis of the structure above 900
Gauss. Thus, 1000 Gauss is enough to measure the saturated values of Kerr rotation and

ellipticity.

50



(a) Resist coating (b) EB drawing  (c) Thermal evaporation

ITO-coated
Glass sub.

Cr
- L -
;I
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(e) Resist removal  (d) Electron beam evaporation

Au(:)o
e < K

Figure 3-1. Fabrication process of Au/Co/Au nanostructures. (a) positive-type EB resist
was coated onto ITO-coated glass substrate. (b) nano patterns were drawn on the resist
film using EB lithography. After drawing, patterns were developed. (¢) Cr adhesion
layer was fabricated using thermal evaporation. (d) Au, Co, and Au layer were

fabricated via electron beam evaporation. (€) the remaining resist was removed.
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(b)

(d)

Figure 3-2. (a) Cross-sectional illustration of the thin films’ stacking structure. SEM
images of the Au/Co/Au nanostructures with a fixed long axis length (L) of 320 nm and
various short axis lengths (Ls) of (b) 125 nm, (c) 145 nm, (d) 200 nm, and (e) 245 nm.

(Copyright (2018) The Japanese Society of Applied Physics.)
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320 nm

Figure 3-3. lllustration of the L-MOKE measurement setup. Magnetic field (H) is applied

parallel to the long axis of the nanostructures and the plane of incident.
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3.3 Transmission spectra in Au/Co/Au rectangular nanostructure

Transmittance spectra of the fabricated multilayered Au/Co/Au rectangular patch array
is shown in Fig. 3-4. There are two measurement conditions: (1) the polarization direction
of the incident light is set parallel to the short axis — defined as “V-pol.” and (2) the
polarization direction of the incident light is set parallel to the long axis — defined as “H-
pol.”. Under the V-pol. condition, transmission peaks, marked by arrows in Fig. 3-4 (a),
gradually shifted to longer wavelength as Ls increased. In the case of Ls=200 nm, a
transmission peak appeared at 1 = 810 nm, which is closest to the laser wavelength of the
L-MOKE system. On the other hand, under the H-pol. condition (Fig. 3-4 (b)), no
transmission peaks were observed in the visible region. From these results, the
wavelength of the SP resonance can be tuned by changing the lengths of the rectangular

patch and polarization control enables us to switch the LSP resonance on and off.
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Figure 3-4. (a) Illustration of the transmission spectra measurement setup. The incident
beam is perpendicular to the sample plane. Transmission spectra of Au/Co/Au
nanostructures with different short axis lengths (Ls = 125, 145, 200, and 245 nm) when
(b) the polarization direction of incident light is along the short axis of the nanostructure
(V-pol.) and (c) the polarization direction of incident light is along the long axis of the

nanostructure (H-pol.). (Copyright (2018) The Japanese Society of Applied Physics.)
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3.4 L-MOKE activity in Au/Co/Au rectangular nanostructure under localized
surface plasmon excitation

The L-MOKE activity in the fabricated Au/Co/Au nano rectangular arrays was
evaluated. Figures 3-5 (a) and (b) show the Kerr rotation () and Kerr ellipticity (7),
respectively, for varying Ls. Both #and 7 take a maximum value at Ls= 200 nm under V-
pol. illumination. Figure 3-5 (c) shows the relationship between the absolute value of the

complex Kerr rotation (@) and Ls, where the complex Kerr rotation is defined as,

D=0+ in[3.24). (3.1)

As shown in Fig. 3-5 (c), |®| for V-pol. (|@v-pol|) is always larger than H-pol. (|@H-pot)).
While |®H-pol| shows an almost constant value regardless of Ls, |®v-pol| Varies according
to the Ls and becomes maximum at Ls = 200 nm, in which the LSPs are excited at the
laser wavelength. Figure 3-5 (d) shows the ratio of |®v-pot| 10 |DPh-pol.| (| Pv-pol| / |PH-pot])
as a function of Ls. It is clear that the ratio becomes maximum at Ls = 200 nm, which
means the largest MOKE occurs at this Ls. In Chapter 2, it was shown that the
polarization dependence of L-MOKE can be negligible at the incident angle of 14° via
experiment using the rectangular-shaped Co nano patch array. From these results, |
confirmed that the strong enhancement of L-MOKE comes from the LSP resonance in
the Au nano structures. These results indicate that there is a relationship between the

plasmon excitation and magneto-optical effect enhancement.
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Figure 3-5. (a) The Kerr rotation (), (b) the Kerr ellipticity (), and (c) absolute values
of complex Kerr rotation angle (|@|) in Au/Co/Au nanostructures for polarized light along
the short axis of the nanostructure (V-pol., |@v-pol|, red circle) and along the long axis of
the nanostructure (H-pol., |®n-pot|, blue square) with respect to the short axis length (Ls)
of the Au/Co/Au nanostructures. (d) The ratio of |Dvpol| t0 |PH-pot.| (|Pv-pol.| / |PH-pol.|) as
a function of Ls of the nanostructures. (Copyright (2018) The Japanese Society of Applied

Physics.)
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3.5 Light power dependence of L-MOKE activity in Au/Co/Au rectangular

nanostructure under localized surface plasmon excitation

Figures 3-6 (a), (b), and (c) show the light power (P) dependence of Kerr rotation
(BwLsps), Kerr ellipticity (7wLsps ) and the absolute value of the complex Kerr rotation
(|DwLsps|), respectively, under V-pol. illumination in an rectangular-shaped Au/Co/Au
nanostructure, whose Ls is 200 nm. In this experimental condition, LSP resonance was
excited in the Au/Co/Au nanostructure. As shown in Fig. 3-6, GuLsps, wLsps, and |DwLsps|
take an almost constant value regardless of P in the range from 20 to 80 mW. Hence,
significant MOKE activity increase was not observed by increasing the light power. The
electric field intensity (|E|) generated by the LSP resonance is proportional to the square
root of the light power of incident light [3.25]. Therefore, in this case, the Co layer would
experience twice the amount of the electric field when the light power is raised from 20
to 80 mW. However, from these results, it is not clear if the electric field induced by LSP

resonance is related to the L-MOKE activity enhancement.

