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Abstract The dynamic control of the metasurface opens
up a vital technological approach for the development of
multifunctional integrated optical devices. The magnetic
field manipulation has the advantages of sub-nanosecond
ultra-fast response, non-contact, and continuous adjust-
ment. Thus, the magnetically controllable metasurface has
attracted significant attention in recent years. This study
introduces the basic principles of the Faraday and Kerr
effect of magneto-optical (MO) materials. It classifies the
typical MO materials according to their properties. It also
summarizes the physical mechanism of different MO
metasurfaces that combine the MO effect with plasmonic
or dielectric resonance. Besides, their applications in the
nonreciprocal device and MO sensing are demonstrated.
The future perspectives and challenges of the research on
MO metasurfaces are discussed.

Keywords magneto-optical (MO) effect, MO metasur-
faces, magnetoplasmonic, nonreciprocal device, MO sen-
sing

1 Introduction

Metasurface is a two-dimensional (2D) subwavelength
artificial micro-nano structure that can realize flexible
control of electromagnetic wave’s amplitude, phase,
polarization, propagation, and other characteristics [1-6].
However, most metasurfaces can only achieve specific
functions due to the limitation of fixed structure. By
integrating functional materials with variable properties
induced by external excitation, tunable metasurface can be
achieved. Currently, the methods of realizing active
metasurface mainly include mechanical [7], thermal [8—
10], electrical [11], optical [12], and magnetic [13] control,
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and so on. Among them, magnetic field manipulation
becomes a very promising way due to its advantages of
sub-nanosecond ultra-fast response, non-contact, and
continuous adjustment. Magneto-optical (MO) material is
a kind of functional material, whose non-diagonal element
of the permittivity tensor change from zero to a variable
once an external magnetic field is applied. It is the origin
that the MO effect occurs. Therefore, light field manipula-
tion by magnetic control can be achieved by introducing
MO materials into the metasurface.

The MO effects mainly refer to Faraday, Kerr, Zeeman,
and magneto-birefringence. Among them, Faraday and
Kerr effects are widely combined with metasurfaces. The
MO phenomenon stems from different propagation rates
and absorption of left-handed and right-handed circularly
polarized light passing through magnetic materials. While
a linearly polarized light is incident on a magnetized MO
medium, the orthogonal circularly polarized light can
produce a phase and amplitude difference, leading the
transmitted (Faraday effect) or reflected light (Kerr effect)
to become elliptically polarized and the rotation of
polarization. It is worth noting that Faraday effect has a
unique property of breaking the time-reversal symmetry
and Lorentz reciprocity, making it applicable to various
nonreciprocal devices, such as isolators and circulators.
MO metasurfaces based on Faraday and Kerr effects have
been widely used in various fields, such as chiral sensing
[14], biochemical sensing [15], magnetic field sensing
[16], MO storage [17], and MO switch [18]. However, it is
challenging to make the nanoscale metasurface achieve a
strong response due to the weak effect of the MO material.
To overcome this problem, researchers have attempted to
combine the magnetoplasmonic or dielectric resonance
with nanostructures.

In this review, we summarize the physical mechanism,
structural design, and application of the MO metasurfaces.
We describe the propagation of light waves in MO
materials and the theoretical principle of Faraday and
Kerr effects in the first part. Then, we introduce the typical
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MO materials and classify them by material properties. We
classify the MO nanostructures according to the material
composition, such as ferromagnetic metal (FM), noble
metal (NM)-FM, ferromagnetic dielectric-NM, FM-dielec-
tric, and all-dielectric material. Besides, we discuss the
corresponding working principles of realizing the magne-
tically controlled optical field. Finally, we present an
outlook on some promising areas of MO metasurfaces.

2 Fundamentals of magneto-optical effect
2.1 Light propagation in magneto-optical materials

The physical origin of MO effect in magnetized medium is
caused by the change of the off-diagonal element of its
dielectric tensor. In this section, we discuss the evolution of
an electromagnetic wave inside the medium starting from
the Maxwell equations and constitutive relations.

