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Abstract: All-dielectric metasurfaces based on ferrimagnetic iron garnets are a promising
platform for realizing ultra-compact magneto-optical (MO) devices with low loss. However,
ferrimagnetic iron garnets are notorious for being intractable on fine nanopatterning, hindering
the faithful fabrication of designed nanostructures. In this regard, it is important to assess
the influence of fabrication imperfections on the performance of MO metasurfaces. Here, we
investigate the optical properties of a MO metasurface with structural imperfections. As the
most typical fabrication error, we studied the impact of the tilted side walls of cylindrical garnet
disks that constitute the metasurfaces. We found that tilting the side walls drastically degrades
the MO response and light transmittance of the device. Nevertheless, it was also found that the
performance can be recovered by optimizing the refractive index of the material covering the
upper half of the nanodisks.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Magneto-optical (MO) materials are commonly used for realizing non-reciprocal optical devices
including isolators and circulators. Among all MO media in the optical domain, ferrimagnetic
iron garnets, such as yttrium iron garnet (Y3F5O12, YIG), have been the first choice of material
because they exclusively exhibit both moderate MO responses and high optical transparency [1]
at room temperature. However, the relatively weak MO effect tends to make the MO devices
bulky. Indeed, most commercially available MO devices are millimeter-scale or larger, limiting
their potential for finding further applications.

An important approach to boost MO effect is to employ optical resonances. An earlier attempt
employed a distributed Bragg reflector to confine light within an intentionally introduced defect
region, which resulted in the improved Faraday rotation angle (θf ) at the resonance [2,3]. However,
the overall device became thick due to the presence of the Bragg reflector [4–6]. Moreover, the
experimentally obtained light transmittance (T) was rather low and thus the resulting value of the
figure of merit (FoM =

√
T · |θf |) was significantly degraded. Plasmonic resonators are another

route to enhance MO response and enable the extreme confinement of light to the nanoscale
[7–12]. However, ohmic losses in metals intrinsically hamper high light transmittance and
Faraday rotation angle of such devices and thus high FoM as well [9,13–16].

Recently, an all-dielectric MO metasurface has been numerically demonstrated to attain both
a large θf of 7.5◦ and a high T of 96% with 260 nm-thick nanostructure [17]. The structure
consists of a square lattice of nanodisks made of Bismuth Iron Garnet (BIG), which support
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electric dipole (ED) and magnetic dipole (MD) modes [18]. The tight light confinement in the
two optical modes increased θf , while the high T was obtained with electromagnetically induced
transparency (EIT) by spectrally and spatially overlapping the two modes [19–21]. Further
improvement of the device performance was numerically demonstrated by structural optimization
with a Bayesian optimization algorithm [22].

While numerical studies on all-dielectric MO metasurfaces made progress [23], it is rather
challenging to experimentally perform nanopatterning of garnet materials, which are physically
very hard and inert to dominant chemistry. Brute-force approaches are often employed for
nanostructuring of garnets, such as focused ion beam (FIB) milling [24,25]. However, with such
an approach, it is extremely difficult to achieve faithful patterning in the nanoscale. Patterned
deposition of garnets is a promising alternative [26,27]. However, high quality garnets are obtained
only when using limited combinations of garnets and substrates, such as YIG on gadolinium iron
garnet (GGG). Unfortunately, YIG and GGG are very close in their refractive indices and thus
not suitable for tight light confinement. Conventional nanofabrication using dry etching has also
been examined for realizing garnet-based nanophotonic structures [24,28–30]. However, it is
extremely difficult to make the etched sidewalls vertical. Therefore, most experimentally realized
structures accompanied with tilted side walls, which are neglected in most of theoretical studies.
Note that, very recently, there was an experimental demonstration of a MO metasurface based
on a Si resonator placed on a YIG film [31,32]. This method facilitates faithful fabrication by
avoiding patterning of YIG itself but has not yet achieved a sufficiently high θf and T.