Next, the results from the point of view of plasmon resonance induced light absorption
are discussed. When LSP resonance is excited in a nanostructure, a temperature increase
is caused by optical heating arising from the strong light absorption [3.26]. Moreover, this
temperature increase is proportional to the power of incident light [3.27]. Therefore, in
the case of the Au/Co/Au nanostructures in this study, the temperature will increase 4
times when increasing the P from 20 to 80 mW. By raising the temperature, MOKE
activity would become weak because MOKE activity is related to the magnetization in

the substance [3.18], which is decreases with increasing temperature [3.28]. However, the
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results demonstrated that the MOKE activity was kept constant in the range of 20 to 80
mW, suggesting that the plasmonic enhancement of L-MOKE overcomes the degradation

of L-MOKE activity by optical heating.
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Figure 3-6. The light power (P) dependence of (a) the Kerr rotation (Qwises), (b) the Kerr
ellipticity (ywises), and (c) the absolute values of the complex Kerr rotation angle

(|@wLsps|) in Au/Co/Au nanostructures (Ls = 200 nm) when the polarization of the incident

light is along the short axis of the nanostructure.
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3.6 Magneto-optical FOM evaluation in Au/Co/Au nanostructure

As stated in section 3.1, magneto-optical FOM is used to assess the efficiency of the
magneto-optical device. In order to evaluate the magneto-optical FOM, first, the
reflectivity (R) of the fabricated Au/Co/Au devices were measured at A = 785 nm. As
shown in Fig. 3-7 (a), R for H-pol. (RH-pol.) gradually decreased with increasing Ls. On the
other hand, R for V-pol. (Rv-pol.) reached its maximum at Ls = 200 nm. Next, the magneto-
optical FOM was estimated. According to References 3.21, 3.22, and 3.29, the FOM of

an MO device is defined as

FOM = +R x 6. (3.2)

Afterwards FOM value of the devices were plotted with respect to Ls in Fig. 3-7 (b). As
shown in Fig. 3-7 (b), FOM in H-pol. (FOMhpo1.) gradually decreased with increasing Ls.
However, the FOM in V-pol. (FOMvo1.) takes a maximum value at Ls= 200 nm, similar
to the L-MOKE results in section 3.4. Moreover, at Ls = 200 nm, FOMv.po. becomes
approximately 1.8 times larger than FOMHu-poi. This result indicates that the excitation of

LSPs on Au layer improves the FOM of the device.
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Figure 3-7. (a) The reflectivity and (b) the FOM parameters of Au/Co/Au

nanostructures with respect to Ls of the Au/Co/Au nanostructures when incident light

polarization is along the short axis of the nanostructure (V-pol., red circle) and along the

long axis of the nanostructure (H-pol., blue square). (Copyright (2018) The Japanese

Society of Applied Physics.)
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3.7 Comparison of the magneto-optical FOM between Au/Co/Au plasmonic

nanostructure and Co nanostructure

In order to verify the effect of the Au layer on the Co layer properly, especially regarding
the MO activity and the FOM, a bare Co rectangular nanostructure was fabricated. 6-nm-
thick Co nano rectangular patches were made on an ITO glass substrate. The geometries
of the structures are the same as Au/Co/Au structure, whose dimensions are 200 nm x
320 nm. Figure 3-8 shows the transmittance spectra in the 6-nm-thick Co nanostructure.
In both V-pol. and H-pol. measurements, no absorption peak was observed at the visible
region for the Co nanostructures, which means there was no plasmon excitation in the
given wavelength range. Hence, the absorption dips shown in Fig. 3-4 (a) originated from

the Au layers were reconfirmed.

In addition, the |®| for V-pol. (|@co, v-pol.|) and |@| for H-pol. (|Dco, H-pol.|) Were measured
in the Co structure as 2.1 mdeg. and 2.3 mdeg., respectively. Since the values of |@co, v-
pol| @nd |@co, H-por.| are almost the same, the L-MOKE response in the Co structure is
independent of the polarization direction, and it implies that the enhancement of || in

the multilayered nanostructure shown in Fig. 3-5 (c) originated from the Au layer.

Next, the FOM parameters of the Au/Co/Au and the bare Co nanostructures were
compared. The R in the Co nanostructure for V-pol. and H-pol. are 5.0 % and 4.6 %,
which are about half of the R of the non-LSP-resonant Au/Co/Au nanostructure. The
FOMs for Co nanostructures are 0.34 mdeg. for H-pol. and 0.45 mdeg. for V-pol.

conditions. Figure 3-9 shows the summary of the comparison of FOM values in the

62



Au/Co/Au and the Co nanostructures (Ls =200 nm) with V- and H-pol. excitation. The
FOM of the Au/Co/Au nanostructure for V-pol. is about 3.8 times higher than that of the
Co nanostructure. This indicates that Au/Co/Au nano rectangular patch array with LSP
excitation is the most superior to other Co devices without LSP excitation in terms of
FOM. These results demonstrate that the addition of a plasmonic Au layer to the magnetic
active Co layer is an effective way to enhance not only MO activity but also the FOM.
This knowledge could promote the development of submicron-scaled MO devices such

as a magneto-optical spatial light modulator for realizing holographic 3D movies [3.30,

3.31].
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Figure 3-8. Transmission spectra of 6-nm-thick Co nanostructures, whose dimensions are
200 nm x 320 nm. (a) The polarization direction of incident light is along the short axis
of the nanostructure (\V-pol.). (b) The polarization direction of incident light is along the

long axis of the nanostructure (H-pol.).
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Chapter 4