In the case of no sources, the Maxwell equations and
constitutive relation can be expressed as
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where E is the electric field, D is the electric displacement

vector, E is the magnetic induction, ﬁ is the magnetic field,
&o and p1y denote the vacuum permittivity and permeability,
respectively, € and [ denote the relative permittivity and
permeability of the medium, respectively. At optical
frequency, it is assumed that p = 1. Assuming that the
incident light is a plane wave, the Helmholtz equation is
derived as
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where d;; is the identity matrix (for i = j, J; = 1; for i##],
d; = 0), k is the wave vector, w is the angular frequency,
and c is the speed of light in the vacuum. When Eq. (7)
satisfies

2 o’
det|k (5,]-—6—28,~j| =0, ®)
where ¢; is the component of the relative permittivity
tensor &, there exists a nontrivial solution. Assuming that
the external magnetic field is along the z-axis, the dielectric
tensor can be expressed as
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where g is the gyration coefficient, which is related to the
applied magnetic field. Using the refractive index

c .
n = —|k|, we obtain the wave vectors as follows
w
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Substituting Eq. (10) into Eq. (7), then the electric field
can be expressed as
- Ey; (LT
Ey =l ollie, 40,64, (11)
Thus, the eigenmodes of the orthogonal circularly

polarized electromagnetic waves can be obtained with
different phase velocities c. = ¢/n..

2.2 Faraday effect

The Faraday effect refers to the optical phenomenon of
polarization rotation for the transmitted light. Specifically,
when a linearly polarized light is incident into a MO
medium perpendicularly and the applied magnetic field is
parallel to the light propagation, the transmitted light is
transformed into the elliptically polarized after passing
through the medium, and the polarization plane rotates at a
certain angle, as shown in Fig. 1.

Assuming that the x-polarized incident light propagates
along the z-axis, which is parallel to the external magnetic
field, the incident electric field can be expressed as a linear
combination of two eigenmodes

Faraday rotation
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Fig. 1 Schematic of the Faraday effect
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According to the Fresnel equation, the transmission
coefficient at the interface of the two media n; and n, is
given as
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Then, the transmitted electric field is given by
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When the light wave propagates a distance d in the
medium, we obtain the phase difference of the orthogonal
circularly polarized light and the corresponding electric
field as follows
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It can be seen that the linearly polarized light is
transformed into the elliptically polarized due to the
produced phase difference after passing through the
medium. The polarization plane is rotated by a certain
angle. The Faraday rotation angle and the ellipticity can be
expressed as
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In general, the Faraday rotation can be expressed as
0 = VBd, (19)

where V' is the Verdet constant of the MO material. It is
determined by the dielectric properties and the wavelength
of the incident light. And it characterizes the MO
properties of the material. If the material is ferromagnetic

or ferrimagnetic, the relationship between B and 6 is not
linear while the magnetic saturation occurs. In this case,
the rotation angle per unit length of the material at
saturation magnetization is used to characterize the
strength of the Faraday effect. In addition, from Egs.
(17) and (18), the Faraday rotation and ellipticity are
respectively related to the real and imaginary part of the
gyration coefficient g.

Importantly, the unique property of the Faraday effect is
that it can break the time-reversal symmetry and Lorentz
reciprocity. Thus, the polarization rotation is not deter-
mined by the propagation of the light wave but by the
direction of the external magnetic field. This property can
be applied to nonreciprocal devices, such as MO isolator or
circulator.

2.3 Kerr effect

The MO Kerr effect (MOKE) refers to the phenomenon
that the polarization and intensity of the reflected light
change after a linearly polarized light is incident on the
surface of the magnetized medium. The MOKE can be
observed in both transparent and opaque materials since it
mainly depends on the reflective properties of the medium.
The polarization rotation mainly depends on the off-
diagonal element of the dielectric tensor. Based on the
relative relationship between the magnetization, the
incident plane, and the material surface, the MOKE is
classified into three types: polar, longitudinal, and
transversal MOKE, as shown in Fig. 2.

