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Magneto-optical chiral metasurfaces for achieving
polarization-independent nonreciprocal transmission

Wenjia Li"%34, Qingdong Yang11', Oubo You't, Cuicui Lu'?, Fuxin Guan', Jianlong Liu

Jinhui Shi**#, Shuang Zhang'>%*

Nonreciprocal transmission, resulting from the breaking of Lorentz reciprocity, plays a pivotal role in nonrecip-
rocal communication systems by enabling asymmetric forward and backward propagations. Metasurfaces en-
dowed with nonreciprocity represent a compact and facile platform for manipulating electromagnetic waves in
an unprecedented manner. However, most passive metasurfaces that achieve nonreciprocal transmissions are
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polarization dependent. While incorporation of active elements or nonlinear materials can achieve polarization-
independent nonreciprocal metasurfaces, the complicated configurations limit their practical applications. To
address this issue, we propose and demonstrate a passive and linear metasurface that combines magneto-
optical and chiral effects, enabling polarization-independent isolation. The designed metasurface achieves a
transmittance of up to 80%, with a high contrast between forward and backward propagations. Our work intro-
duces a novel mechanism for nonreciprocal transmission and lays the foundation for the development of com-

pact, polarization-insensitive nonreciprocal devices.

INTRODUCTION

Metasurfaces are thin structured surfaces capable of manipulating
the phase, amplitude, and polarization state of electromagnetic waves
in a compact form (I-7). In recent years, there has been increasing
interest in nonreciprocal metasurfaces due to their potential for vari-
ous applications, including optical isolators (8, 9), directional ampli-
fiers (10), and phase shifters (11). Various methods have been used to
achieve nonreciprocal metasurfaces, such as the magneto-optic
effect (12-16), optical nonlinearity (17-19), time modulation sys-
tems (20-24), and transistor loading (25-28). In addition, magnetic
meta-atoms have been recently investigated as a means to achieve
nonreciprocal transmission (29). However, most experimental dem-
onstrations of nonreciprocal transmission are restricted to specific
polarization states for the incident beam (29, 30) or experience non-
linear responses (31). While it is possible to realize polarization-
independent nonreciprocal metasurfaces based on time modulation,
these schemes involve active elements and increase complexity and
power consumption (32, 33). Implementations using active elements
often requires extra power source and typically involve complex de-
signs, while those using nonlinear materials are dependent on signal
intensity. Hence, achieving nonreciprocal metasurfaces for arbi-
trary polarizations using all-passive and linear approaches would
be highly desirable for practical applications.
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Here, we experimentally demonstrate nonreciprocal transmis-
sion for arbitrarily polarized incidences using an all-passive and
linear metasurface composed of periodically arranged magneto-
optical and chiral (MOC) elements. This polarization-independent
nonreciprocal functionality arises from the combination of differ-
ent cross-polarization conversion behaviors of magneto-optical
meta-atoms and chiral meta-atoms, which break time-reversal
symmetry and mirror symmetry, respectively. The nonreciprocal
metasurface exhibits transmittance above 80% in the forward di-
rection but a much lower transmittance in the backward direction.

RESULTS

Design of MOC metasurface

For a passive and lossless system, the scattering matrix must be uni-
tary, in accordance with conservation of energy. Our goal is to achieve
polarization-independent unidirectional transmission, which means
that at least all the linear polarization states should exhibit the same
responses. To achieve this, the structure should have n-fold rotational
symmetry where n > 3, which leads to decoupling between left circu-
larly polarized (LCP) and right circularly polarized (RCP) channels
(34). If the system only has zeroth diffraction order, for each of the
LCP and RCP channels, then the scattering matrix belongs to U(2)
group and has the following general form