In-plane magnetic anisotropy energy increase in Au/Co/Au

nanostructure by localized surface plasmon resonance [4.1]

4.1 Introduction

Magnetic properties of magnetic devices strongly depend on their base materials, the
fabrication process, and the surrounding environments. When we want to modulate the
magnetic properties of these devices after they have been made, external stimuli from the
environment such as heat, pressure, and so on, are applied [4.2 - 4.4]. In the present, in
order to develop ultra-fast magnetic memory devices, several magnetization control
techniques have been proposed, including the voltage-driven magnetization switching
[4.5 - 4.7], photo-induced magnetization [4.8 - 4.10], and helicity-dependent magnetic
switching [4.11 — 4.13]. However, these phenomena are only observed under limited
experimental conditions like using ultrathin magnetic film with a thickness below 1 nm
[4.5 - 4.7], in ultra-low temperature [4.8 - 4.10], or using a femtosecond pulsed laser

irradiation [4.11 —4.13].

Recently, several groups have reported that the magneto-optical effect is enhanced at the
resonant wavelength of the local-mode surface plasmons (LSPs) in metal nanostructures
at room temperature [4.14 - 4.18]. This research field is now called as “magneto-
plasmonics” [4.19 — 4.20]. As mentioned in Chapter 3, | have also observed a similar

effect where the L-MOKE and the magneto-optical FOM in an Au/Co/Au nanostructure
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are enhanced by the LSP excitation [4.21]. According the recent reports [4.14 - 4.21], the
LSPs affect (and modulate) the magneto-optical property of the magnetic thin film, but it
still remains undiscussed whether surface plasmon excitation affects the magnetization

mechanism or not.

Magnetic anisotropy is an essential factor for practical applications, because it
determines the thermal stability of magnetic devices, like magnetic random access
memory (MRAM) and magnetic recording devices (e.g. hard disk drive), just to name a
few [4.22, 4.23]. In these devices, the magnetic anisotropy usually decreases when the
temperature of the material increases. Heat-assisted magnetic recording (HAMR)
technology exploits this phenomenon by modulating the magnetic anisotropy through
temporary heating of the recording media and then writing tiny (high-density) data bits
on the media [4.24, 4.25]. In this section, the first demonstration of the increase of the in-
plane magnetic anisotropy in Au/Co/Au nanostructure under LSP resonance is presented.

The mechanism behind this increase is also discussed.
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4.2 Sample preparation and experimental method

Figure 4-1 (a) shows the schematic illustration of the fabricated nanostructure including
a cross section of the thin film’s stacking order. An array of these square patch
nanostructures (170 x 170 nm? in lateral direction) consisting of Cr (5 nm) / Au (30 nm)
/ Co (6 nm) / Au (tau = 5, 10, 30 nm) were fabricated on an ITO thin film coated glass
substrate using electron beam lithography. The fabrication process and method are same
to that of the rectangular-shaped Au/Co/Au nanostructure, described in Chapter 3. Figure
4-1 (b) is the SEM image of the fabricated nanostructures. The distance between the

center of each structures in the x and y directions is 480 nm.

The optical properties of the fabricated samples were characterized by measuring the

transmission spectra using a UV-visible spectrometer as explained in Chapter 3.

The characteristics of the sample structures’ magnetic anisotropy at room temperature
were evaluated by the magnetic field dependence of the longitudinal and the polar MOKE
since (1) the MOKE is a reflection of the magnetization of the material [4.26], and (2) it
is almost impossible to directly measure the magnetization loop with a conventional
magnetometer due to the very small magnetic moment in the nanostructure. The in-plane
magnetization curve was evaluated using my home-built L-MOKE measurement system,
whose design and operation details are found in Chapter 2. In this experiment, diode
lasers with wavelengths of 640 and 785 nm were used as light sources and these laser
beams illuminates the sample surface at a fixed incident angle of 14° and a polarization

sets parallel to the edge of the nanostructure surface. The magnetic field was applied
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parallel to the sample surface (Fig. 4-2 (a)). The out-of-plane magnetization curve was
evaluated via a polar magneto-optical Kerr effect (P-MOKE) measurement system
(NEOARK CORP., MODEL BH-M800UV-HD-10). In this system, a xenon lamp was
used as a light source, and the wavelength (1) of the incident light was selected by a
monochromator. Note that it is difficult to carry out a reliable measurement of the P-
MOKE loop for wavelengths beyond 800 nm due to the lack of light intensity of incident
light. As shown in Fig. 4-2 (b), the plane of incidence was set parallel to the edge of the
nanostructure surface. The incident angle was fixed at about 5°. A magnetic field of +20
k Gauss was applied perpendicular to the sample plane. In order to obtain high S/N P-
MOKE loops for discussing the saturation field change by plasmon resonance, the P-

MOKE loops were measured over one hundred times and then were averaged.
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Figure 4-1. (a) Schematic of the fabricated nanostructure and the stacking structure of
the thin film (cross-section view). The Au top layer thickness (taJ) is 5, 10, and 30 nm.

