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Abstract

An extreme enhancement of the polar Kerr magneto-optical (MO) effect was numerically
demonstrated using surface plasmon polaritons (SPPs) at the SiO,/Ni interface combined with the
Ni-subwavelength grating (SWG). Utilizing the w-k dispersion relation for the SPP at the SiO./Ni
interface, the parameters of Ni-SWGs were designed to couple the SPP mode with the incident light. The
electromagnetic field distribution was calculated using the finite-difference time-domain method to
estimate and discuss the enhancement of MO effect in the designed structure. The results indicated that
the reflectance of light for the designed structure dramatically decreased owing to SPP excitations. The
field distributions revealed that the high electric field of the SPP was concentrated not only on the Ni
substrate but also on Ni-SWG, yielding Kerr rotation angle 224 times higher than that without SPP. The
results provide a new method for enhancing the MO effect; the extremely large MO enhancement

achieved by our structure has a great potential for use in a wide range of applications.
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1. Introduction

Magneto-optical (MO) effects, such as the polar Kerr effect, have been widely utilized in
various fields of applications, such as, optical isolators [1], bio-sensing [2], imaging [3], and recording [4].
From the perspective of classical physics, the driving force of MO effects is the Lorentz force resulting
from the magnetization of ferromagnetic materials [5]. In magnetized ferromagnetic materials,
light-induced electronic polarization is affected by the Lorentz force. This generates a dipole orthogonal
to that induced by light; a non-diagonal dielectric constant of the ferromagnetic materials appears. The
non-diagonal components indicate the strength of the MO effects of the ferromagnetic material. However,
the values of the non-diagonal components are extremely small when compared to those of the diagonal
components, because the Lorentz force resulting from the magnetization—light interaction is much weaker
than the electrical one. The small non-diagonal dielectric constant restricts the application of the MO
effects to a very narrow range. Hence, it is necessary to enhance the MO effect.

Various resonance phenomena have been used to enhance the MO effect. Surface plasmon
polaritons (SPPs), which couples oscillating free electrons and light at the metal/dielectric interface, are
frequently utilized to assist light-magnetization interactions [6-20]. The excitation of SPPs provides a
high localized field at the metal/dielectric interface because the light energy is confined to the metal
surface. Several studies have demonstrated the enhancement of the MO effect using the localized high
field of SPPs in multiple metallic layers [6-8], nanodisks [9-12], gratings [13-17], and nano-ring cavities
[18-20]. Others have achieved MO enhancement using light trapping in magneto photonic crystals (PhCs)
[21-24]. Photonic band engineering of PhCs confines the light around ferromagnetic materials, and PhCs
achieve MO enhancement and high transparency simultaneously.

Recent studies have shown that subwavelength dielectric meta-structures with high refractive
index contrast enhance the MO effect. [25, 26]. Owing to their strong light confinement by high refractive
index contrast, meta-structures can enhance both electric and magnetic fields without intrinsic ohm loss
[27-29]. Barsukova et al. experimentally demonstrated enhancement MO effect via magnetic dipole
Mie-resonance in a Ni—Si meta-structure [26]. However, most of the MO enhancements mentioned before
are indirect, because the ferromagnetic materials and resonance structures are different and separated.
This restricts the magnitude of enhancement.

In this study, we numerically achieved a significant enhancement of the polar Kerr MO effect
using a SiO,/Ni interface combined with a Ni-subwavelength grating (SWG).The high electric field of the
SPP at the SiO,/Ni-substrate assisted the light-magnetization interaction. In particular, the MO effect was
directly and significantly enhanced by high electric field of the SPP because the plasmonic and
ferromagnetic structure are same (In other words, Ni plays both roles of plasmonic resonance and
ferromagnetic materials). We also designed the parameters of Ni-SWGs to couple the irradiated light with
the SPPs. To reveal the MO enhancement performance, the electromagnetic field distribution inside the

designed structure was calculated using the finite-difference time-domain (FDTD) method.



