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Extreme Nonreciprocity in Metasurfaces Based on Bound
States in the Continuum

Luis Manuel Máñez-Espina,* Ihar Faniayeu, Viktar Asadchy, and Ana Díaz-Rubio

Nonreciprocal devices, including optical isolators, phase shifters, and
amplifiers, are pivotal for advanced optical systems. However, exploiting
natural materials is challenging due to their weak magneto-optical (MO)
effects, requiring substantial thickness to construct effective optical devices.
In this study, it is demonstrated that subwavelength metasurfaces supporting
bound states in the continuum (BICs) and made of conventional ferrimagnetic
material can exhibit strong nonreciprocity in the Faraday configuration and
near-unity magnetic circular dichroism (MCD). These metasurfaces enhance
the MO effect by 3–4 orders of magnitude compared to a continuous film of
the same material. This significant enhancement is achieved by leveraging
Huygens’ condition in the metasurface whose structural units support paired
electric and magnetic dipole resonances. The multi-mode temporal coupled
mode theory (CMT) is developed for the observed enhancement of the MO
effect, and the findings with the full-wave simulations are confirmed.

1. Introduction

In the race for the miniaturization of optical devices, a wide class
of electromagnetic structures named metasurfaces arose in the
last decade as one of the most prominent solutions. Optical meta-
surfaces are 2D arrays of nano-inclusions with a sub-wavelength
thickness that are engineered to manipulate light at will.[1–4] The-
oretically, if the inclusions, known as meta-atoms, are properly
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designed, almost any response that does
not violate fundamental laws of physics
could be achieved for these structures. One
of the important industrial applications
of metasurfaces is the design of nonre-
ciprocal optical components such as iso-
lators. In order to achieve optical isola-
tion, a necessary condition is that the de-
vice must be nonreciprocal.[5] Traditionally,
nonreciprocity has been implemented us-
ing magneto-optical (MO) materials such
as ferrites.[6] Nevertheless, MO effects are
very weak in the optical regime[7] and must
be enhanced with proper techniques for
designing compact nonreciprocal devices.
Recently, there have been multiple tech-
niques suggested to achieve an enhance-
ment of MO effects in a subwavelength
structure: magnetophotonic crystals,[8–11]

coupled surface-plasmon polaritons,[12–14]

magnetic Weyl semimetals,[15] multiple layer systems,[16] and
resonant all-dielectric metasurfaces.[17–21] Although these stud-
ies achieve a high enhancement, the resonant properties of the
structures considered do not allow ultra-high quality factors that
would enable higher interaction times between light and the MO
material.[18] An attractive path toward designing compact opti-
cal nonreciprocal components is based on bound states in the
continuum (BICs) which, if properly engineered, enable almost
non-leaky resonances that increase the interaction time and the
field concentration in the materials of the resonant structure.
BICs in metasurfaces have been widely researched in the last
few years.[22] In electromagnetism, these bound states with infi-
nite lifetimes are discrete solutions of the Maxwell equations em-
bedded in a continuum of leaky modes and inaccessible by inci-
dent external radiation.[23] Their useful realization comes in the
form of quasi-BICs, which are perturbed BICs that have turned
into accessible leaky modes with extreme quality factors (ultra-
long but finite lifetimes).[24,25] Over recent years, metasurfaces
that use these states have been proposed to enhance different
effects: circular dichroism,[26–28] absorption,[29,30] and more. Fur-
thermore, BICs can be classified into different categories de-
pending on their formation nature.[23] Particularly interesting
and relatively easy to exploit are the symmetry-protected BICs
(SP-BICs),[31] which have been precisely characterized by their
group representations.[32–34] Specifically, SP-BICs are inaccessi-
ble states that do not couple to the plane wave modes because of
symmetry incompatibility between incident excitation and struc-
tural symmetries.[25] Several metasurface designs with enhanced
MO effects were recently proposed based on BICs.[35–37] However,
they were either limited to the THz range where magneto-optical
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effects are relatively strong even in natural materials,[35] or based
on nonrealistic materials (exhibiting no dissipation loss),[37] or
exhibited relatively weak MO properties (in ref. [36], the reported
Faraday rotation was in the order of 12 mrad). More importantly,
in none of these works, a comprehensive theoretical explanation
of the MO enhancement mechanism was given, which is essen-
tial for optimizing the performance of the structure and reaching
the maximum strength of the effect.