(b) SEM image of fabricated Au/Co/Au (tau = 30 nm) nanostructures.
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Figure 4-2. (a) L-MOKE and (b) P-MOKE measurement configuration. In L-MOKE,
magnetic field (H) is applied parallel to the surface of the Au/Co/Au nanostructure. In

P-MOKE, H is applied perpendicular to the surface of the Au/Co/Au nanostructure.
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4.3 Transmission spectra in square-shaped Au/Co/Au nanostructure

To evaluate the plasmonic properties of the fabricated Au/Co/Au (tau = 30 nm)
nanostructure, the transmission spectra was measured as shown in Figure 4-3. The
polarization direction of the incident light was parallel to the edge of nano square arrays.
From this result, the transmission peak originating from the localized surface plasmon
resonance (LSPR) was observed only at 1 = 770 nm, and no other absorption peaks were
present in the range of A = 500 to 640 nm. Therefore, LSP excitation can be switched on
or off by changing the wavelength of the incident light, which is why, for the L-MOKE
and P-MOKE experiments, light sources with 1 close to 770 nm were chosen to induce

LSPR.
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Figure 4-3. Transmission spectra of Au/Co /Au (tas = 30 nm) nanostructure.
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4.4 Magnetic field dependence of L-MOKE and P-MOKE in Au/Co/Au

nanostructure with different wavelength

Figure 4-4 shows the relationship between the applied magnetic field and the complex
Kerr rotation in longitudinal geometry (L-MOKE curve) for Au/Co/Au (tau = 30 nm)
nanostructures. Clear hysteresis loops of the L-MOKE curves were obtained for both 4 =
640 nm (red circles, off-resonant condition of LSPs) and 785 nm (blue squares, on-
resonant condition of LSPs). Comparing the two L-MOKE loops, there is no significant
difference of the saturation field, indicated by black arrows in the figure, even by

changing the wavelength of the incident light.

Figure 4-5 (a) shows the relationship between the normalized Kerr ellipticity () and the
external magnetic field in polar geometry (P-MOKE curve) measured with A = 500 and
750 nm in the Au/Co/Au (tau = 30 nm) nanostructures. As shown in Fig. 4-5 (a), P-MOKE
curves for both A = 500 nm (red line, off-resonant condition of LSPs) and 750 nm (blue
line, on-resonant condition of LSPs) does not exhibit any hysteresis loops unlike the L-
MOKE curves. Moreover, the saturated magnetization field, indicated by black arrows,
in P-MOKE curves is about 10 times stronger than that of the L-MOKE curves. These
results indicate that (1) Au/Co/Au nanostructure has magnetic anisotropy and (2) the easy
magnetization axis is parallel to the film plane. In addition, a significant difference

between the shape of the P-MOKE curves for 2 = 500 and 750 nm was observed.
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Figure 4-4. Magnetic field dependence of normalized complex Kerr rotation in
longitudinal configuration (L-MOKE curve) for Au/Co/Au (tau = 30 nm) nanostructure
at two different incident wavelengths (1) : 640 nm — off-resonance (red circles and line)

and 785 nm — on-resonance (blue squares and line).

76



£ 10

3 A =500 nm —

g 0.5F

©

> 0.0 A=750 nm

8 -0.5r \

é- _1'0| | 1 1

(O]

- -20 -10 0 10 20

N Magnetic field (K Gauss)
(b)

:‘é‘

3

o)

s

2

O

a .

% Ve & A l . l

= 12 -8l 4 0

%

Magnetic field (K Gauss)

Figure 4-5. (a) Magnetic field dependence of normalized Kerr ellipticity in polar
configuration (P-MOKE curve) for Au/Co/Au (tau = 30 nm) nanostructure at two different
incident wavelengths (1): 500 nm (red line) and 750 nm (blue line). (b) P-MOKE curves
of Au/Co/Au nanostructure at the negative magnetic field region. Red dashed lines is the
fitted data for 500 nm and blue dashed lines is for 750 nm. Black dashed line is the
saturation of Kerr ellipticity. The intersection of the black dashed line and the red or the
blue dashed lines gives the saturation magnetic field. Black arrows indicate the saturation

magnetic fields for 2 = 500 nm and 750 nm.
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4.5 Estimation of magnetic anisotropy field in Au/Co/Au nanostructure

From the Fig. 4-5, a significant change of the P-MOKE curve was observed when
changing the wavelength of incident light. To clarify this difference, first of all, the
slope of the P-MOKE curve (47 | AH) was estimated in the range from -6 k to 6 k
Gauss for 4 =500 and 750 nm to be 0.148 and 0.120 (unit: arb. unit of Kerr ellipticity /
k Gauss), respectively. Next, the magnetic anisotropy field (Hk) in the P-MOKE curve
was evaluated. Hg is defined as the intersection of the fitted line of An / AH (A = 500
nm, red dashed line; A = 750 nm, blue dashed line) and the fitted line of the saturation
Kerr ellipticity (black dashed line) in the range of -13k to -20k and 13k to 20k Gauss,
shown in Fig. 4-5 (b). The average magnitude of Hk in A = 500 and 750 nm are about
7.10k and 9.03k Gauss, respectively. From these results, it becomes clear that Hx
drastically increased when the surface plasmons were excited in the structure (1 = 750

nm).
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4.6 Magnetic field dependence of L-MOKE and P-MOKE in Co thin film with

different wavelength

In order to investigate the wavelength dependence of Hk in a Co thin film, a 20-nm-thick
Co thin film was fabricated and its Hk was measured at different wavelengths of irradiated
light. Co thin film was prepared onto the ITO-coated glass substrate by electron beam
evaporation. Figure 4-6 (a) shows the transmittance spectrum of the Co thin film. No
absorption peak was observed in the visible to near infrared region. This means LSPs
were not excited in 20-nm-thick Co thin film at the given wavelength region. Figure 4-6
(b) shows the L-MOKE curve of the Co thin film for A = 785 nm, and it presents clear
hysteresis characteristics to the applied magnetic field. Figure 4-6 (c) shows the P-MOKE
curves of the Co thin film for A = 500 nm and 750 nm. The overlapping of these two P-
MOKE curves indicates that there is no wavelength dependence of H in the Co thin film.
Therefore, | concluded that the remarkable increment of Hk in the Au/Co/Au

nanostructure originated from the LSPs excited on Au.
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Figure 4-6. (a) Transmission spectrum of 20-nm-thick Co thin film. (b) L-MOKE curve
for 20-nm-thick Co thin film. (c) P-MOKE curves for the Co thin film with two
different incident wavelengths (4): 500 nm (red circles and line) and 750 nm (blue

hollow squares and line).
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4.7 Calculation of in-plane magnetic anisotropy energy in Au/Co/Au nanostructure

