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ABSTRACT

Highly sensitive optical sensor for magnetic field detection was experimentally demonstrated using a guided-mode
resonance in waveguide with Ni nano-grating. The electromagnetic field distribution was calculated by finite-difference
time-domain method in order to estimate the sensing performance of our device. The calculation results indicated that the
optical characteristics of our sensor considerably varied with applying magnetic field. We fabricated the Ni-subwavelength
grating/ SisN4 waveguide structure on the optical glass substrate using electron beam lithography technique. The reflection
peak resulting from the guided-mode in the waveguide was obtained with normal incident geometry. The peak intensity
depended on static magnetic field applied to the structure, and the intensity changed by about 5 % for the magnetic field
intensity of 39.4 mT. These experimental results suggest our sensor can sensitively detect magnetic field while avoiding
use of the complex and expensive system, and our device is pretty suitable for the integration devices in internet of things
society.
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1. INTRODUCTION

In internet of things (IoT) society, sensing devices are important and essential techniques. In particular, magnetic field
sensing is one of the most important technique in various fields, such as industry, chemical, and medical science. The use
of the magnetic field sensor in the harsh environment leads to new applications, for example position control of robot
working in radioactive environment. In order to achieve the applications, magnetic field sensor with high sensitivity,
withstand for the environment, and portable device size are highly desirable.

The Hall and giant-magneto-resistive (GMR) elements, which convert the magnetic field to current or voltage, are widely
commercialized and used for the highly sensitive magnetic field sensing®®. However, the sensitivity of these elements are
considerable influenced by electromagnetic interference. To achieve extreme high sensitivity, superconducting-quantum-
interference-devices (SQUIDs) have been developed® 7. Although the sensitivities of SQUIDs reach to a few fT order, the
system setups are very large and cumbersome. Such system considerably restricts the practical use of SQUIDs. Several
groups have reported optical sensors with magnetic fluid, such as Bragg fiber®°, photonic-crystal fiber!®, and
interferometer'?3, because the sensors have the several advantages of rapid response-speed, compactness, and immunities
for the electromagnetic interferences. However, expensive setup and the specialized techniques of the measurement
systems still be required.

In this paper, we theoretically and experimentally demonstrated highly sensitive magnetic field sensor with very simple
system by using ferromagnetic subwavelength grating (SWG)/waveguide structure. The electromagnetic field distribution
was calculated by finite-difference time-domain method in order to estimate the sensing performance of our device. The
calculated electromagnetic field indicated that the excitation conditions of the guided-mode in the waveguide was
significantly modified with the magnetization of the ferromagnetic SWG. We also fabricated the SWG/waveguide structure
using electron beam lithography techniques. The experimental reflection peak associated with the guided-mode was
obtained. The intensity of the reflection peak varied with applying the external magnetic field, and the minuscule magnetic
field was measured with very simple normal incident system.
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2. DESGIN OF SWG/WAVEGUIDE FOR MAGNETIC SENSING

In this section, we explain the operating mechanism and design of our sensor. Figure 1 shows the schematic structure of
our magnetic field sensor. As shown in Fig. 1, ferromagnetic material-based SWG is placed on the waveguide structure,
which is composed of substrate and core layer.
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Figure 1. Sensing mechanism of our magnetic sensor using SWG/waveguide structure. The square region surrounded by red
dashed lines denotes the one round trip of the guided-mode in core layer.

The grating period, grating bar width, grating thickness, and core thickness correspond to the symbols A, w, hswg, and
heore, respectively. The material covering the structure is air. We consider the normal incidence of p-polarized plane wave
to the structure. The electric field of the p-polarized light is perpendicular to the grating bars (denote red arrow in Fig. 1).
The incident light is diffracted from SWG, whose period is shorter than the incident wavelength in free space (Lo). All
diffractions, except for the Oth order diffractions, are evanescent wave because of the large wavenumber modulation by
SWG. The guided-mode can be excited in the core layer when the wavenumber of the mode matches to that of the
diffractions. The excited guided-mode travels along the core layer with reflection at the core-substrate interface. The
guided-mode retuned to the SWG is partially reradiated into the incident region by SWG. The rest is reflected at the SWG-
core interface. The same phenomena occur at each times guided-mode enters the SWG. The phase retardation of the
reradiated wave over one round trip (denote the red dashed region in Fig. 1) @ is given by

@ = 2kmodgehcore + Ps + Pswe 1)
and

2 1/2
kmode = ﬁ(ng - neff) . (2)

Where, the term of Kmode is z-direction wavenumber of the guided-mode. The term of ness for normal incidence is written
by netr = mAo/A, and m is diffraction order. The covering material refractive index (nc) is that of air. The terms of ®s and

dswe represent phase changes owing to reflections at the core-substrate and the SWG-core interfaces, respectively. These
phase changes are defined as follows'.
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®, = —2tan I(nmre)zp ‘(zgub_"gff)l/z‘l. (3)

2 2
Nsub ncore_neff)