In this work, we present a metasurface made of ferrimag-
netic material that simultaneously supports BICs with electric
and magnetic nature. We delve into the physical phenomena in
the structure and develop a phenomenological multi-mode tem-
poral coupled mode theory (CMT)[38,39] to serve as a recipe for
the design of optical metasurfaces exhibiting maximum MO ef-
fects for the given materials being used. We demonstrate that
by exploiting a pair of even and odd resonances in the metasur-
face unit cell (so-called Huygens’ pair,[40]) it is possible to obtain
nearly unit magnetic circular dichroism (MCD) in a simple ge-
ometry with conventional material (Bi3YIG) being used. Using
this recipe, we design a nonreciprocal metasurface with a near-
unit MCD that behaves as a nonreciprocal device for circularly
polarized light, allowing a certain handedness to be transmitted
when propagating in the forward direction and blocking it for
backward illumination. This phenomenon would be referred to
as partial isolation. If surrounded by two polarizers,[41] such a
structure would operate as an optical isolator in transmission.

2. Metasurface Design

The metasurface design will follow a similar topology to that of
refs. [41,42], where they described an array of dielectric nanodisks
distributed in a squared lattice in a checkerboarded fashion with
an asymmetry in diameter between nearest neighbors. However,
in the present scenario, we consider the nanodisks to be made of
ferrimagnetic material Bi3YIG experimentally characterized in
ref. [43]. The metasurface geometry is shown in Figure 1. Its ge-
ometrical parameters are l for the unperturbed diameter of the
nanodisks, w for the squared lattice constant, h for the height
of the nanodisks, and Δ for the difference in diameter between
nearest neighbors. The diameters for the nanodisks are defined
as la = l + Δ∕2 and lb = l − Δ∕2. For simplicity of the analysis,
we assume the metasurface to be surrounded by air from both
sides. It is worth noticing that the same physics applies to the
scenario when the metasurface is immersed inside some back-
ground dielectric material (for that, merely the permittivity of
the nanodisks should be scaled up accordingly). For the scenario
where the metasurface is located on top of a dielectric substrate,
mirror symmetry would be broken, making the CMT analysis
somewhat more involved.[44]

The material of the nanodisks is magnetized by a bias static
magnetic field applied along the +z-axis, which results in its an-
tisymmetric permittivity tensor of the form [6]

̄̄𝜀(𝜔, H0) =
⎛⎜⎜⎝

𝜀xx(𝜔) j𝜀xy(𝜔, H0) 0
−j𝜀xy(𝜔, H0) 𝜀xx(𝜔) 0

0 0 𝜀zz(𝜔)

⎞⎟⎟⎠
(1)

where 𝜀xx = 𝜀1r − j𝜀1i and 𝜀xy = 𝜀2r − j𝜀2i are complex permittiv-
ities and H0 denotes an external magnetic field along the z-axis.

Figure 1. Schematic of the nonreciprocal metasurface exhibiting one-way
transmission for circularly polarized light. The inset depicts the unit cell
with the in-plane geometrical parameters. The neighboring nanodisks
have slightly different diameters la and lb, and are arranged in checker-
board order. The LCP plane wave is labeled as “f” (forward) and “b” (back-
ward). The external magnetic bias necessary to break reciprocity is shown
at the top left of the figure.

Here we use the ej𝜔t convention for temporal field evolution. Per-
mittivity component 𝜀xy is assumed to be a linear function of H0.
Moreover, saturation is achieved in Bi3YIG with a field of 1.2 T.[43]

When 𝜀xy = 0 and 𝜀xx = 𝜀1r , the structure shown in Figure 1
is known to hold quasi-BICs resonant modes at normal inci-
dence due to the mismatch in diameter between nanodisks.[41,42]