Here, we study MO metasurfaces based on periodic arrays of garnet truncated cones with
tilted side walls. We investigated the impact of non-vertical sidewall angles (αc) on θf and T of
the truncated cones. We found that both θf and T were rapidly degraded by deviating αc from
90°. Whereas it was also found that the degradation can be mitigated by optimizing the refractive
index of embedding material above the nanodisks. We believe that this study is an important step
toward the experimental realization of ultra-thin MO Faraday rotators, isolators, and magnetic
field sensors.

2. Device structure and numerical simulation methods

We investigated a MO all-dielectric metasurface composed of an infinite periodic square array
of BIG nanodisks embedded in SiO2 (Fig. 1). BIG is responsible for MO effects in this system
and is described by a relative permeability µg = 1 and a lossless relative permittivity tensor
εg = [6.25, i0.06, 0; −i0.06, 6.25, 0; 0, 0, 6.25] under magnetization along z direction [33,34].
The standard structure of this study is shown in Fig. 1(a), which is composed of cylindrical
BIG nanodisks with vertical side wall, whose diameter D and height H are 620 nm and 260 nm,
respectively. The period of the nanodisk array P was set to be 850 nm. This structure is based
on Ref. [17], in which ED and MD resonances under the EIT condition simultaneously enable
the high T and large θf in the telecommunication wavelengths. To numerically analyze the
structure, we employed the finite element method (FEM) for solving the Helmholtz equation
under normal incidence of light using COMSOL Multiphysics. We constructed a triangular mesh
first on the top surface of the unit cell and then over the entire structure using the swept function
in COMSOL to make the generated mesh as uniform as possible. We assumed the incidence
of plane wave propagating along z direction from 6 µm above the structure with fixed linear
polarization parallel to x direction. The computational domain was filled with clad materials
(in this case SiO2) and was terminated by perfectly matched layers for z direction, while x and
y boundaries were assumed to be periodic. Transmitted light was monitored 6 µm below the
metasurface, from which we evaluated T and θf .

To investigate the influence of fabrication imperfections, we considered the tilt of the nanodisk
side wall as the most-common deviation from the as-designed structure. With the tilt, the
nanodisk takes the form of conical frustum as shown in Fig. 1(b). Each frustum is characterized
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Fig. 1. (a) MO metasurface composed of a square array of BIG nanodisks with vertical side
wall. The BIG nanodisks are embedded in SiO2. The right top inset shows the dimensions
of single nanodisk. (b) MO metasurface with tilted side wall. Each nanodisk takes the form
of a cone frustum characterized by a tilted sidewall angle of αc as described in the right top
inset.

by its base diameter Dc, height Hc and side wall angle of αc. As we will demonstrate later, careful
optimization of these parameters is important to attain large θf and T even when αc is not vertical.
Below, we will first discuss the standard structure with αc = 90◦ to understand the basics of the
MO metasurface and then analyze the influence of the fabrication imperfections (αc ≠ 90◦).

3. Results and discussions

3.1. As-designed BIG nanodisk array with vertical sidewall

First, we examined the standard structure with each BIG nanodisk having a vertical side wall.
The P and D are set to be the standard value of 850 and 620 nm, respectively. Here, we treat
height H as a variable to understand the behavior of the standard MO metasurface, which is
governed by the ED and MD resonances shown in Fig. 2(a) and (b). To precisely identify the
origins of these modes, multi-component decomposition is useful [35]. The two resonance modes
are respectively doubly degenerated. When H = 350 nm, the two modes are spectrally detuned
as shown in the transmission spectrum in Fig. 2(c). The ED and MD resonances are found at
λED = 1381.5 nm and λMD = 1424.5 nm, respectively. In this case, we do not see high T around
the resonances. By changing H, the relative detuning between the ED and MD resonances can be
controlled, as shown in the colormap plotted in Fig. 2(e). The diagonal sharp line across the
plot is of the MD resonance. At H = 258 nm, the two modes recover the mutual resonance and a
sharp transmittance peak of the MD mode due to EIT with T of near 100% was observed in the
wide dip of the ED resonance as plotted in Fig. 2(d). The transmittance window is created by the
constructive interference of the ED and MD modes in the transmission channel. Note that the
spectral asymmetry of MD transmission peak ubiquitously observed in Fig. 2(e) arises from the
Fano interference of the sharp MD mode with the broader ED resonance.