1/2
e = —2tan I(nwre)zp ‘(nﬁwc—ngff) ‘l @

2 2
nswaG (ncore_neff)

The symbols neore and nsyy are refractive indices of the core and the substrate, respectively. The nswe is effective refractive
index of SWG. The p is 1 for p-polarization and is 0 for s-polarization (whose electric field is parallel to grating bars). If
all reradiated light are in-phase (integer multiple of 2r) to the reflection (the Oth reflected diffraction), these waves form
the constructive interference and reinforces each other. As a result, one finds the very sharp and strong peak in reflection
spectra’®>1®, When the ferromagnetic SWG is magnetized by an external magnetic field, the movement of electric dipole
in the SWG induced by the incident light is influenced by its magnetization. This induces the non-diagonal components of
the dielectric tensor of the ferromagnetic material. As a result, the polarization state of the light is rotated at the transmission
and reflection in the magnetized ferromagnetic material?®-?2, The phenomena are well known as Faraday- and Kerr-rotation.
From Equations (1) to (4), the phases of the reradiated waves from the waveguide depend on the polarization state of light.
Hence, the intensity of the reflection peak resulting from the interference between the reflection and reradiated waves
varies with the applying magnetic field. According to the sensing mechanism explained above, we designed the SWG and
the waveguide structure in order to obtain the reflection peak at the visible wavelength, owing to its ease of experimentation.
The material of the waveguide core and the substrate are SisN4 and glass substrate, respectively. Ni is also selected as the
ferromagnetic SWG material because Ni nano-rod has very large saturation magnetization®. The refractive index values
of SisN4 and Ni were taken from these literatures?* 2, The structural parameters, such as grating period, grating bar width,
core layer thickness are fixed to A =400 nm, w =200 nm, and heere = 200 nm, respectively to coincide the wavenumber of
the 1st order diffractions with that of guided-mode. The Ni-SWG thickness is set to 50 nm for avoiding the significant
light absorption.

PML
_______________ .
| Poynting vector monitor | x"@l
|
! J z
1 I
I @ |
1 I
| p-polarized plane wave I
I
Q! -
1 |
E 1 : g
1
: 200nm 400 nm |
B R
I
! Si;N, | | | 200 nm
M 1 | v
: Optical glass :
"""" PML

Figure 2. FDTD numerical calculation model of our sensor. The dashed lines indicates boundary conditions. The
electromagnetic field distribution inside the boundaries was calculated.
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We calculated the electromagnetic field distribution of the designed structure by FDTD numerical method to estimate the
optical characteristics of the designed structure. The model for FDTD numerical calculation is shown in Fig. 2. The dashed
lines indicate the boundary conditions, and the fields in the area surrounded by 4-boundaries were calculated. The periodic
boundary condition (PBC), at which the electromagnetic field distribution infinitely repeats, was employed for x-direction.
We also used 2-dimensional calculation, where the structural length along y-direction was infinite, because the actual
grating length was large enough to apply the infinite assumption. We used perfect matched layer (PML) boundary condition
for z-direction, and no reflection occurs at the PML boundaries. The intensity of light outside the PML boundaries rapidly
deceased and had no effect on the field distribution inside the calculation area. The p-polarized plane wave from the light
source vertically entered into the Ni-SWG/waveguide structure. The intensity of the reflected light from the structure was
evaluated via Poyinting vector through the monitor, which was placed above the light source.

The magnetic sensing performance was also estimated in the calculation. The quantum physics is required for the precise
behavior of the magnetic responses of the ferromagnetic material. Although we consider the equivalent change of Ni
refractive index by the magnetic field because this assumption is adequate enough for rough and qualitative estimation of
the sensing performance. We assume that free electron mainly contributes to Ni magnetic response. In the case of applying
magnetic field to Ni, the refractive index (nn;) is given by classical physic model as follows?.

2 24
O R T — (5)
The symbols in Equation (5), the term of n, g, me, g0, and w are the electron density, charge of the electron, effective
electron mass, permittivity in vacuum, and angular frequency of the incident light, respectively. The damping factor is
represented as y. The symbol of « is given as wc = qB/me, and the symbol B denotes magnetic field value. Equation (5)
means that the refractive index of Ni reduces with applying magnetic field. The decreasing of Ni refractive index by
magnetic field (Anni) is defined as Anni = ni(B)-nni(0), and the nni(B) and nni(0) are the refractive index value of Ni with
and without magnetic field.
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Figure 3. (a) Calculated reflection spectra of the Ni-SWG/waveguide. (b) Enlarged view of Fig. 3 (a) around the peak
wavelength of 620 nm. The intensities were evaluated via Poynting vector and were normalized by that of the incident light.