The resonant modes of the metasurface are those shown in
Figure 2a,b, obtained using the commercial FEM simulator
COMSOL Multiphysics. These two modes correspond to the sce-
narios where the nanodisks acquire electric and magnetic dipole
polarizations, respectively. These modes remain inaccessible for
normal plane-wave incidence in the metasurface without geo-
metrical perturbations (i.e., Δ = 0). They are SP-BICs,[31] and
their origin is due to the symmetries of the structure and can
be explained in several ways. The most intuitive explanation can
be done in terms of induced dipoles. A checkerboarded array
of nanodisks can be thought of as a superposition of two sub-
lattices, in this case, each holding a magnetic/electric dipole mo-
ment, but with a 𝜋 relative phase between wave oscillations in
the two lattices. In the unperturbed case, the superposition of
both lattices cancels the far-field radiation and forms an SP-BIC.
In the perturbed case, the size of the nearest neighbor is al-
tered, and the electric/magnetic dipoles are not identical. This
geometrical mismatch induces a difference in amplitude and/or
phase, enabling a non-perfect destructive superposition of scat-
tered waves and creating a high-Q resonance, that is, a quasi-
BIC. When the perturbed metasurface supporting this type of
resonant mode is illuminated by a linearly polarized wave, the
interaction of the incident field and the resonant structure will
produce two peaks in the transmission spectra, as shown in
Figure 2c. These two peaks correspond to the resonance condi-
tions of the two sub-lattices of dipole moments. The positions
and the widths of the transmission peaks are closely related to
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Figure 2. Resonant properties of the metasurface without external magnetic bias. Total field supported by the structure when Δ = 5 and 10 nm, l = 270
nm, w = 430 nm, h = 135.2 nm, 𝜀xy = 0, and 𝜀xx = 𝜀1r in the plane z = 0 (cutting-plane in the middle of the nanodisks). a) Electric dipole mode at 𝜆 =
647.73 nm and b) magnetic dipole mode at 𝜆= 649.30 nm in the case where Δ= 5 nm. The lattice cell is depicted with a dashed line. The dipole direction
is shown with arrows. c) Transmittance of the metasurface without magnetic bias and dissipation losses. The asymmetry in diameter is proportional to
the width of the resonance. The magnetic resonance width is greater than the electric dipole resonance. There is a noticeable shift in the electric dipole
resonance frequency when Δ is changed.

the asymmetry of the structure quantified by the parameter Δ.
The resonant mode that appears at a lower wavelength is the
electric dipole. As expected, the width of the resonant modes
increases with the parameter Δ as the structure becomes more
asymmetric. It is also interesting to notice that because the pa-
rameter Δ is directly related to the radius of the nanodisks, it has
a larger impact on the position of the resonance frequency of the
electric dipole.

In a more formal mathematical fashion, the BIC formation
phenomenon can be explained by using group theory techniques.
In the case ofΔ = 0, 𝜀xx = 𝜀1r , and 𝜀xy = 0, the cell and point sym-
metries are C4v and C2 with two additional mirror planes (see
Section S2, Supporting Information). As it is known, the eigen-
modes of a periodic structure must satisfy the transformations
given by an irreducible representation (IRREP) of the structure’s
symmetry group.[33] There is a BIC when there is no coupling
between the external excitation and the structure’s eigenmode.
The absence of coupling is due to the incompatibility between the
symmetry restrictions of the resonant structure and the incoming
plane wave’s symmetries.[45] Introducing a geometrical perturba-
tion (i.e., Δ ≠ 0) removes the C2 symmetry and one of the mirror
planes, Figure S3, Supporting Information. Without them, the
eigenmode symmetry is partially broken, and the coupling is en-
abled. The state is now referred to as a quasi-BIC. For this reason,
the symmetry-protected label we used to refer to these BICs is
now apparent. The structure behaves exactly the same way with
linear y-polarized light or x-polarized light due to the C4v sym-
metry that it still holds. Moreover, the cell symmetry C4v explains
the degeneracy of the electric and magnetic modes that belong
to the same Γ5 2D IRREP[32] (see Section S2, Supporting Infor-
mation). Furthermore, these eigenmodes, shown in Figure 2a,b,
transform according to the Γ5 irreducible representation of the
C4v group.[28]

With the introduction of a magnetic bias, but neglecting the
losses (𝜀xy = 𝜀2r and 𝜀xx = 𝜀1r), both magnetic and electric dipo-
lar resonances split. As an example of this behavior, Figure 3 rep-
resents the transmission spectra for two different values of the
parameter Δ when the structure is biased by a magnetic field
that brings the garnet to saturation. Note that this analysis is
done by neglecting the losses in the material. The degeneracy that
emerged from the 2D Γ5 IRREP is now broken by the non-equal