Interestingly, H does not only control the relative detuning between the ED and MD modes,
but also Q factors and MO coupling strengths (κ) of them as shown in Fig. 2(f). Here, the Q
factors were evaluated from the imaginary part of the eigenvalues of the computed optical modes.
MO coupling strengths were evaluated from the eigenfrequency splittings of the computed two
modes that are degenerated under zero magnetic field. The MO coupling strength can be naturally
defined by the overlap integral of cross field product of the related two modes over the MO
material under magnetic field [36]. For thicker H, the overlap integral tends to be larger so does κ.
Meanwhile, the Q factor of the MD mode decreases with increasing H. In a perturbative theory
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Fig. 2. Analysis of the MO metasurface with vertical sidewall. Field profiles of the (a) ED
and (b) MD modes represented by z component of magnetic field (Hz) and electric field (Ez),
respectively. Transmission spectra when (c) H = 350 nm and (d) H = 258 nm. (e) Colorplot
of transmission spectra computed with varying H. The narrow diagonal line stems from the
MD resonance. (f) H dependence of the Q factor and MO coupling strength κ of the ED
and MD modes. (g) T, θf and FoM calculated as a function of H. At each parameter, T was
evaluated at the wavelength where θf took the peak. The inset shows the cross section of a
BIG nanodisk in the standard structure considered here.

[36], the product κ· Q is known to determine θf , which is dominated by the contribution from the
MD modes in the current structure. Accordingly, the opposite behaviors of κ and Q when varying
H make the change of κ·Q mild, and so do θf . This can be confirmed in Fig. 2(g), in which T, θf
and FoM are plotted as a function of H. In this plot, T was evaluated at the wavelength where θf
takes the peak value in each Faraday rotation spectrum. T varies largely since high transmittance
is available only around the EIT condition as discussed above. Since θf is less dependent on H,
FoM (=

√
T · |θf |) closely follows the behavior of T and takes the largest value of 7.6 around the

EIT resonance (H = 260 nm).

3.2. Imperfect BIG nanodisk array with tilted sidewall

Now we examine the influence of fabrication imperfections by introducing inclination of the
side wall (αc< 90◦) as illustrated in Fig. 3(a). Figure 3(b) shows the evolution of transmission
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and Faraday rotation angle spectra when varying αc. Note that, for nonvertical αc, genuine
ED and MD can no longer exist due to broken symmetry, and they will behave as ED-like and
MD-like modes. The transmittance at the MD-like resonance peak shows a rapid reduction when
decreasing αc. The observed reduction of T arises from the degradation of optical interference
between the light fields scattered by the ED-like and MD-like modes. Non-vertical αc affects
differently to the two types of modes and breaks their exact overlapping in the spectral domain.
Moreover, the scattered field patterns by the ED-like and MD-like modes are altered differently
by non-ideal αc. This results in the degradation of the overlap between the two scattered fields in
the spatial domain. The degradation of the interference both in the spectral and spatial domain
strikingly diminishes the EIT effect and results in the rapid reduction of T. This tendency is
summarized in Fig. 3(c). We observed 90% reduction of T when αc reaches 78°.
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Fig. 3. Effect of sidewall angle αc. (a) Illustration of BIG nanodisk with tilted sidewall
embedded in SiO2. (b) Evolution of transmission and Faraday rotation angle spectra with
decreasing αc. (c) Summary of T, θf and FoM as a function of αc. (d) Q factor and κ of the
ED-like and MD-like modes when varying αc.