The calculated reflection spectra are shown in Fig. 3 (a) and (b) as a function of the incident wavelength. Figure 3 (b)
shows the enlarged view of Fig. 3 (a) around the wavelength of 620 nm. In Fig. 3 (a), and (b), the reflection peak is found
around the wavelength of 620 nm, and the reflection peak intensity increases when the refractive index of Ni equivalently
decreases by the magnetic field. We also show x- and z-components of the electric field distribution at the peak wavelength
in Fig. 4 (a) and (b), respectively. The field amplitudes are normalized by that of the incident light. As shown in Fig. 4 (a),
the wavefront of the diffracted light is distorted. The distribution indicates the wavenumber of the incident light is
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modulated for x-direction via Ni-SWG. In Fig. 4(b), no z-component of the electric field is in the incident region and
means that the only Oth diffraction order propagates outside the SWG/waveguide structure. In Fig. 4(b), in contrast, one
finds the z-component of the electric field around the waveguide core region, regardless of the z-direction incidence. The
electric field is concentrated at the interference between the core and the substrate. This indicates that the diffractions
couple with the guided-mode, which propagates along x-direction. Thus, we can attribute the reflection peak in Fig. 3 to
excitation of the waveguide mode, and these calculation results show that our sensor can detect magnetic field with very
simple vertical incidence system.
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Figure 4. Calculated electric field distribution around the Ni-SWG/waveguide structure. (a) x-component (b) z-component at
the reflection peak wavelength. The field amplitudes was normalized by that of the incident wave.

3. EXPERIMENTAL RESULTS AND DISCUSSION

We explain the fabrication process of the designed structure by using electron beam lithography techniques. At first, A
200 nm thickness of the SizN4 was chemically deposited on the glass substrate (Multiple purpose D263 T eco Thin Glass:
SCHOTT). EB resist (ZEP-520A: Zeon) film with about 100 nm thickness was spin-coated on the SisNs film. The grating
pattern was formed by EB lithography, and the pattern was developed by dimethyl-sulfoxide at 80 °C. A 50 nm Ni film
was evaporated on the nano-patterned resist grating. Figure 5 shows scanning electron microscope (SEM) image of the
fabricated sample surface. The fabricated Ni-SWG has 400 nm period and 200 nm grating width, and the whole sample
area size is 300 x 300 pm?.

Figure 5. SEM image of the fabricated Ni-SWG/waveguide structure.
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The magnetic response for the fabricated sample was measured. The experimental set up is as follows. A halogen lamp
was used as a visible light source. A planer-convex lens was placed in the front of the halogen lamp to collimate the light
from the lamp. A polarization state of the collimated light was p-polarized by polarizer. The p-polarized light was focused
and normally entered in the sample area by focusing lens (x 20: NA = 0.46). The reflected light from the sample was
measured by spectrometer (Ocean optics USB 4000). The sample is also placed on the top of the solenoid coil, and the
static magnetic field (B) was vertically applied to the sample. The magnetic field value was monitored using Gauss meter
(Lake Shore 410).
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Figure 6. Dependence of the reflection spectra of the fabricated sample on the magnetic field B. The direction of the
magnetic field was vertical for the sample surface.

Figure 6 shows the dependence of the normalized reflection spectra of the fabricated sample on the applied static magnetic
field value. At the wavelength of 675 nm, we obtain the reflection peak, which was resulting from the guided-mode in core
layer. The reflection peak intensity increases with the increasing applied magnetic field value, while the intensities at other
wavelengths shows no considerable intensity changes. The tendency of the experimental result shows good agreement
with the theoretical prediction by FDTD method. The peak intensity nonlinearly increased with applying magnetic field
up to 39.4 mT, and the intensity change was saturated when the magnetic field of 52.9 mT was applied. We consider that
the origin of nonlinear intensity change and saturation is magnetic hysteresis characteristics of Ni-SWGZ2. The intensity
increasing in the range from B = 0 to B = 39.4 mT reaches to about 5 % of the peak intensity without magnetic field, and
this sensitivity corresponds to comparable sensitivity of other devices on literatures® 26, The origin of such high sensitivity
can be attributed to the accumulation of polarization rotation by the magnetized SWG. The excited guided-mode
propagates along core layer with reflection at SWG-core and core-substrate interfaces. The mode polarization state is
rotated via the reflection at the magnetized SWG-core interface. The rotation is accumulated for each reflection at SWG-
core. Thus, the interference condition between the Oth order diffraction and reradiated waves from the waveguide is
significantly modified by the magnetic field, and the very high sensitivity can be obtained. These experimental results
indicate that our sensor sensitively measure magnetic field without complex and specialized system, and these advantages
will be suitable for request for the integration devices in 10T society.
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4. SUMMARY

In summary, the magnetic field sensor with very simple normal incidence was experimentally realized using Ni-
SWG/waveguide structure. The Ni-SWG and SisNs waveguide structure were designed using wavenumber matching
condition of the guided-mode. To estimate the sensing performance of our sensor, we calculated the electromagnetic field
distribution in the structure using FDTD numerical method. The theoretical results indicates that the intensity of the
reflection peak resulting from the guided-mode increases with the application of external magnetic field, and our sensor
measures the magnetic field without complex system. The measured intensity changes of the reflection peak was nearly
5% with applying magnetic field of 39.4 mT. These results suggest that our sensor will play important role in the integration
devices.
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