5=( oy e )
—e'?b* eq*

where |a|* + |b]* = 1. According to Eq. 1, the explicit expressions for
transmission coefficients in the forward and backward directions are
—e 7" and b, respectively. Therefore, they have the same amplitude
but they differ only in phase. If one aims to achieve asymmetric
transmission in terms of amplitude, then material loss must be intro-
duced into the system or additional diffraction orders must be intro-
duced to provide more channels to the scattering matrix. In our
work, we opt for the latter approach to avoid involving material loss.
We design a grating structure with a periodicity greater than the free
space wavelength, as depicted in Fig. 1. The grating is designed in
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Fig. 1. Schematic of the polarization-independent nonreciprocal transmis-
sion. The incident light in the forward direction is entirely transmitted through the
zeroth diffraction order, while the incident light in the backward direction is
completely transmitted through the positive and negative first diffraction orders.

such a way that, when waves propagate in the forward direction, they
transmit through the grating into the zeroth order. On the other
hand, during backward propagation, the power is directed into high-
er diffraction orders, such as positive first and negative first orders.
Breaking the time-reversal symmetry is crucial to achieve non-
reciprocal responses in the aforementioned grating configuration.
In addition, to ensure polarization-independent responses, sub-
units with rotational symmetry are necessary so that all linear
polarization states exhibit the same responses. There are multiple
options for a system to have broken time-reversal symmetry. These
include gyroelectric or gyromagnetic responses, which correspond
to permittivity (e) or permeability (p) tensor with imaginary off-
diagonal elements, respectively. In addition, Tellegen and moving

Magneto-optical metasurface Chiral metasurface

=

media can also be used, involving cross-coupling between electric
and magnetic responses (35-37).

It is well established that Tellegen materials introduce nonre-
ciprocal responses in reflection rather than transmission (38), so
Tellegen response is not considered for the construction of nonre-
ciprocal metasurfaces. One can use a moving medium to achieve
nonreciprocal transmission. A moving medium exhibits different
transmission phases in the forward and backward directions, inde-
pendent of the incident polarization (35). To implement this, a
grating can be designed with an alternating arrangement of a mov-
ing medium and a normal dielectric material. Careful engineering
of the grating is necessary so that, in the forward direction, the
light transmitting through the moving medium region interferes
constructively with that of the normal dielectric region, while in
the backward direction, destructive interference occurs. The de-
tailed explanation can be found in the Supplementary Materials
(section S1). However, it is important to note that the phase differ-
ence of the moving medium in the forward and backward directions
is typically extremely small, unless the velocity reaches relativis-
tic values.

In contrast, gyroelectric and gyromagnetic responses are readily
available at microwave and terahertz frequencies (39-44). These re-
sponses can both induce polarization rotation in transmission for
incident waves of linear polarizations. In the following, we show that
grating designed based on the combination of gyromagnetic materi-
als with chiral materials can enable nonreciprocal transmission in
terms of amplitude for all polarizations.

Our design is schematically shown in Fig. 2. The designed meta-
surface is a combination of two types of unit cells for forming the
grating configuration. The first type is a magneto-optical element
biased by a static magnetic field that respects mirror symmetry in
the z direction but breaks the time-reversal symmetry, while the
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Fig. 2. lllustration of the design of MOC metasurface. For incident wave propagating along the +z direction, the (A) magneto-optical, (C) chiral, and (E) MOC metasur-
faces rotate —x polarization of the incident wave to —y polarization in transmission. The MOC metasurface has high transmission in the zeroth diffraction order. For inci-
dent wave propagating along the —z direction, the (B) magneto-optical metasurface rotate —y polarization of the incident wave to +x polarization in transmission, the
(D) chiral metasurface rotate —y polarization of the incident wave to —x polarization in transmission, and as a result, the (F) MOC metasurface has zero or very low transmit-
tance in the zeroth diffraction order due to the destructive interference of transmitted waves from the MOC metasurfaces.
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second type is a chiral metasurface that lacks any mirror symmetry
but respects time-reversal symmetry. Both types of metasurfaces
can achieve cross-polarization conversion, but they exhibit differ-
ent behaviors when the direction of the incident light is reversed.