Figure 3. Resonant properties of the metasurface with external magnetic
bias but without dissipation losses. The transmittance of the magnetically
biased perturbed metasurface when Δ = 5 nm and Δ = 15 nm with the
rest of the parameters with values l = 270 nm, w = 430 nm, and h = 135.2
nm. The electric dipoles p1 and p2 suffer a higher shift in wavelength than
the magnetic dipole resonances m1 and m2.
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Figure 4. Schematics of the ports and the resonant metasurface for the
CMT analysis.

off-diagonal components of the permittivity tensor (see Equa-
tion (1)). Due to the anisotropic and nonsymmetric nature of the
material, mirror diagonal symmetries (𝜎d1 and 𝜎d2) are broken.
The point group of the structure is downgraded to C4, which is
the group that has the 90° rotation about the z-axis as its gener-
ator. The corresponding degenerate resonances split as their 2D
IRREP (Γ5 of C4v) splits into two 1D IRREPs (Γ3 and Γ4 of C4)[32]

(see Section S2, Supporting Information). Furthermore, after the
split, each pair of electric/magnetic dipole resonances will have
one nondegenerated resonance coupling to a particular circular
polarization, and the other coupling to the orthogonal circular
polarization.[46]

In addition, the introduction of losses leaves the structure’s
symmetry unperturbed but limits the quality factors of the quasi-
BICs, as pointed out in ref. [47]. Moreover, for the same values
of Δ, the quality factor, and amplitude of the resonance will drop
significantly. Nevertheless, losses in the material make possible
such physical effects as the MCD and isolation.

3. Coupled Mode Theory Description

To better understand the physics behind the structure and as a
guideline for the design of actual devices, we developed a the-
oretical model based on temporal CMT. More specifically, our
model will consider the interaction of four ports (two ports for
each linear polarization) and four resonant modes (two elec-
tric and two magnetic modes in the presence of the magnetic
bias). Defining the ports of the structure as in Figure 4, where
ports 1 and 2 account for the x-polarization channel and ports
3 and 4 form the y-polarization channel. The C4 symmetry of
the structure ensures that the scattering matrix (expressed in the
linear-polarization basis) of the device has the form (Supporting
Information)

Slin =
⎛⎜⎜⎜⎝

r t rxy txy

t r txy rxy

−rxy −txy r t
−txy −rxy t r

⎞⎟⎟⎟⎠
(2)

where r and t represent the reflection and transmission ampli-
tude coefficients when the polarization state of the incident light
is preserved (co-polarized coefficients), while rxy and txy are the
reflection and transmission coefficients when the polarization is
changed (cross-polarized coefficients). The scattering matrix of
the metasurface in the circular-polarization basis with basis vec-
tors e± = (ex ∓ jey)∕

√
2 has the form (Supporting Information)

Scirc =
⎛⎜⎜⎜⎝

rf
L−R tb

L−L 0 0
tf
R−R rb

R−L 0 0
0 0 rf

R−L tb
R−R

0 0 tf
L−L rb

L−R

⎞⎟⎟⎟⎠
=
⎛⎜⎜⎜⎝

r+ t+ 0 0
t+ r+ 0 0
0 0 r− t−
0 0 t− r−

⎞⎟⎟⎟⎠
(3)

where the superscripts “f” and “b” indicate forward (+z) or back-
ward propagation (−z), and the subscripts “L” and “R” indicate
left and right-handedness of circular polarization, respectively.
The elements of the scattering matrices in the two different polar-
ization bases are related as: t+ = t + jtxy, r+ = r + jrxy, t− = t − jtxy,
and r− = r − jrxy. It is worth mentioning that in the circular-
polarization basis, nonreciprocity does not lead to a nonsymmet-
ric scattering matrix due to the way that the elements of the ma-
trix are defined, as discussed in ref. [48]. Moreover, as Equation (3)
shows, the notation chosen embraces the mathematical defini-
tion of the circular-polarization basis, uniquely defined by the
sign between x and y components. Light-handedness implies a
choice in nomenclature and frame of reference, as pointed out
and widely discussed in ref. [49]. Using the sign in the relative
phase between components as the defining factor leaves no doubt
about what polarization we refer to. In any case, the convention
used to relate both parts of Equation (3) is the one commonly
used in engineering, where the time dependence is defined as
ej𝜔t, and the observer’s frame of reference points towards the di-
rection of propagation to declare the handedness.