Meanwhile, we did not observe a significant reduction of θf measured at the MD resonance.
This can be understood from Fig. 3(d), in which computed Q factors and κ are plotted as a
function of αc. We observed a 45% reduction of Q factor and 40% reduction of κ for the MD-like
mode when decreasing αc to 78°, which are much gentler compared with that of T. Interestingly,
we observed the increases of Q and κ for the ED-like mode, which help in slightly increasing θf .
Altogether, the degradation of θf was mild and hence the reduction of FoM is governed by the
reduction of T, as seen in Fig. 3(b). This observation suggests that maintaining high T is the key
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Fig. 4. (a) Illustration of an imperfect MO nanodisk cladded by a material with a different
refractive index of ntop. (b) Transmission and Faraday rotation spectra of a MO metasurface
of αc = 80° computed for different ntop (P= 850, D= 620, Hc = 260). (c) Transmission and
Faraday rotation spectra of a MO metasurface of αc = 80° and ntop = 1.55 calculated for
different height Hc (P= 850, D= 620). (d) T, θf and FoM as a function of Hc when αc = 80°
and ntop = 1.55. T and FoM are collected at the wavelength of the largest θf at each Hc.

to attain high FoM even with nonideal αc, akin to the case of the ideal structure with vertical side
wall.

3.3. Changing the upper clad to recover FoM

So far, we have identified that a key to achieving a high FoM is to attain a high transmission,
which is available only when high-quality EIT occurs in the device. However, with the tilted
sidewall, it is unlikely to achieve a good spatial overlap of scattering fields from the ED-like and
MD-like modes due to structural asymmetry in the vertical direction. We considered that the
asymmetry could be mitigated by changing the refractive index of the upper clad (ntop) above
the MO nanodisks as schematically shown in Fig. 4(a). The replacement of the upper cladding
material can be straightforwardly adapted in most fabrication processes of optical metasurfaces.

Figure 4(b) shows the evolution of transmission and Faraday rotation spectra when varying
ntop for the structure with tilted side wall of αc=80° (P= 860 nm, Hc=260 nm, Dc=620 nm). For
ntop=1.45, which is the same with that of the bottom clad, we do not see any clear EIT peak in
the broad dip of the ED-like mode. However, when increasing ntop above 1.5, we start to see a
sharp EIT resonance of the MD-like mode in the dip. Moreover, the peak value of θf gradually
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increases with increasing ntop. Figure 4(c) shows the changes of transmission and Faraday
rotation spectra when varying H for the structure with αc = 80° and ntop = 1.55. Even in this case
with the tilted side wall, akin to the case of the ideal structure discussed in Figs. 2(c)-(e), one can
recover the EIT condition by tuning H. Surprisingly, when H = 275 nm, the transmittance reaches
92%, restoring a good EIT condition. Figure 4(d) summarizes T, θf and FoM as a function of
H for the structure with αc = 80° and ntop = 1.55. The values of peak T and αc are comparable
with the ideal case in Fig. 2(f). Indeed, the maximum FoM is 8.4 (θf = 8.9◦, T = 89% when Hc =

265 nm, which is even 9.5% increased than that of the ideal case. To observe such a high T in the
actual experiment, the whole optical structure should be carefully designed to avoid unnecessary
light reflection at various optical interfaces.

Finally, we inspect the versatility of our design for different side wall angle, αc. We computed
the optical responses of the structures with different αc under different ntop of 1.45, 1.5, 1.55 and
1.6, as summarized in Fig. 5. The values of T and θf are of the structure exhibiting the maximum
FoM that restored the EIT condition after optimizing H. For the symmetric cladding condition
with ntop = 1.45, the highest performance is observed for the symmetric structure with αc = 90◦.
Meanwhile, by increasing ntop, the best performance is observed at a nonvertical sidewall, αc<
90◦. This suggests that there is an optimal ntop for each αc. In other words, one can recover the
best performance for the structure with different αc by tuning ntop. The maximally attainable
FoM is comparable or even a bit larger than that of the ideal case. These results demonstrate
that asymmetric cladding is a powerful way to achieve high performance in the MO metasurface
with tilted sidewall. Meanwhile, to achieve significantly better performances compared to those

Fig. 5. T (top), θf (middle) and FoM (bottom) of MO metasurfaces of different ntop plotted
as a function of αc (P= 850 nm, D= 620 nm). Each data point was obtained when the
EIT condition is restored by adjusting Hc. T and FoM were evaluated at the wavelength
exhibiting the largest θf at each αc.
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realized in the current design, one may need to use totally different metasurface structures with
much higher Q factors, such as those supporting dark modes [37,38].