From the magnetization curve, in-plane magnetic anisotropy energy density (Ky) in a

thin film can be calculated as,

K,= (JH. dM) - ([H,/dM), (4.1)

where M, H,,and H,, are the magnetization, magnetic field applied perpendicular and
parallel to the surface of thin film, respectively. Figure 4-7 is the schematic diagram that
shows the evaluation method of in-plane magnetic anisotropy from the magnetization
curves. The result of dimensional analysis of magnetic anisotropy energy is shown in
APPENDIX A. Using both L-MOKE and P-MOKE curves along with Eq. (4.1), in-plane
magnetic anisotropy energy density in the Au/Co/Au nanostructure with LSPs (Ku, wiLsps)
and without LSPs (Ku, wioLsps) Were calculated, assuming a linear relationship between
Kerr ellipticity (or complex Kerr rotation) and magnetization. The equations are as

follows:

A=750nm @ A=785nm
Ky, wLsps = % (fons H, dny) — ZTZ (fo *Hy, d¢k) , (4.2)
Mg s A=500nm Mg [ s A=640nm
Ku, w/oLSPs = Z(fon H, dnk) - gs(fo H// dd)k) ) (43)

where M, 7s, 17k, @s, and @y are saturated value of magnetization, saturated Kerr ellipticity,

Kerr ellipticity, saturated complex Kerr rotation, and complex Kerr rotation, respectively.
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s = 900 emu / cm® was used for 6-nm-thick Co thin film based on Ref. 27. Using Egs.
(4.2) and (4.3), Ku, wisps and Ky, wioLsps Were calculated as 0.383 x 10°J / m®and 0.310 x
10° J / m3, respectively. This result indicates that in-plane magnetic anisotropy energy

increases when LSPs are excited.

M (emu/cm?)

i

H (Gauss)

Figure 4-7. Schematic of the estimation of K, from the magnetization (M) curves. H is

the amplitude of applied magnetic field.
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4.8 Au top layer thickness dependence of in-plane magnetic anisotropy energy in

Au/Co/Au nanostructure

The LSP resonance induces a strong electric field near a surface of a nanostructure. The
electric field is maximum at the air/metal interface, decaying drastically within the metal.
In the Au/Co/Au multilayered nanostructure, the intensity of the electric field applied to
the Co layer would be controlled by changing the thickness of the Au on the Co layer. In
this section, first, in order to investigate the electric field distribution of square-shaped
Au/Co/Au nanostructure with different Au top layer thickness, numerical calculations
based on a finite element method were performed using a commercial software package
(COMSOL Inc., COMSOL Multiphysics 5.3). Then, the Au top layer thickness

dependence of Ky with LSPR was investigated.

Figure 4-8 (a) shows the schematic of Au/Co/Au model used for the calculations: Au
bottom layer (30 nm) was set onto an SiO> layer with the size of 510x510x500 (height)
nm?3, Co layer (6 nm) was placed onto Au bottom layer, then Au top layer with different
thicknesses (tau =5, 10, 30 nm) was set on Co layer. The size of the model comprising the
Au/Co/Au nanostructure is 170x170 nm. Air was selected as a substance surrounding the
Au/Co/Au. The x and y directions are parallel to each edges of Au/Co/Au model, z
direction is perpendicular to the surface of the Au/Co/Au layer, shown in Fig. 4-8 (a). A
flat light source was set on the top of Au/Co/Au model that, generates the electromagnetic
plane wave with polarization along the x-direction. Figure 4-8 (b) shows the calculation
results of the transmittance spectrum of the Au/Co/Au (tas =5, 10, 30 nm) nanostructures.

From these result, it was confirmed that the transmission peaks due to the LSP resonance
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were appeared in the wavelength range from 700 to 800 nm in each models. Figure 4-9
(@) — (c) show the calculated electric field intensity (|E|) distributions of the Au/Co/Au
nanostructures with various ta, (a) tau =5 nm, (b) tau = 10 nm, and (c) tau = 30 nm, in x-
z plane across the center of the Au/Co/Au nanostructure. The 4 of the incident light was
set to (1) the plasmon resonant wavelengths in each Au/Co/Au models introduced in Fig.
4-8 (b), and (2) 500 nm (off-LSP resonant condition). As shown in Fig. 4-9, under the
LSP resonant condition, strong electric fields were generated not only at the air/Au
interface but also on the surface of Co layer, while the enhancement and localization of
the electric field did not appear at 2 = 500 nm. Figure 4-10 shows the tay, dependence of
the ratio of |E| in LSP resonant condition (|EwLsps|) and A = 500 (off-resonant condition,
(IEwioLsps|) (|[Ewises| / |EwroLses|) at the center of the Co surface in the Au/Co/Au
nanostructures. The |[Ewcsps| / |[EwoLsps| IS greater than 1 and increases with decreasing tau.
These results indicate that (1) the strong electric field is applied to the Co surface in the
Au/Co/Au multilayered nanostructure by LSPR compared to the off-LSP resonant
condition, and (2) the magnitude of |E| applied to the Co surface in the Au/Co/Au

nanostructure can be tuned by changing the tau.

Figure 4-11 (a) shows experimental results of the transmittance spectra in Au/Co/Au
nanostructures with different tay. The transmission peaks were observed in the visible
region. The LSP resonant wavelengths were 4 = 800 nm (tau = 5 nm), 790 nm (tau = 10
nm), and 770 nm (tau = 30 nm), respectively. Moreover, the transmission peak gradually
shifted to the higher wavelength region with decreasing tau. These experimental results

are in good agreement with the numerical calculations.
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Figure 4-11 (b) shows the tau dependence of in-plane magnetic anisotropy energy in the
fabricated Au/Co/Au nanostructures with LSPs and without LSPs. Ky, wisps IS always
larger than Ky, wioLsps in the tay range of 5 to 30 nm. The ratio of Ky, wisps 10 Ky, wioLsps (Ku,
wLsps | Ku, wioLspes) with respect to tay is shown in Fig. 4-11 (c). Considering the
measurement error, the estimated Ky, wisps / Ky, wioLses Shows an almost constant value
regardless of tau. These results imply that Ky increase by the LSPR in Au/Co/Au
nanostructures occurs, even though the Au top layer on Co layer becomes thick, while the
increase ratio of Ky by LSP resonance is insensitive to the change of Au top layer

thickness.