A phenomenological CMT model can be developed following
the general coupled-mode equations[38] and assuming that the
four orthogonal resonant modes present in the structure are char-
acterized by their resonant frequencies 𝜔±

m,e and the decay rates
𝛾±m,e. With this notation, the subscript refers to the nature of the
resonance and its symmetry (magnetic and electric, respectively).
The superscript relates to which circular polarization the reso-
nance couples after splitting due to the external magnetic field.
Modeling the losses in the material for each resonance by the
coefficient 1∕𝜏±m,e and applying the conditions for energy conser-
vation and mirror symmetry,[39] we obtain the final expressions
for the S-matrix coefficients in the circular-polarization basis:

t+ = td −
𝛾+m(rd + td)

j(𝜔 − 𝜔+
m) + 𝛾+m + 1∕𝜏+m

+
𝛾+e (rd − td)

j(𝜔 − 𝜔+
e ) + 𝛾+e + 1∕𝜏+e

(4)

t− = td −
𝛾−m(rd + td)

j(𝜔 − 𝜔−
m) + 𝛾−m + 1∕𝜏−m

+
𝛾−e (rd − td)

j(𝜔 − 𝜔−
e ) + 𝛾−e + 1∕𝜏−e

(5)

r+ = rd −
𝛾+m(rd + td)

j(𝜔 − 𝜔+
m) + 𝛾+m + 1∕𝜏+m

−
𝛾+e (rd − td)

j(𝜔 − 𝜔+
e ) + 𝛾+e + 1∕𝜏+e

(6)
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r− = rd −
𝛾−m(rd + td)

j(𝜔 − 𝜔−
m) + 𝛾−m + 1∕𝜏−m

−
𝛾−e (rd − td)

j(𝜔 − 𝜔−
e ) + 𝛾−e + 1∕𝜏−e

(7)

where td and rd are the direct transmission and reflection coef-
ficients. A more detailed derivation of these expressions is pro-
vided in Section S4, Supporting Information.

4. Maximization of Nonreciprocity and Magnetic
Circular Dichroism

In this section, we derive the ideal conditions under which the
metasurface with the aforementioned properties provides the
highest (unitary) MCD and the highest isolation. MCD is con-
ventionally defined in terms of the difference in absorptions for
the two circular polarizations of light[50]

MCD =
A− − A+

A− + A+
=

(|t+|2 − |t−|2) + (|r+|2 − |r−|2)
2 − (|t−|2 + |t+|2) − (|r−|2 + |r+|2)

(8)

where A± = 1 − |t±|2 − |r±|2. In addition, we define the isolation
ratio as 𝜄 = |t−∕t+|. In the case at hand, achieving a high isola-
tion ratio will lead to high MCD, as seen from Equation (3). For
instance, when illuminating one side (the “+z” direction) with
RCP light, the response is t+, while LCP light yields t−. Con-
versely, illuminating from the opposite side (“−z” direction) with
RCP light produces t−, and with LCP, t+. A high MCD means one
polarization is mainly absorbed, and the other is not; the previ-
ously blocked polarization is not absorbed when the direction is
reversed. Next, we look for the conditions to design a partial isola-
tor for circularly polarized light, that is, a device that fully absorbs
one polarization from one side and transmits it from the other.

We start by finding the conditions to achieve high isolation for
circularly polarized light using the theoretical results obtained in
the last section, that is, Equations (4)–(7). Thus, we aim to ensure
the full absorption and full transmission of light of a given circu-
lar polarization incident on the metasurface from the two oppo-
site directions. Without loss of generality, we determine these two
conditions for the right-handed circular polarization (as shown
below, the dual conditions will be automatically satisfied for the
opposite polarization). Mathematically, the conditions read as

Af
R = 1 − |tf

R−R|2 − |rf
L−R|2 = 1, |tb

R−R| = 1 (9)

Naturally, they would lead to the scenario of maximization of the
𝜄 ratio. To simplify the derivation, in the following, the case where
rd = 0 and td = 1 is explored. Using Equations (4)–(7) and Equa-
tion (3), we can express absorption of the RCP light incident in
the forward direction as Af

R = 1 − |t+|2 − |r+|2 = A+, which re-
sults in

A+ =
2𝛾+m∕𝜏

+
m

(𝛾+m + 1∕𝜏+m)2 + (𝜔 − 𝜔+
m)2

+
2𝛾+e ∕𝜏

+
e

(𝛾+e + 1∕𝜏+e )2 + (𝜔 − 𝜔+
e )2

(10)