2. Design of Ni-SWG/SiO2/Ni substrate structure

Figure 1 depicts the proposed Ni-SWG-combined SiO,/Ni-substrate structure. A thin SiO, film
was deposited on a thick Ni substrate. Ni was chosen as the plasmonic material owing to its ferromagnetic
characteristics and high plasma frequency [30, 31]. Ni-SWG was arranged on the SiO,-film as shown in
Fig. 1. The symbols A, tswg and w in Fig. 1 represent the SWG period, thickness, and width, respectively.
The thickness of the SiO,-film is denoted as tsioz. kspp is the wavenumber for the SPP mode at the
interface between SiO; and the Ni substrate. We assumed that the incident plane wave with wavelength A

entered the structure from the air. The electric field of the incident light was x-polarized (red arrow in Fig.

).
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Fig.1 Schematic of the proposed
Ni-SWG/S102/Ni

The x-direction wave number of the diffractions resulting from the SWG is compensated by 2mm/A,
where m is the diffraction order. For SWG (A < L), the higher-order (jm| > 1) diffractions become
evanescent waves propagating along the + x-direction [32]. Provided the wavenumbers of the higher
diffractions coincide with that of SPP at the SiO,/Ni-substrate, the diffractions couple with the SPP modes
while the Oth-order diffraction is reflected by the SWG. On the other hand, the excited SPP is also
re-radiated from the incident region by SWG, and the re-radiation interferences the Oth-order diffraction.
The interference influences the reflectivity of the proposed structure. When the re-radiation and Oth
reflected diffraction forms the destructive interference, the reflectivity at the SPP excitation wavelength
dramatically decreases, because the energy of the light is confined at the interface between SiO, and the
Ni substrate. The confinement of light energy also yields a high electric field at the interface.

When an external magnetic field is applied normally to our structure (along the z-direction), the
Ni-SWG and Ni-substrate are magnetized. The magnetization leads to an electron oscillation orthogonal

to that induced by the light; moreover, the non-diagonal components of the Ni dielectric constant appear.
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The non-diagonal components are the origin of the MO effect and cause polarization rotation of the
reflected light (which is called as “polar Kerr effect”). In particular, the high electric field of SPP at the
SiO,/Ni-substrate interface directly assists the interaction of light-magnetization, and it can significantly
enhance the MO effect compared to the bulk material.

Based on the aforementioned enhancement principle, we selected the structural parameters of
the Ni-SWG on the SiO,/Ni-substrate such that the wavenumber of the 1st-order diffraction (m = 1)
coincides with that of the SPP mode.
The the electromagnetic field continuity of the light gives the w-k dispersion relation of SPP at the

interface between SiO; and the Ni substrate, and is expressed as follows [33, 34]:

kspp = (2) (M)UZ (1)

¢/ \&njté&sio2

where ® and c represent the angular frequency of light and speed of light, respectively. The dielectric
constants of SiO, and Ni are represented as €sio> and i, respectively. The values of gsio> and ex; were

obtained from previous experimental results [30, 35].
Figure 2 shows the w-k dispersion relation as a function of the incident wavelength. The black and red

open circles in Fig. 2 mean the real and imaginary parts of the kspp, respectively.

SPP excitation region

=
-
oo
——=0-
e
—]

Im(k,,,) |pm']

b
o
pulip
fﬁ‘
=y
=

I
$ B¢
.h‘orj \‘ -0'9‘0-9

\
ok k,ua- 0-0-9-0-6-6000
400 800
Wavelength [nm|

Fig.2 w-k dispersion relation for the SPP mode at the SiO,/Ni
interface as a function of wavelength

The real part of kspp increases as the wavelength shortens, and the inflection point appears at a

wavelength of approximately 325 nm. When the compensation of wavenumber by SWG matches the real
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part of kspp, SPP can be excited. In addition, the imaginary part of kspp, namely propagation loss, rapidly
increases at a wavelength of approximately 340 nm. The behavior of the real and imaginary parts
indicates that the wavelength around 325 nm is the cutoff for the SPP, and one can excite the SPP at the
longer wavelength region up to the cutoff wavelength. Figure 2 also shows that the properties of SPPs in
visible and ultraviolet wavelength region are significantly different. For example, the SPP in ultraviolet
region is near the cutoff wavelength, while that in visible range is not. To understand the role of the
difference in the enhancement of MO effect more clearly we attempted to excite SPPs in the visible
wavelength (645 nm) and ultraviolet (365 nm) wavelengths. To excite SPPs, the periods of the SWG were
set to A = 400 nm and 200 nm for the excitation of the SPPs. Hence, a dip in reflectivity due to the
excitation of SPPs is expected at each wavelength region. We also determined the thickness of SiO, and
SWG as tsioo = 70 nm and tswg = 100 nm, respectively, because very large values of tsio» and tswg do not
facilitate efficient coupling between the diffractions and the SPP.