At this stage, it is difficult to claim whether the electric field induced by LSPR affects
Ky in Au/Co/Au nanostructure or not, but | can give plausible explanation of the results.
One possibility is that the variation of the applied electric field intensity in the Co layer
when changing the tay, which is estimated to be 32 %, is not sufficient to make a
difference in Ky, based on the assumption that Ky enhancement is attributed to the electric
field increase in the Co layer. Another possibility is that the electric field induced by the
LSPR does not particularly contribute to the enhancement of K. If this is the case, it is
necessary to discuss the plasmon resonance-induced K, enhancement from a different

view-point such as light absorption.
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Figure 4-8. (a) Au/Co/Au model with different Au top layer thickness (tas) used for the
numerical calculation based on a finite element method. (b) Simulated transmittance

spectrum of Au/Co/Au (tau = 5, 10, 30 nm) model.

86



(@  t,=5nm

A =500 nm A=750 nm
30 &
— c
E 20 3
> 10 &
00 X
-100 -50 0 50 100 -100 50 0 50 100
z (nm) X (nm)
(b) ¢, =10nm
30 &
= c
g 20 3
N 10 &
00 ¥
-100 -50 0 50 100 -100 50 0 50 100
x (nm) X (nm)
(c) t,=30nm
A =500 nm A=700 nm
30 &
£ 5
€ 20
N 10 &
00 X
-100 -50 0 50 100 -100 -50 0 50 100
x(nm) X (nm)

Figure 4-9. Simulated distributions of the electric field intensity (|E[) in the Au/Co/Au
models with different ta, = () 5 nm, (b) 10 nm, and (c) 30 nm in the x-z plane across
the center of the Au/Co/Au models at the wavelength (1) of 500 nm and the LSP

resonant wavelengths (750, 730, and 700 nm).
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Figure 4-10. The ratio of the electric field intensity (|[E|) in LSP resonant condition
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Figure 4-11. (a) Experimental results of transmission spectrum in Au/Co/Au (tas = 5,

10, and 30 nm) nanostructures. (b) The tas dependence of Ky with or without LSP
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4.9 Consideration of the mechanism in plasmon resonance induced in-plane

magnetic anisotropy energy increase

In a thin film, magnetic anisotropy energy consists of both magnetocrystalline
anisotropy energy and shape anisotropy energy [4.28, 4.29]. In this work, the magnetic
anisotropy energy modulation would come from the change of magnetocrystalline
anisotropy energy because the same sample was used in all experiments and no sample

deformation was verified through all experiments.

To understand the results, let me discuss about the thermal effect on magnetic anisotropy
energy due to temperature increase from plasmon induced light absorption [4.30]. There
are many theoretical and experimental works on the temperature dependence of
magnetocrystalline anisotropy energy [4.31 — 4.33]. In all these works, a decrease in the
magnetocrystalline anisotropy energy has been observed with an increase of temperature.
My results, on the other hand, are different from these, because in-plane magnetic
anisotropy energy increases as temperature increases. To explain these results, some

possible scenarios are presented.

As stated above, total in-plane magnetic anisotropy energy Ky, which can be estimated
from the magnetization loops shown in Fig. 4-5 and Fig. 4-6 (c), is written as a sum of
shape anisotropy energy Ks, which comes from magnetostatic property, and
magnetocrystalline anisotropy energy Ki, which is contributed from the crystal structure

in a substance, as below,
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Ku= Ks + Ki. (4.4)

In the case of a thin film structure, whose lateral dimensions are treated as infinitely long
compared to its thickness, the magnetization direction tends to align along the in-plane
direction due to shape anisotropy and Ks has a positive value. As shown in APPENDIX
B, which shows the experimental result of K in Au/Co/Au thin film, the value of Ks can
be calculated in a thin film. However, when the size of the structure is at the nanometer
scale, the estimation and calculation of Ks is difficult and unreliable, because (1) the
magnetization distribution in the square-shaped nanostructure is complicated [4.34] and
(2) the magnetization of the magnetic nanostructure cannot be measured directly. From
the calculation result of magnetostatic energy found in Ref. 4.34, the magnetization vector
is easily aligned to the in-plane direction compared to out-of-plane in the square
nanostructure and, at this point, what | can say is Ks in Au/Co/Au nanostructure has a
positive sign but its value is still unknown. Meanwhile, for K;, its value can be calculated
by subtracting Ks from Ky in the case of a thin film with infinitely long lateral dimensions.
However, in a nanostructure that has finite dimensions, the value of Ki cannot be obtained
by calculation because reliable calculation of Ks cannot be performed. Hence, it is
possible to build up two hypotheses. One is K; has a negative value and another is that it

has a positive value.

Assuming that the sign of K; is negative, which means the magnetization of
nanostructure is perpendicular to the film surface, Ki reduces K, and Ks should be larger
than |K;| because Ky was positive which has already been confirmed above using the L-

MOKE and P-MOKE loops. Under this condition, as shown in Fig. 4-12, when the
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temperature of the structure increases due to the plasmon resonance, K that is negative
approaches zero, and as a result, Ky increases effectively. A similar phenomenon has been
observed and reported in magnetic thin film, which has characteristics of reorientation

phase transition, but never in nanostructures [4.35].

