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ABSTRACT

We present a new proposal for enhancing the transverse magneto-optical Kerr effect (TMOKE) in the transmission
mode using dielectric magneto-optical (MO) ribs deposited on a high-refractive-index (HRI) slab. Our concept is
based on the phase-matching condition between the MO grating and the slab to produce extraordinary TMOKE
amplitudes, which are superior to the most successful plasmonic approaches, and at least one order of magnitude
higher than using dielectric MO gratings. It is also significant that there was almost no loss in the structure
proposed owing to the low level of losses from the constituent materials. These features can be exploited in
sensing and biosensing, as we demonstrated by considering the nanostructure in a typical liquid medium.
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1. INTRODUCTION

Magneto-optical (MO) effects are at the core of several applications in filters, sensors, modulators, routers,
data storage and spintronic devices.! ® These applications are mostly based on the transverse MO Kerr effect
(TMOKE), which is associated with the relative change of reflected/transmitted waves when a transverse
magnetization (magnetic field) is flipped.'®!? Unfortunately, the very weak MO activity in smooth films of
conventional ferromagnetic materials hampers device applications.!> 16 Magnetoplasmonic nanostructures,
i.e., photonic platforms combining metallic and magnetic properties at the nanoscale, have been exploited
because of their enhanced magneto-optical activity,'® 7 but applications are still hindered by the inherent
Ohmic losses from metal inclusions in the optical regime. Such losses can be overcome using low-loss dielectric
ferromagnetic materials, especially all-dielectric MO gratings and metasurfaces which may yield enhanced
TMOKE amplitudes in reflection and transmission modes.'®2° Nevertheless, the corresponding TMOKE
amplitudes are still considered low when compared with their magnetoplasmonic counterparts.

A recent work?! demonstrated the possibility to use a MO dielectric grating placed on a high-refractive-index
(HRI) dielectric slab waveguide to produce TMOKE amplitudes higher than previous proposals. More specifically,
diffracted waves from dielectric gratings®? were coupled with guided modes into the HRI film (placed below the
grating) to resemble the waveguide-plasmon-polariton approach!® 2324 for enhanced MO effects. Inspired by
this latter concept, we design here a MO dielectric grating with ribs made of cerium-substituted yttrium iron
garnet (Ce:YIG),? 28 placed on an AISb HRI slab surrounded by air and grown on a SiOs substrate. Figure 1(a)
shows the structure which is compatible with III-V or Si-based semiconductors to enable straightforward
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Figure 1. (a) Schematics of an all-dielectric system employed to enhance TMOKE. A Ce:YIG grating is deposited over
an AlSb thin film on a SiO2 substrate. The inset shows the geometric parameters employed. (b) Complex permittivities
of the materials used and (c) off-diagonal permittivity of Ce:YIG for the magnetized system.

integration into on-chip MO applications. The materials selected can be grown via physical vapor deposition®’
or pulsed laser deposition.?” The magnetization sense along the ribs-axes was used to control the resonant
angle/wavelength of the grating and thus the corresponding coupling to the waveguide modes. We shall show
that TMOKE amplitudes in the transmission mode can be around 15% in contrast with 10% from previous
lossy plasmonic approaches.!® 29

2. THEORY

TMOKE is a measure of the relative change in the transmission of obliquely incident p-polarized optical fields
when the magnetization M, oriented perpendicular to the incidence plane, is flipped!'®

T(+M) - T(—M) (1)
T(+M) +T(-M)’

TMOKE = 2

with T'(£M) indicating the transmittance for M pointing along the +é, direction, respectively, in Figure 1(a).
The transmittance, TMOKE and near-fields were calculated using the finite element method (FEM) within the
commercial software COMSOL Multiphysics®. Refined meshes were used for the whole structure for precision
purposes. The Floquet periodic boundary conditions were used for the z-axis with perfect matched layers
(PMLs) along the y-boundaries. Calculations were performed for wavelengths (A) from 700 nm to 950 nm, and
the incident angle (0j,¢) from —25° to 90°. Numerical sweeps were performed with steps of 0.1 nm and 0.05° for
A and 6y, respectively. The MO grating is considered as a one-dimensional periodic pattern along the z-axis
(with period A), as illustrated in Figure 1(a), where w, and h, represent the width and height of the ribs. The
length of the ribs (made of Ce:YIG) is infinite, with their axes placed along the z-axis. The HRI slab below the
grating is made of AlSb III-V semiconductor with thickness hagp, and permittivity®® eai1gn. The SiOo substrate
is taken as semi-infinite, with permittivity®' egio,. The anisotropic permittivity ece.vig of MO Ce:YIG was

taken ag?® 28
€Ce:YIG igzym 0
ECe:yI@ = | —i€yaM  ECe:YIG 0 , (2)
0 0 ECe:YIG

where ece:vig and €4 = €4, are the complex diagonal and off-diagonal values of the permittivity tensor. m = +1
(m = —1) is used to indicate that the magnetization is pointing along the positive (negative) z-axis. The
permittivities are shown in Figures 1(b) and 1(c) as functions of the incident wavelength, for the diagonal and
off-diagonal components, respectively.