To evaluate the enhancement of MO effect in our system, we performed finite-difference

time-domain (FDTD) simulations of the electromagnetic field (Poynting for Optics: FUJITSU Co.).
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Fig.3 Schematic of FDTD simulation model.
(a) overall model (b) x-z plane (¢) y-z plane.

Figure 3 shows the simulation model. We performed FDTD calculations of two models, such as model 1
and model 2, to investigate the MO enhancements by SPP modes in visible and ultraviolet wavelength
regions. The structural parameters of the models are summarized in table 1. The filling factor FF is
determined by w/A, and FF, tswg and tsio» were fixed to 0.5, 100 nm and 70 nm, respectively. The

designed Ni-SWG on the SiO,/Ni-substrate was surrounded by the six boundaries represented by the
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dashed lines in Fig. 3 (b) and (c). The perfectly matched layer (PML) boundary condition was applied in
the + z-direction.

The PMLs suppress the reflection of light at their surfaces because of impedance matching, and the
incident light decreases rapidly. Thus, we can assume that the Ni substrate is infinitely thick. The periodic
boundary condition (PBC), which infinitely repeats the fields, was set for the + x- and + y-directions.
Therefore, our structure repeats infinitely in the + x-direction, and the length of our structure is infinite in
the + y-direction. The incremental time grid At and space grids Ax, Ay, and A z of FDTD simulation were

setas At=7.38 x 1085 and Ax = Ay = Az=4 nm.

Table 1 Parameters of the FDTD model

Model 1 (for visible SPP) Model 2 (for ultraviolet SPP)

A [nm] 400 200

w [nm] 200 100
tswg [nm] 100 100
tsio2 [nm] 70 70
FF (w/A) 0.5 0.5

We assumed the magnetization of Ni to be along the + z-direction. Hence, the dielectric tensor

of magnetized Ni is given by the following equation [31]:

ENidia. ENinon—dia. 0
Eni = | —éNinon-dia. ENidia. 0 (2)
0 0 i dia.

where the symbols €ni gia. and €ninon-dia. are the diagonal and non-diagonal components of the Ni dielectric
constant. In the FDTD calculation, the wavelength dispersion of diagonal component of en; was

calculated by using well known Drude model and was given by following equation:

2
“p

eni(w) =1 3)

w2+iTw

where o, represents plasma angular frequency of Ni. The symbol I" is damping. We determined the value
of p, and I' by using the experimental refractive index and extinction coefficient of Ni at the reference

wavelength [30]. The reference wavelength of 645 nm and 360 nm were used for determining the



wavelength dispersion of Ni in visible (model 1) and ultraviolet region (model 2), respectively (for
example enigia = —2.57 + 8.11i at 360 nm, -13.5 + 16.61 at 645 nm). The value of the non-diagonal
components of ex; were taken from previous studies (&ninon-dia= 0.040 + 0.048i at 360 nm and 645 nm)
[31]. We also considered SiO, as nondispersive material with €sio» = 2.12 + 0i and 2.17 + 0i for model 1
(visible) and model 2 (ultraviolet) [35].

The x-polarized incident plane wave was normally irradiated onto the structure, and the
reflected light intensity was calculated. The electric field of the reflected light is rotated by the
non-diagonal dielectric tensor of the magnetized Ni (namely, polar Kerr MO effect). This rotation angle is

the strength of the MO effect and is defined by
— tan-1(E»
6 = tan (Ex) 4)

The Ex and E, are the x- and y-component amplitudes of the electric field of the reflected light.

3. Results of Numerical Simulation and Discussions

Figure 4(a) and (b) show the calculated reflectivity and the Kerr rotation angle 0 in the
reflected light for the designed structures with A = 400 nm (model 1) and A = 200 nm (model 2),
respectively. The black curves and blue circles correspond to the reflectivity and Kerr rotation angle,

respectively. The insets of the Fig. 4(a) is definition of the Kerr rotation angle 6.