We first consider a linearly polarized incident wave with electric
field oriented along the —x direction is propagating along the +z
direction, as shown in Fig. 2A. With judicious design, a metasur-
face only consisting of the magneto-optical elements can rotate the
linear polarization of the incident wave to its cross-polarization in
transmission, and without losing generality, we assume that the di-
rection of the bias magnetic field is arranged in a way such that the
electric field of the transmitted wave is oriented along the —y direc-
tion. When the direction of the incident wave is reversed and the
incident electric field is —y polarized, due to the broken time-
reversal symmetry, the electric field of the transmitted wave is ori-
ented along the +x direction, as illustrated in Fig. 2B.

Similar to the magneto-optical metasurface, a metasurface only
consisting of the chiral elements can also be designed to achieve
near-perfect cross-polarization conversion, as demonstrated in
Fig. 2 (C and D). The chiral metasurface can be appropriately engi-
neered to rotate the electric field of the incident wave from the —x
to —y direction when the incident wave is propagating along the +z
direction. However, when the propagation direction of the wave is
reversed and the incident electric field is —y polarized, using a sim-
ple argument based on the combination of time-reversal symmetry
and rotational symmetry, it can be deduced that the E field of the
transmitted wave would be rotated to the —x direction.

Next, we consider a MOC metasurface made from periodic ar-
rangement of two stripes that consist of MOC unit cells, as depicted
in Fig. 2 (E and F). When a plane wave is incident onto the MOC
metasurface along the +z direction, the transmitted waves from the
two regions have the same orientation of electric field and interfere
constructively, leading to high transmission in the zeroth diffraction
order. However, when the direction of incident wave is reversed,
there would be a destructive interference due to the opposite orien-
tation of the electric field of the transmitted waves, leading to very
low transmittance in the zeroth diffraction order. Note that the same
analysis also applies to an incident wave of y polarization. Because
waves of arbitrary polarization states can always be decomposed
into x and y orientations, the MOC metasurface can, in principle,
operate for all incident polarizations.

Design of MOC unit cells

We next discuss the design of the building blocks for the MOC
metasurfaces. The magneto-optical unit cell consists of a column
stacking of magnet disks and yttrium iron garnet (YIG) ferrite
disks in the sequence of ABABABA, where A represents magnet
disk and B represents YIG disk. The composite columns are subse-
quently inserted into a square lattice of circular holes perforated
into a dielectric slab, as shown in Fig. 3A. The effective permittivity
of YIG disks is 14.5, and the effective permittivity of the dielectric
slab is 2.15. The permeability tensor of YIG has nonzero off-
diagonal components, and the detailed parameters are provided in
Materials and Methods. Besides providing the bias magnetic field,
the magnet disks coated with metal film function as perfect electric
conductors. The neighboring pair of magnet disks forms a reso-
nance cavity, which can strongly enhance the magnetic field of the
incident wave inside the YIG disk sandwiched in between, as illus-
trated by the simulation results shown in Fig. 3B. As a result, the
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magneto-optical effect is strongly enhanced, and the magneto-
optical metasurface works as an effective Faraday rotator, which has
the ability to rotate the polarization for transmitted wave. The influ-
ence of the magnet disks on the polarization conversion and the
magnetic field distribution within the structure is analyzed in the
Supplementary Materials (section S2). The simulated amplitudes of
the transmitted electric fields for the magneto-optical metasurfac-
es, for an incident x-polarized wave, are depicted in Fig. 3D. The
subscripts “f” and “b” represent forward and backward transmis-
sions, respectively. The superscripts “co” and “cross” denote the co-
polarization and cross-polarization of the transmitted wave relative
to the incident wave, respectively. The simulation shows that the
amplitude of the cross-polarized transmission can be maintained
above 0.9 in the frequency range of 8.25 to 8.95 GHz.

The conjugated gammadion structure made from copper is cho-
sen as the chiral element (45, 46) for realizing orthogonal polariza-
tion conversion. A metasurface consisting of such chiral structures
sandwiched between three dielectric layers of the same thickness,
as illustrated in Fig. 3C, can generate a strong chiral optical effect
due to the lack of mirror symmetry and the strong coupling be-
tween the top and bottom layers. This leads to nearly complete con-
version of the incident wave to the orthogonally polarized state in
transmission at the resonance frequency around 8.95 GHz, as shown
in Fig. 3E.