To satisfy the first condition (maximization of A+), the eigen-
frequencies for the resonances of both parities have to be equal
𝜔+

m = 𝜔+
e = 𝜔+, and the maximum will take place at the frequency

𝜔 = 𝜔+. To reach precisely unitary absorption, we should ensure
|r+|2 = 0 and |t+|2 = 0. We study both cases separately and then
combine the conditions. At the resonant frequency, |r+|2 = 0 is
obtained if

𝛾+m𝜏
+
m = 𝛾+e 𝜏

+
e (11)

This constraint leads to the condition of a Huygens’
metasurface.[51] Furthermore, forcing separately that |t+|2 = 0 at
the resonance frequency will yield

1
𝜏+m

1
𝜏+e

= 𝛾+m𝛾
+
e (12)

Combining both Equations (11) and (12), we end up with the
known condition of critical coupling that ensures full absorption
of incoming energy at the resonance frequency

1
𝜏+m

= 𝛾+m, 1
𝜏+e

= 𝛾+e (13)

This result is widely known for reciprocal metasurfaces and can
be interpreted as a balance between the losses induced by the
material and the scattering losses.[52] In contrast, in our case, the
critical coupling condition holds at a given frequency only for one
illumination direction. Substituting conditions in Equation (13)
into Equation (10), we indeed obtain A+ = 1.

In what follows, we additionally require zero reflection condi-
tion |r+ (𝜔)|2 = |r− (𝜔)|2 = 0 for all frequencies 𝜔. Such a broad-
band Huygens’ regime[53] has multiple practical advantages such
as the possibility to cascade several metasurfaces and the mini-
mization of parasitic interference. As is seen from Equation (6),
broadband suppression of reflections for illuminations from both
sides is achieved when we choose𝜔−

m = 𝜔−
e = 𝜔− and additionally

satisfy:

𝛾+m = 𝛾+e = 𝛾+, 𝜏+m = 𝜏+e = 𝜏+,

𝛾−m = 𝛾−e = 𝛾−, 𝜏−m = 𝜏−e = 𝜏−
(14)

Next, to satisfy the second condition in Equation (9) at a
given frequency 𝜔, there are two possible limiting scenarios. The
first one is to ensure full absorption for RCP light incident on
the metasurface in the backward direction Ab

R = 1 − |tb
R−R|2 −|rb

L−R|2 = A− but occurring at a different frequency 𝜔− ≠ 𝜔+. By
decoupling the two resonance frequencies such that the spectral
distance between them is much greater than their widths, that is,
|𝜔− − 𝜔+| ≫ |𝛾+e,m + 1∕𝜏+e,m|, we can asymptotically reach |tb

R−R| ≈
1 at the frequency of 𝜔+. This scenario is depicted in Figure 5a.
Due to the condition in Equation (14), reflections are zero at all
frequencies, while the absorption peaks for two light propagation
directions are spectrally separated. To have complete absorption
A− (𝜔−) = 1, one needs to additionally satisfy 1∕𝜏− = 𝛾−.

The second limiting scenario for satisfying the condition
in Equation (9) is when the metasurface is completely transparent
at all frequencies (unitary transmission with an arbitrary phase)

Adv. Optical Mater. 2024, 12, 2301455 2301455 (5 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Reflectances and transmittances for an ideal metasurface exhibiting maximal isolation for circularly polarized light of a given handedness.
The metasurface behaves as a broadband-matched resonant absorber, where the resonant frequency depends on the illumination direction. In this
example, 𝛾+ = 𝛾− = 1∕𝜏+ = 1∕𝜏− = 𝛾 , td = 1, and Δ𝜔 = 𝜔+ − 𝜔− = 30𝛾 . The horizontal axis is normalized in such a way that its center corresponds
to the average between 𝜔+ and 𝜔−. At frequency 𝜔+, transmission for the backward propagating RCP light reaches |t− (𝜔+)|2 = 0.996. b) The same
for a metasurface that exhibits no material loss for RCP (LCP) light when illuminated in the backward (forward) direction. c) MCD for the two limiting
scenarios in (a) and (b).

for RCP light incident in the backward direction. This scenario is
presented in Figure 5b. It can be achieved if 1∕𝜏− = 0.