Another possibility is the sign of Ki is positive, which is same to that of Au/Co/Au thin
film shown in APPENDIX B. As shown in Fig. 4-13 (a), when K has a positive value
and decreases with the temperature increase by LSP excitation, K, also always decreases.
In this case, to explain my results showing an overall K, increase by LSP resonance
plausibly, it is necessary to introduce a new term Kp, which is the plasmon-induced in-
plane magnetic anisotropy energy (Fig. 4-13 (b)). Moreover, even if the K; decreases with
increasing temperature by LSP excitation, Ky increases Ky more than the decrease of K.
Finally, | propose a possible origin of plasmon-induced in-plane magnetic anisotropy. As
described in Chapter 1, when LSPs are resonantly excited by light in metal nanostructure,
collective electron oscillations are induced by the electric field of the incident light. In
other words, electric polarization is induced in the metal nanostructure by LSP excitation.
According to Ref. 4.36, by using a ferromagnetic insulator, they derived an expression to
describe the electric polarization, P, dependence of magnetocrystalline anisotropy

energy (K;), which is,

K =K + ( ;')0 B, (4.5)

where K; is the ﬁ-dependent K;. Therefore, magnetocrystalline anisotropy energy

increase via LSP resonance-induced electric polarization may be essential for the overall
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Ku increase by LSP resonance. If this is the case, Kp increases as a function of the incident

light intensity because the electric polarization is proportional to the applied electric field.
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Figure 4-12. Illustration of Ky increase by LSPs in Au/Co/Au nanostructure. The sign of

Ki is assumed to be negative.
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Figure 4-13. lllustrations of Ky modification by LSPs in Au/Co/Au nanostructure (a)

without Kp, and (b) with Kp. The sign of K is assumed to be positive.
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Chapter 5

Summary

This thesis presents a study of the interaction between the localized surface plasmon
excitation and the magnetic properties focusing the magneto-optical Kerr effect and
magnetic anisotropy energy. The research of the magneto-plasmonics, a field that merges
the concepts from plasmonics and magnetics, has started just one decade ago from the
observation of the large magneto-optical effect at the resonant wavelength of surface
plasmons. However, there remain suspicion that magneto-optical effect enhancement
really comes from the surface plasmon excitation. Moreover, magneto-plasmonics is still
in its infancy and there is still much unexplored physics to be discussed. This work’s
significance is showing the clear evidence of the plasmon excitation-induced magnetic
properties modification. First, this work provides a clear evidence that magneto-optical
Kerr effect is enhanced by the localized surface plasmon excitation, and demonstrates that
plasmon excitation is effective to improve the performance of magneto-optical device.
Second, this work gives the first demonstration of surface plasmon modification of the
magnetic anisotropy energy in magnetic material. Through the consideration of the
possible mechanism, the presence of plasmon-induced magnetocrystalline anisotropy is

suggested.

The knowledge obtained from this work would contribute to the development of a real
application such as magnetically controlled optical isolator, modulator beyond the current

limitation. In addition, the new concept such as plasmonic control of magnetic anisotropy;,
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which is provided in this work, encourages studies on advanced magneto-plasmonic
phenomena and applications for magnetic devices. Plasmonic modification of the
magnetic property in a material has a potentially high impact not only in material science
but also in other research fields such as nanophotonics, plasmonics, magnetics and

spintronics.

In Chapter 1, the background knowledges of plasmonics and magneto-optics were
presented to promote the understanding of contents in this thesis. Then a review of the
current research on magneto-plasmonics was introduced. Finally, the scope of this

research was defined.

Chapter 2 presented the theoretical framework and experimental results of magneto-
optical Kerr effect, which is main tool for evaluating the magnetic properties in this work.
This chapter begins with the explanation of the origin of the magneto-optical effects from
the macroscopic view. The discussion moves to how to experimentally evaluate the
magneto-optical Kerr effect. The evaluation principle of (1) Kerr rotation, and (2) Kerr
ellipticity by the usage of photoelastic modulator and the linear polarizer, was
theoretically and mathematically introduced. Based on these knowledge, longitudinal
magneto-optical Kerr effect (L-MOKE) measurement system was constructed in this
work. Next, theoretical analysis of the L-MOKE activity in Co thin film with different
polarized light was carried out. Comparing the experimental results, it was shown that the
difference of L-MOKE activity in Co thin film by changing the polarization direction is
below 7 % at the incident angle of 14 degrees. The shaped-induced L-MOKE activity

anisotropy was also discussed. In the rectangular-shaped Co nanostructures without
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plasmon resonance, the L-MOKE activity is almost stable even though the polarization
direction of incident light is changed. This makes it possible to conclude that the shape-
induced L-MOKE enhancement can be ignored in the fabricated Co nanostructure. These
knowledge were succeeded to the design of Au/Co/Au nanostructures, fabricated in

Chapter 3.

In Chapter 3, the work for the relationship between the L-MOKE activity enhancement
and the localized surface plasmon (LSP) excitation is summarized. This chapter starts the
brief introduction of background and motivation in this work. Then, the fabrication
procedure of rectangular-shaped Au/Co/Au nanostructures was demonstrated. From the
transmission spectrum results of Au/Co/Au nanostructures, the wavelength of the LSP
resonance can be tuned by changing the short axis length of rectangular structure.
Moreover, the LSP excitation on or off can be switched by changing the polarization
direction of incident light at the wavelength of 785 nm. From the evaluation of L-MOKE
activity by changing the polarization direction in Au/Co/Au rectangular nanostructures
with systematically varied short axis length, the largest L-MOKE activity was observed
under the LSP excitation, concluding that it has a clearly relationship between the strong
enhancement of L-MOKE activity and the LSP excitation. For the next step, the magneto-
optical figure of merit (FOM), which reflects the signal-to-noise ratio of MO signal in
magneto-optical devices, was also evaluated to discuss the effectiveness of plasmon
excitation for the performance of magneto-optical devices. The resulting that the LSP
excitation contributes to improve the FOM due to the increase of not only Kerr rotation
but also the reflectivity in Au/Co/Au nanostructure. Moreover, the FOM in Au/Co/Au

nanostructure with LSP excitation and bare Co nanostructure was compared, resulting
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that the addition of plasmonic Au layer to Co layer plays an important role for improve

not only MO activity but also FOM.