Simultaneously achieving high transmitted amplitudes with both
MOC elements is beneficial for attaining optical isolation. More-
over, the phases of transmission through these two types of elements
plays a crucial role for attaining optical isolation as they directly in-
fluence the superposition of the transmitted fields. By carefully de-
signing the geometries of the two elements, the simulated phases of
the transmitted field with cross-polarization for the two metasur-
faces are in phase for forward propagation but & out of phase for
backward propagation, near the frequency of 8.95 GHz, as illustrated
in Fig. 3 (F and G). This implies that a notable isolation effect can be
achieved around this frequency with the designed MOC metasurface.

Numerical simulation of the MOC metasurface

A MOC metasurface is formed by combining chiral elements and
magneto-optical elements arranged in a periodic pattern, as shown
in Fig. 2. Each supercell of the MOC metasurface consists of four
chiral elements and four magneto-optical elements. The simulated
transmittances of the MOC metasurfaces with varying numbers of
MOC units are provided in the Supplementary Materials (sec-
tion S3). The transmittance refers to the intensity ratio of the
transmitted and incident electric fields. The period of the MOC
metasurface along the x direction is eight times that of the afore-
mentioned chiral metasurface and magneto-optical metasurface.
The simulated transmittances of the MOC metasurface for x lin-
early polarized, y linearly polarized, RCP, and LCP incidences are
presented in Fig. 4 (A to D), respectively. The first and second su-
perscripts correspond to the transmitted and incident polarization
states, respectively. The superscripts “x,” “y,” “+,” “=” “R)” and “I”
denote the x, y, +45°, —45°, RCP, and LCP states, respectively. The
transmittances of the forward and backward propagations are
markedly different at the frequency of 8.9 GHz (Fig. 4, A and B).
The transmitted light is predominantly converted to the cross-
polarization under both x- and y-polarized incidences, which is
consistent with the analysis based on the interference of light
transmitting through the two different types of elements. The
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Fig. 3. Design of the MOC unit cells. (A) Schematic of the magneto-optical unit cell. The magnet and YIG disks have the same radius r = 2.3 mm. The heights of magnet
disk [coated with metal which can be regarded as perfect electric conductor (PEC)], YIG disk, and polytetrafluoroethylene and glass fibre (F4B) dielectric slab are h; =1 mm,
h, =3 mm and h; = 13 mm, respectively. (B) The magnetic field distribution within the magneto-optical unit cell at the frequency of 8.95 GHz shows a strong enhance-
ment in the YIG layers. (C) Schematic of the chiral unit cell. The geometric parameters of the chiral structure are wy = 3.1 mm, w; = 2.5 mm, and w3 = 0.4 mm. The chiral
structure has a thickness of 70 pm. The period of the MOC unit cells is p = 7.4 mm. The simulated amplitudes of the transmitted electric fields for the (D) magneto-optical
and (E) chiral metasurfaces with incidence of an x-polarized wave are shown. The simulated phases of the transmitted field with cross-polarization for the (F) magneto-optical

and (G) chiral metasurfaces are shown.

peaks of transmittance reach 87.4 and 87.3% for x- and y-polarized
incidences, respectively, with the maximum ratios between the
transmittances in opposite directions approaching 41.3 and 38.9.
The simulated electric field distributions for forward propagation
under the x-polarized incidence and for backward propagation
under y-polarized incidence at the frequency of 8.9 GHz are pre-
sented in Fig. 4 (C and D), respectively. The x-polarized light is
converted to the y-polarized light for forward propagation; the y-
polarized light is converted to the x-polarized light for backward
propagation. It is worth noting that the period of the designed
MOC metasurface is larger than the wavelength of the incident
light, and first-order diffractions exist. In the forward direction,
the transmitted wave remains nearly a plane wave, confirming that
nearly all the energy is directed into the zeroth order. In contrast,
the transmitted light primarily deflects to the positive and negative

Lietal., Sci. Adv. 10, eadm7458 (2024) 31 July 2024

first-order diffraction for the backward propagation, as indicated
by the interference pattern. The ideal transmission matrices of the
forward and backward incidences are given in the Supplementary
Materials (section S4).