As was mentioned above, at frequencies where the isolation
ratio 𝜄 = |t−∕t+| is high, the MCD is large. In Figure 5c, we plot
the MCD parameter for the two above scenarios. While in the
first scenario, the MCD approaches unit value at 𝜔 = 𝜔+, in the
second scenario, it is a unit for all the frequencies due to its defi-
nition.

5. Ferrimagnetic Metasurface Realization

Using a metasurface with the geometry described in Figure 1 and
ferrimagnetic material (Bi3YIG[43]) with a tensor given by Equa-
tion (1), the maximization of MCD and isolation properties stud-
ied theoretically in the last section can be applied. In the case
of the real structure, the configuration for the resonances must
be achieved by tweaking the geometrical parameters. Studying
the behavior of the structure when there is no bias and no losses
(𝜀xy = 0 and 𝜀xx = 𝜀1r), it is apparent that the decay rates of the
magnetic and electric resonances are intrinsically different, see
Figure 2. However, both can be changed by tuning the asymme-
try parameterΔ. It must also be noted that the wavelength shift of
the electric dipole resonances is noticeable whenΔ is changed. In
contrast, the magnetic dipole resonances shift much slower, as is
seen in Figures 2c and 3. The magnetic bias will split each of the
magnetic and electric dipole resonances into two, one coupling
to the incident right-handed circularly polarized light in the for-
ward direction (plus sign in the vector basis convention), and the
other coupling to the left-handed circularly polarized light in the
forward direction (minus sign in the vector basis convention).[46]

By introducing losses, the behavior of the resonances holds, but
the resonances suffer a drop in quality factor and do shift.

The final design uses optimization techniques for the geomet-
rical parameters and the aforementioned knowledge to maximize
the MCD. Analyzing the qualitative picture in Figure 5a, one
can find that the relative magnitude of the off-diagonal compo-
nent of the permittivity tensor 𝜀xy∕𝜀xx is proportional to the dis-
tance in wavelength/frequency between the nondegenerated res-

onances after the split. Thus, there is a trade-off for designing
a metasurface with a high isolation ratio at a given frequency:
the smaller the value of 𝜀xy∕𝜀xx is, the higher the quality factors
of the exploited resonances must be. Since in optics, magneto-
optical effects are very weak in all accessible natural materials
(|𝜀xy| << |𝜀xx|), obtaining strong isolation needs structures with
very high-quality factors. Although conventional Huygens’ meta-
surfaces with magneto-optical inclusions can support relatively
high-Q-factor resonances,[17] their reachable isolation ratios are
limited. Using the proposed metasurface with quasi-BICs, we can
reach high isolation in a sub-wavelength geometry even when us-
ing conventional low-loss magneto-optical materials. Moreover,
quasi-BIC resonances provide us with an additional knob for the
metasurface design. The geometrical perturbation parameter Δ
can be tuned in a continuous range prior to metasurface fabrica-
tion. By controlling Δ, we can straightforwardly control the qual-
ity factor and tune the decay rates and losses in the metasurface
(Q ≃ 1∕Δ2). We chose the geometrical parameters of the meta-
surface as mentioned in the caption of Figure 6.

The simulated scattering parameters of the metasurface, when
illuminated normally with circularly polarized light, are shown
in Figure 6a. The CMT fitting is also shown in the same plot,
accurately modeling the simulated data. A maximum for the
MCD is obtained at 𝜆 = 648.5 nm, reaching |MCD| = 0.996,
as shown in Figure 6b. At the same wavelength, |t+| is al-
most fully suppressed. Moreover, the amount of energy transmit-
ted forward with LCP polarization reaches 73.90%, while only
0.12% of LCP light would be transmitted in the backward di-
rection. The raw contrast between transmittances |tf

L−L∕tb
L−L|2 =|t−∕t+|2 = 𝜄2 ≈ 625, which can be expressed as a 27.89 dB isola-

tion ratio. The energy with a defined circular polarization can go
through the device in one direction while being absorbed in the
opposite direction.