3. RESULTS AND DISCUSSION

The nanostructure was optimized to work at A = 880 nm since Ce:YIG has low levels of losses in the infrared,
and a period length A = 300 nm, w, = 125 nm, was used for the grating with A, = 80 nm and hagp = 130 nm.
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Figure 2. Transmittances T(+M), T(—M) for (a) A = 880 nm as a function of 6, and (b) finc = 45.1° as a function of A.
TMOKE curves (c) and (d) calculated using Eq. 1 for (a) and (b) cases, respectively. A strong Kerr effect of —14.09%
was found in both cases.

The transmittances are presented as functions of the incident angle and wavelength in Figures 2(a) and 2(b),
respectively. The minimum in the transmittance is explained in terms of waveguiding at the AlSb HRI, reached
by resonant coupling through the phase-matching condition?’

2
kinc Sin(einc) + ZXW = kg,Ma (3)

with kine and kg M indicating the wave vectors for the incident and guided modes, respectively. Subindices g
and M are used to indicate that the guided modes not only depend on the periodicity of the grating (g) but
also on the magnetization sense in the z-axis (M). [ is an integer number that denotes the diffraction order.
The TMOKE amplitudes from the transmittance in Figures 2(a)-(b) are shown in Figure 2(c)-(d), respectively,
where the amplitude modulation yields TMOKE values as high as 14% in both cases. The TMOKE U-shapes,
instead of conventional Fano-like curves, were originated by the high off-diagonal values (high level of losses) for
Ce:YIG at A = 880 nm, as it can be seen in Figure 1(c). The dispersion equation for p-polarized modes can be
obtained considering the alternating ribs as an effective MO medium. Then, the system in Figure 1 can be
assumed as a 4-layer structure, which comprises (from the top layer): ¢ = 1) air; i = 2) an effective MO slab;
i = 3 top layer slab; i = 4) SiOy substrate. Therefore, the corresponding dispersion can be written as?!

B33 (B + Ba) + B2 (85 + B154) tan (dsgs) 4

tan (doqz) = ,
(d2q2) B3 (83 + P18 + Brv2 — Bava — v3) + (=163 — B384 + Bave — B1Bav2 + Ba3) tan (dsgs)
where
w? 1
7 2 Nijj
with ]
Tmey
Y2 = — 112 km (6)
Ejj — €zy
and
1 C
— 2 =13 -
P w e 1=
i,jj Cxy
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Figure 3. (a) H,-field profile when the phase-match is satisfied for finc = 45.1° and A = 880 nm, named here as point P.
Surface plot of (b) Transmittance T(+M) and (¢) TMOKE. A large T is observed for A > 800 nm up to an incident wave
angle of 80°.

with subindex ¢ indicating the corresponding layer material (i = 1 for air; i = 2 for the effective MO slab; ¢ = 3
for the AISb slab; ¢ = 4 for the SiOy substrate) and j = z,y, z. For the grating structure, k, is related to kg m
through Eq. (3), which indicates that the TMOKE enhancement comes from the control of the phase-matching
between diffracted waves at the grating and guided modes in the HRI slab, in analogy to previous plasmonic
mechanisms.!®

The H,-field coupled and guided in the AlSb slab is shown in Figure 3(a). For visualization purposes,
we varied A and 6;,. simultaneously in calculating the transmittance and the coupling regions, as well as the
respective TMOKE values. Figures 3(b)-(c) show the results for —25° < i, < 90° and 700 nm < A < 950 nm
using the magnetized system in M = +1. High transmittances are observed for A > 800 nm [see dark red
zone in Figure 3(b)], besides the well defined coupling region in blue, except for 6i,. > 80° which denotes high
reflection due to larger incident angle and high absorbance for A < 800 nm. TMOKE amplitudes up to 14%
were obtained using Eq. 1, as observed from Figure 3(c).

In order to elucidate potential applications of this proposal in biosensing platforms, we used the incident
medium with refractive index larger than 1.0 (used for air). Results were obtained for the incident refractive
index varying from n, = 1.3 to n, = 1.5, which is consistent with refractive index changes in aqueous media for
biosensing purposes.®? The numerical data in Figure 4(a) shows that increasing of n, induces a change in the
resonant angle and TMOKE amplitudes. The sensing performance, defined by?

AGI‘CS

An. (8)

5(00e) = |

is shown in Figure 4(b), where A, is the wavelength shift of the TMOKE peak associated with a change An,
in the refractive index of the analyte medium. S(0i,c) is given by °/RIU (refractive index unit). Figure 4(b)
shows a linear behavior within the entire range of n, values. Using a linear fitting, see the dashed line in Figure
4(b), we obtained a sensitivity of S(6in.) = 32.92°/RIU, which is higher than recent plasmonic concepts.!?
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Figure 4. (a) H,-field profile when the phase-match is satisfied for finc = 45.1° and A = 880 nm, named here as point P.
Surface plot of (b) Transmittance T(+M) and (c) TMOKE. A large T is observed for A > 800 nm up to an incident wave
angle of 80°.

4. CONCLUSIONS

We have shown with theoretical simulations that MO dielectric gratings placed on a HRI slab can be used
to produce enhanced TMOKE amplitudes. By changing the magnetization sense along the MO ribs we alter
the resonant angle/wavelength, thus producing higher TMOKE amplitudes than in their magnetoplasmonic
counterparts. Our proposal not only exhibits higher TMOKE amplitudes than magnetoplasmonic proposals but
it also improves the efficiency through the use of low-loss dielectric materials. Significantly, we demonstrate
that the structure proposed can be employed in sensing/biosensing applications.
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