The simulated transmittances of the MOC metasurface for the in-
cident polarization direction of +45° with respect to the x axis are
shown in Fig. 4 (E and F), respectively. The peaks of transmittance
reach 87.1 and 89.5% for +45° and —45° polarized incidences, respec-
tively. In addition, the transmittance ratios in opposite directions are
58.0 and 29.7 at the frequency of 8.9 GHz. Under illumination of cir-
cularly polarized waves, the MOC metasurface largely preserves the
handedness of transmitted wave. This is due to the fourfold rotational
symmetry of the individual constitutive elements despite the fact that
the rotation symmetry is broken at the supercell level. Consequently,
both RCP and LCP waves exhibit high co-polarization transmittance
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Fig. 4. Numerical results of the MOC metasurface. (A and B) Simulated transmittances of the MOC metasurface for x linearly and y linearly polarized incidences, respec-
tively. Field distributions of E, for the (C) forward under x-polarized incidence and (D) backward propagations under y-polarized incidence at the frequency of 8.9 GHz are
shown. (E to H) Simulated transmittances of the MOC metasurface for +45° linearly polarized, —45° linearly polarized, RCP, and LCP incidences, respectively.

for forward propagation at the frequency of 8.9 GHz, as shown in
Fig. 4 (G and H). The peaks of the simulated transmittance reach 82.5
and 92.7% for RCP and LCP incidences, respectively. The maximum
transmittance ratios for opposite propagations are 38.0 and 42.1 for
RCP and LCP incidences, respectively.

Observation of polarization-independent

nonreciprocal transmission

To validate the optical isolation performances, the proposed meta-
surface is fabricated and transmission measurements are conducted
using an R&S ZNA43 vector network analyzer (VNA). The top view

Lietal., Sci. Adv. 10, eadm7458 (2024) 31 July 2024

and front view of the MOC metasurface are depicted in Fig. 5 (A
and B), respectively. Two standard linearly polarized horn antennas
are positioned on both sides of the metasurface to transmit and re-
ceive signals. The measured transmittances of the MOC metasur-
face for x-polarized and y-polarized incidences are shown in Fig. 5
(Cand D), respectively. The measured transmission peaks are slight-
ly lower than the numerical results, but they still achieve a large
value of 82%, while the measured transmittance ratios between the
opposite propagation directions are 31.6 and 21.7 for the two types
of incidences at a frequency of 9.25 GHz. In the experiments, factors
such as the magnetic field of YIG materials, the gap between chiral
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and dielectric layers, finite metasurface sizes, material losses, and
measurement errors may contribute to discrepancies between ex-
perimental and simulated results. The measured amplitudes of the
transmitted electric fields for the MOC metasurfaces with an inci-
dent y-polarized wave are presented in the Supplementary Materials
(section S5). The calculated transmittances of the MOC metasurface
from the measured data of the two metasurface types are consistent
with the measured results of the MOC metasurface in Fig. 5D.

We further characterize the nonreciprocal unidirectional trans-
mission for other polarization states of the incident light. The
transmittance of the MOC metasurface is measured for +45°
and —45° polarized incidences, as illustrated in Fig. 5 (E and F).
The peak transmittances are observed to be 82 and 84.5% for the
two incidences, respectively. The maximum transmittance ratios
for the opposite propagations are found to be 36.8 and 21.3 for the
two types of incidences. The transmittance of the MOC metasur-
face for RCP and LCP incidences can be determined by combining
the measured results for x-polarized and y-polarized incidences,

1
E 00 2100 —

X 80 S 80

(0] [0

§ 60 § 60

T 40 T 40

2 2

g g

= 20 2 20

o

N
o
o

100

©
o
@
o

N
o
N
o

Transmittance (%) M
N [}
o o

Transmittance (%) T
(2]
o

N
o

o
o

G 100 H 100 —

R 80 £ sof O
g 60 % 60

% 40 % 40

2 20 2 20

o

f(GHz) f(GHz)