@ | (b)

30
aof \ B, Lo | f0.04
- z

= =20
.§>30 z
€ 20 {0.02 3
g ' Z 10
=~ &

[
[—]

[peaw] g 3[Sue uone)O. LI
[peaw] g d[Sue UONBIOI LI

0
700 800 300 400

0,
500 600
Wavelength [nm] Wavelength [nm]

N
=3
=]

Fig.4 Reflectivity and Kerr rotation angle in our designed structure
(a) with A =400 nm, (b) A =200 nm. The Kerr rotation angle is determined by
the Ey to Ex amplitude in the reflected light at the structure

As shown in Fig 4(a) and (b), the reflectivity dramatically decreased at wavelengths of 645 nm

and 365 nm. The dip in reflectivity at these wavelengths is in good agreement with the predictions from
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the o-k dispersion relation of SPP described in Section 2; these results provide evidence for the
excitations of SPP at the SiO,/Ni-substrate interface at each wavelength. Moreover, the sharp peaks of the
Kerr rotation angle appear at the SPP excitation wavelength; the MO effect is enhanced compared to
those at other wavelengths. In particular, the Kerr rotation angle at a wavelength of 365 nm is 224 times
larger than that achieved with only Ni-substrate, whereas that at 645 nm wavelength is 32 times larger.
This extremely high enhancement of the MO effect opens up the possibility of developing a new class of
MO devices in the ultraviolet wavelength region, such as high-density memory.

Let us try to understand the reason behind the large enhancement of the MO effect. Figure 5(a)
and (b) show the normalized z-component of the electric field distribution at each SPP wavelength
because the field of the SPP strongly influences for the Kerr rotation in the reflected light. The
z-components of the electric field are not present outside the designed structures because the propagation
direction of the incident light is in the z-direction. In fact, z-component fields appear around the SWG and
Ni-substrate surfaces. The z-component field distributions indicate that the SPP modes propagating along

the x-direction exist at the SWG and the surface of Ni substrate.

Wavelength of 645 nm Wavelength of 365 nm

.

Ni-subs.

Normalized amplitude of
E, component

r

—~ N T

Fig.5 Normalized amplitude electric field of E, components
(a) at 645 nm of wavelength (b) at 365 nm of wavelength

Thus, the distributions indicate the coupling between the diffracted light and the SPP mode propagating in
the x-direction at the SiO»/Ni-substrate. The excitation of SPP also causes energy confinement of the
incident light around the SiO./Ni interface. At a wavelength of 645 nm, the SPP field was highly
concentrated in the SiO; layer (see Fig. 5 (a)); whereas the SPP field at 365 nm is highly concentrated not
only at the surface of the Ni substrate but also at Ni-SWG (Fig. 5 (b)). The field also appears at the
Ni-SWG sidewalls, whereas the field of the visible wavelength SPP does not. This indicates that the
excited ultraviolet SPP modes enhance the MO effect in both the Ni substrate and Ni-SWG. As a result,
an extremely large enhancement of the MO response was achieved at a wavelength of 365 nm. The results

suggest that the concentration of a high field in a ferromagnetic material plays a key role in the



enhancement of the light-magnetization interaction and provides a new method for the design of MO
applications. Moreover, the figure of merit (FOM), which is defined as product of the Kerr rotation angle
and square root of the reflectivity, is also important for actual applications. In further work, we will try to

improve FOM while maintaining the enhancement of MO effect.

4. Conclusion

In conclusion, we numerically investigated the enhancement of the MO effect in Ni-SWG on a
SiOy/Ni-substrate. To excite the SPP mode at ultraviolet and visible wavelengths, the structural
parameters of the SWG and SiO, thickness were designed via the w-k dispersion relation for the SPP
mode at the SiOy/Ni-substrate. The FDTD calculated field distributions indicated the decreasing
reflectivity of the designed structure associated with SPP excitation. The simulation also revealed that the
electric field of SPP at a wavelength of 365 nm was highly concentrated on both the Ni substrate and
Ni-SWQG, yielding a 224-fold enhancement of the MO response compared to that without the SPP. These
results provide a new method for MO enhancement; the significantly large MO enhancement of our

structure has a great potential for use in a wide range of applications.
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