Chapter 4 presents the work for the modification of in-plane magnetic anisotropy
energy (Ky) in Au/Co/Au nanostructure by LSP resonance. This chapter begins with the
introduction of background in magnetization control technique and the motivation of this
work. Then, the evaluation method of magnetization curves in square-shaped Au/Co/Au
nanostructures through the L-MOKE and polar magneto-optical Kerr effect (P-MOKE)
measurements was explained. From the transmittance spectra results, the LSP resonant
wavelength of Au/Co/Au nanostructure was observed at 770 nm, and no other absorption
peaks were not observed. Therefore, LSP excitation can be switched by changing the
wavelength of incident light. In the next stage, L-MOKE curves and P-MOKE curves in
Au/Co/Au nanostructure were evaluated for both LSP resonant wavelength and off-
resonant wavelength. Comparing the saturation fields of P-MOKE and L-MOKE curves,
Au/Co/Au nanostructure has a magnetic anisotropy and the easy magnetization axis is
parallel to the film plane. In L-MOKE curves, there is no significant change of saturation
field even though the wavelength of incident light was changed. However, the significant
increase of saturation field was shown in P-MOKE curves when LSP resonance was
excited. Through the estimation of K, from the P-MOKE and L-MOKE curves, Ky
increased because of LSP resonance. Through the discussion of the possible mechanism
of Ky increase by LSP resonance from the perspective of the thermal effect on the
magnetic anisotropy, | concluded that the magnetocrystalline anisotropy modification
would play a key role to increase an effective in-plane magnetic anisotropy energy

increase by LSP resonance.
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APPENDIX A

Dimensional analysis of magnetic anisotropy energy

In Chapter 4, in-plane magnetic anisotropy energy (K,) was calculated from the P-
MOKE and L-MOKE loops, assuming a linear relationship between Kerr ellipticity (or
complex Kerr rotation) and magnetization. Generally, Ky can be estimated from the area
enclosed by the two magnetization curves, in which magnetic field is applied parallel or
perpendicular to the surface plane of sample, in magnetization curve. Here, a dimensional

analysis of Ky is introduced.

Generally, the unit of magnetization in a material and magnetic field applied to sample

are described as emu/cm?, and Gauss. Therefore, the unit of Ky is,

K, = emu X cm~3 X Gauss. (A1)

Then, Gauss and emu can be converted as,

1 1
Gauss = gz Xcm z X s~ 1, (A.2)
1 5
emu = gz X cmz X s~ 1, (A.3)
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By applying Eq. (A.2) and (A.3) to Eq. (A.1), Eq. (A.1) is developed as,

K,=gXxcm1xs2 (A4)

Joule (J) can be converted as,

] =103g x (100 cm)?* x s™2. (A.5)

Hence, Eq. (A.4) is developed as,

K,=10"1x]xm™3. (A.6)

Therefore, Ky is in J/m?.
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APPENDIX B

In-plane magnetic anisotropy energy in Au/Co/Au thin film

Here in-plane magnetic anisotropy energy (Ku) in Au/Co/Au thin film is presented. Thin
films were prepared on an ITO-coated glass substrate. The stacking of the thin films is
ITO-coated glass sub. / Cr (5 nm) / Au (30 nm) / Co (6 nm) / Au (30 nm). The fabrication
method is same to that of the Au/Co/Au nanostructure. Figure B-1 shows the L-MOKE
(4 =640 nm) and P-MOKE (4 = 750 nm) curves of the Au/Co/Au thin film. The saturated
magnetic field of P-MOKE curve is about 110 times stronger than that of L-MOKE curves.
This result indicates that (1) Au/Co/Au thin film has magnetic anisotropy and (2) the easy

magnetization axis is parallel to the film plane.

Ky in the Au/Co/Au thin film was calculated using both L-MOKE and P-MOKE curves.
The calculation method is same to that of the Au/Co/Au nanostructure in Chapter 4. Ky
was calculated as 5.41 x 10° J/ m®. As described in Chapter 4, Ky is written as a sum of
shape anisotropy energy (Ks) and magnetocrystalline anisotropy energy (Ki). In the case
of a thin film, whose lateral dimensions are treated as infinitely long compared to its
thickness, shape anisotropy leads to an in-plane magnetization in thin film. Therefore the
sign of Ky and K; is same. Usually, Ks in a thin film is described by 2nMs?, where M is
saturated magnetization in a magnetic thin film [B.1]. Moreover, K; can be obtained by
subtracting Ks from K,. Table B.1 indicates Ky, Ks, and K; in Au/Co/Au thin film. For
calculating Ks in Au/Co/Au thin film, Ms = 900 emu / cm® in 6-nm-thick Co thin film was

used [B.2]. From the table B.1, the sign of K; is positive, which means that

110



magnetocrystalline anisotropy leads to in-plane magnetization in Au/Co/Au thin film.

Table B.1. Ky, Ks, and K in Au/Co/Au thin film.

Ko (1050/m3) | Ks(1053/m3) | Ki(105J/md)

5.41 5.09 0.32

in
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Figure B-1. (a) L-MOKE, and (b) P-MOKE curve for Au/Co/Au thin film.

111



References

B.1. T. Kojima, M. Mizuguchi, T. Koganezawa, K. Osaka, M. Kotsugi, and K.
Takanashi, Japanese Journal of Applied Physics 51, 010204-1 (2012).
B.2. T. C. Chuang, P. L. Su, P. H. Wu, and S. Y. Huang, Physical Review B 96, 174406

(2017).

112