Fig. 5. Nonreciprocal transmission experiments of the MOC metasurface.
(A) Experimental setup for the measurement of transmission. (B) Front view of the
MOC metasurface. (C to F) Measured transmittances of x-polarized, y-polarized,
+45° polarized, and —45° polarized incidences, respectively. (G and H) Calculated
transmittances of RCP and LCP incidences.
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as depicted in Fig. 5 (G and H), respectively, with the method de-
scribed in the Supplementary Materials (section S6). The results
demonstrate a notable optical isolation performance that are con-
sistent with the simulated results (Fig. 4, G and H). The peak trans-
mittances reach 81.1 and 85.5% for the RCP and LCP incidences,
respectively, with the transmittance ratios reaching 20.3 and 37.8
at a frequency of 9.25 GHz. The discrepancy in circularly polarized
responses between simulation and experiment is mainly due to the
difference in the static magnetic field of YIG materials. While the
simulation assumes a uniform field, the actual field in the experi-
ment may vary and be nonuniform.

DISCUSSION

We have demonstrated polarization-independent nonreciprocal
transmission using a MOC metasurface. The nonreciprocal perfor-
mance arises from the combination of chiral and magneto-optical
elements, which display distinct cross-polarization conversion
characteristics by breaking mirror symmetry and time-reversal
symmetry, respectively. The incorporation of the magnets into the
metasurface design not only provides the local bias dc magnetic
field but also forms a magnetically resonant cavity that greatly en-
hances the interaction of the incident electromagnetic wave with the
gyromagnetic material. Considering the polarization-independent
nonreciprocal functionalities of the magneto-optical metasurface, it
can be applied to a nonreciprocal cylindrical metalens, as provided
in the Supplementary Materials (section S7). Benefiting from their
capability to achieve optical isolation in electromagnetic systems in
a compact platform, the MOC metasurfaces are expected to have a
broad range of applications such as unidirectional screens, illusion
cloaks, nonreciprocal wireless communication, and radar systems.

MATERIALS AND METHODS
Numerical simulations
The numerical simulation was conducted using the commercial
software COMSOL Multiphysics. The simulated transmission spec-
tra and electric field distributions were acquired by illuminating a
plane wave source with scanning frequencies. The plane wave source
with the propagation direction along the z axis is set in a port, and
the transmitted field is recorded in the opposite port. For the unit
cell simulations, the boundaries are set to be periodic along the x
and y axes. The scattering boundaries are used along the z axis.

The relative permeability tensor of YIG materials is given by

p, ik 0
= —; _ ®,,® _ ®,, (0, + iow) _
H K 0 fwherek = (w0+iam)2—w2’p1 =1+ (wy+iow)? — w2’ H2 =
0 0 p,

1, o, = y4nM;, 0o = YHp, o = 0.0088 is the damping coefficient, o is
the operation frequency, y = 2.8 MHz/Oe is the gyromagnetic ratio,
4nM, = 1780 Oe is the saturation magnetization, and Hy = 1600 Oe
is the static magnetic field along the z direction.

Experimental validation

The proposed dielectric slabs and chiral metasurface are fabricated
using the printed circuit board technique on an RT 5880 sub-
strate. The MOC metasurface consists of eight periods in the x
direction and six periods in the y direction. The period of the
MOC metasurface is combined by four magneto-optical elements
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and chiral elements staggered periodically. YIG disks and magnet
disks are inserted at the holes of the dielectric slabs interchange-
ably. The metasurfaces are surrounded by absorbers to avoid un-
wanted scattering. The transmission coeflicients are measured by
a R&S ZNA43 VNA. The two linearly polarized horn antennas are
connected to port 1 and port 2 of the VNA for the measurement
of the transmission coefficients. Without any postprocessing, the
measured transmission amplitude and phase are recorded to dem-
onstrate the experimental results.

Supplementary Materials
This PDF file includes:
Supplementary Text

Table S1

Figs.S1to S5
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