Finally, in Figure 6c, we plot the Faraday rotation angle 𝜃

and ellipticity 𝜖 versus wavelength for the designed metasurface.
We use the conventional definition for the rotation angle 𝜃 =
1∕2 arctan [2ℜ(𝜒)∕(1 − |𝜒|2)], where 𝜒 = Etr

y ∕Etr
x . Where ℜ de-

notes the real part of a function. The ellipticity 𝜖 is defined as the

Adv. Optical Mater. 2024, 12, 2301455 2301455 (6 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Reflectances and transmittances of the optimized metasurface when illuminated with circularly polarized light at normal incidence. The
CMT fit is plotted with a dashed line with the same color as the simulated data (denoted as FEM). b) MCD of the metasurface. c) The Faraday rotation
angle and ellipticity of the designed metasurface versus the wavelength. The geometrical parameters of the structure are w = 430 nm, h = 135.6 nm,
l = 269.2 nm, and Δ = 24.7 nm. The values obtained for the CMT fit are 𝜔−

m = 2896.3 THz, 𝜔+
m = 2904.8 THz, 𝜔−

e = 2901.5 THz and 𝜔+
e = 2904.8

THz for the eigenfrequencies; 𝛾−m = 𝛾+m = 𝛾m = 2.2 THz, 𝛾−e = 𝛾+e = 𝛾e = 0.8 THz for the scattering decay rates; 1∕𝜏−m = 2.25 THz, 1∕𝜏−e = 1.69 THz and
1∕𝜏+m = 1∕𝜏+e = 1.42 THz for the absorption decay rates. Finally, td = 0.998 is used as the direct pathway parameter.

ratio between the size of the major and the minor axis of the polar-
ization ellipse of transmitted light. At 𝜆 = 648.5 nm the ellipticity
reaches almost unity. This occurs because almost all of the trans-
mitted light is circularly polarized with left-handedness. On the
other hand, at 𝜆= 649.05 nm where ellipticity is equal to zero, the
metasurface rotates linearly polarized light at an angle 𝜃 = 36.4°

with the transmittance |t|2 = 40.5%. The obtained values of the
rotation angle and ellipticity are high, taking into account the sub-
wavelength thickness of the metasurface (h∕𝜆 = 0.21) and the re-
alistic material parameters used. We can also estimate the effec-
tive Verdet constant of the metasurface V = 𝜃∕ (𝜇0H0h).[6] Tak-
ing 𝜇0H0 = 0.66 T from ref. [43], the Verdet constant reaches the
maximum value of V = 7.12 × 106 rad T−1 m−1, which exceeds
the value for thin-film of conventional MO materials by 3–4 or-
ders of magnitude.[6] Such enhancement of the MO properties is
enabled by the use of quasi-BICs in our geometry.

6. Conclusions

We have developed a metasurface made out of a ferrimagnetic
material and based on quasi-BIC resonances that, with the use
of orthogonal pairs of resonances with electric and magnetic
nature, can achieve high MCD combined with strong isolation
for circular polarization. The device acts with this configura-
tion as a partial isolator, as the transmission for the non-blocked
polarization is maximized. In addition, by matching the reso-
nance amplitudes and phases, it is possible to use the quasi-
BIC-empowered metasurface to enhance the Faraday effect of the
structure. An unprecedented figure of merit is obtained using
this approach. All of the above has been designed using a realis-
tic material (Bi3YIG), experimentally characterized, and with no-
ticeable losses. Importantly, it is not necessary to bias the meta-
surface with an external magnet. Ferri- and ferromagnetic nan-
odisks can sustain strong spontaneous magnetization when they
are fabricated in a single-domain magnetic state.[54] The direction
of this magnetization is typically along the nanodisk axis and is
governed by the shape and magnetocrystalline anisotropies.[55]

The finite-element-method simulations have been supported
with a CMT description of the metasurface. This phenomeno-

logical theoretical model has been useful in predicting and ex-
plaining the capabilities of the device. Furthermore, it supports
the observed enhancement of the Faraday effect and proves the
use of BICs as a path to control and enhance MO effects. The re-
alization of a Faraday rotator can lead to the creation of a compact
isolator using two linear polarizers in the famous Faraday-isolator
architecture. Although the size of the isolator, if not fabricated in
a single-domain magnetic state, would be limited by the magnet
creating the external magnetic field, many optical components
are not affected by external magnetic fields and could fit in the
same space.

In order to design a polarization-insensitive partial optical iso-
lator, one needs to additionally break the inversion (parity) sym-
metry that is currently present in the metasurface design. This
can be straightforwardly achieved using a conventional approach
by introducing two circular polarizers (with the same handed-
ness) around the metasurface (e.g., the Supplementary Informa-
tion in ref. [41] and Section S6, Supporting Information.)
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