Note that the observed recovery of high device performances could be associated with the result
of interplay between the bianisotropy introduced by the tilted sidewalls and by the asymmetric
top cladding. In this view, the asymmetric cladding could be interpreted to restore symmetry
in the system by counteracting to the asymmetry introduced by tilting the sidewalls. Indeed,
in a structure with an asymmetric cladding, we observed the disappearance of strong mode
hybridization between the ED-like and MD-like modes, which usually occurs under the presence
of bianisotropy (see Fig. 6 in Appendix).

4. Conclusions

We investigated the influence of tilted side walls for an all-dielectric MO metasurface operating
at telecommunication wavelengths. We found that the non-verticality of the side wall rapidly
degrades the FoM of the device, primarily due to the deterioration of T by diminishing the
EIT effect. For a structure with an imperfect side wall angle of αc = 78◦, we observed a 91%
reduction of T and an 82% smaller FoM, while Faraday rotation angle θf was only degraded by
42%. To recover the performance of the device, we introduced a top cladding material with a
refractive index (ntop) different from that of the bottom (1.45). We showed that, even for a MO
metasurface with αc = 78◦, near-unity T of 98% can be obtained by increasing ntop to 1.6 and
recovering the EIT condition by tuning the height of the nanodisks. In this design, θf was -8.8◦
and the resulting FoM was 8.8, which is even 10% higher than that of the ideal case with vertical
side wall. We also showed that such a high performance can be obtained for the structure with
non-vertical αc by optimizing ntop. The asymmetric cladding will be a powerful approach to
realizing high performance all-dielectric MO metasurface even under the presence of imperfect
sidewalls in the constituent elements.

Appendix

This appendix section discusses a possible mechanism for the observed recovery of the device
performance by the asymmetric top cladding that we introduced in this work. Figure 6(a) plots a
summary of computed eigenfrequencies of the ED-like and MD-like modes when αc = 79◦ and
varying the heigh of the BIG resonators. In this case, the resonators are symmetrically cladded
with the same material with the bottom cladding to inspect the influence of the bianisotropy
introduced solely by the tilted sidewalls. We observed a linear crossing of the two optical modes
akin to the case with vertical sidewalls. The linear crossing suggests that the mode hybridization
between the ED-like and MD-like modes is weak compared to the optical losses in the examined
structure. This observation ensures the presence of “independent” ED-like and MD-like modes
in the system, being in line with our physical interpretations presented in the main text. The
linear crossing was observed till αc> 75◦, covering the entire parameter range discussions in
the main text. Meanwhile, when we further tilt the sidewall to αc = 72◦, we observed a clear
anti-crossing of the two modes, as plotted in Fig. 6(b). This observation clearly demonstrates the
formation of hybridized modes due to the strong coupling through the bianisotropy induced by
the sidewall tilt. Interestingly, we can cancel out the observed strong coupling by introducing an
asymmetric top cladding as shown in Fig. 6(c). We observed a linear crossing in this case, which
indicates that the bianisotropy of the asymmetric cladding counteracts to that induced by the
tilted sidewall. In this view, the asymmetric cladding could be interpreted to restore symmetry
in the system. Careful comparisons with the behaviors of existing bianisotropic metasurfaces
[39–41] and developing analytical models well-describing the observation will be essential to
make the above interpretation more conclusive.
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Fig. 6. Simulated eigenfrequencies of the ED-like and MD-like modes when the sidewall
angle (a) αC = 79◦ with ntop = 1.45, (b) 70◦ with ntop = 1.45 and (c) 72◦ with ntop = 1.5.
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