When the sample is placed in a magnetic field, the
electrons in the magnetized medium oscillate under the
action of light waves and move vertically to the magnetic
field due to the Lorentz force. It makes the p-polarization
(TM wave) and s-polarization (TE wave) interconvert. For
PMOKE (the magnetization is perpendicular to the
material surface and parallel to the incident plane) and
LMOKE (the magnetization is parallel to the material
surface and the incident plane), the reflected light becomes
elliptically polarized. While for TMOKE (the magnetiza-
tion is parallel to the material surface and perpendicular to
the incident plane), the polarization of the reflected light
has not changed, but its intensity has.

transversal
(TMOKE)
|

polar
(PMOKE)
|

longitudinal
(LMOKE)
|

| |
| |
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Fig. 2 Schematic of MOKE
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The polarization rotation and ellipticity of the PMOKE
are given as follows, respectively.
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The polarization rotation and ellipticity of the LMOKE
are given as follows, respectively.
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The reflectivity change of the TMOKE is
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where n = n,/n is the ratio of complex refractive index of
the MO and reflective medium, @ is the incident angle, and
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3 Typical magneto-optical materials

MO material refers to the functional material with MO
effect, distinguished by the material attribute and applic-
able condition, such as metal/non-metallic, transparent/
opaque, and its applicable wavelength and temperature
range. Meanwhile, there are a variety of material forms,
such as MO film, magnetic photonic crystal, MO glass, and
magnetic liquid. The following presents the unique
properties of the different types of materials.

FMs or alloy materials, such as Fe, Co, Ni, and NiFe,
possess high MO coefficients at room temperature, i.e., the
Faraday rotation angle per unit length. However, this
cannot completely characterize the MO properties of the
material in a transmitted system. The absorption must be
considered. Since metals have high optical loss, the
Faraday rotation normalized to attenuation is greatly
reduced. Thus, they are more suitable for the reflective
system. This type of MO material is usually processed by
magnetron sputtering.

Non-metallic materials include three categories: garnet
ferrite and its doped variants [19], high-conductivity
semiconductor [20], and rare-earth compounds. Among
them, garnet ferrite and its dopants are widely used in the
visible and near-infrared since they have a relatively low
optical loss at room temperature. The yttrium iron garnet
(YIG) is transparent and exhibits a higher normalized

Faraday rotation in the near-infrared but a lower absolute
Faraday rotation. Therefore, if it is applied to a
transmissive device, such as an isolator, a large size is
required. Besides, its doped variants, such as Bi:YIG or
Ce:YIG, are used to improve the MO response since the
iron garnet has a relatively low Verdet constant. However,
this type of material is more difficult to process, generally
using the methods of radio frequency magnetron sputter-
ing, liquid phase epitaxy (LPE), or pulsed laser deposition
(PLD). Thus, it is necessary to explore a suitable process
condition to achieve the thin-film deposition. It should be
noted that the deposition rate is relatively slow, which
takes several hours to obtain the microscale. A high-
temperature annealing process is required to make it
crystalline after the deposition. High-conductivity semi-
conductors include graphene, InSb, InAs, etc. Their carrier
polarizations can be tuned by the external magnetic field,
leading to the change of dielectric properties and MO
phenomenon. They are generally processed by epitaxial
growth and applied in the terahertz regime.

Rare-earth compounds include the Europium com-
pounds [21], chromium compounds [22], or others, such
as EuS, EuTe, EuO, Crl;, CrBr;, CrClz, and MnBi. They
exhibit high transmittance and strong MO response at low
temperature (below its Curie temperature, approximately
several kelvins). Thus, they are more suitable for the
transmitted system. Besides, their fabrication processes are
relatively simple, generally using physical vapor deposi-
tion and are compatible with standard electron beam
lithography. Hence, they are easier to be integrated with
plasmonic nanostructures.

To summarize, typical MO materials can be classified
according to the material type, processing technology, and
application condition, as shown in Fig. 3. As for the
fabrication process of the MO metasurfaces, it is generally
performed by thin-film deposition combined with graphic
process. Thin-film deposition processes include magnetron
sputtering, thermal evaporation, atomic layer deposition,
LPE, PLD, and so on. They are used to deposit the metal or
dielectric thin films of the MO metasurfaces. Besides,
electron beam lithography, ion beam etching, self-
assembly, and other processes are used to pattern
the nanostructure.

4 Magnetoplasmonic and magneto-optical
metasurfaces

To enhance the response of MO material, a variety of
strategies are proposed. One approach is to construct a
Fabry-Perot cavity. By this way, the light energy is
localized in the MO film layer due to its multiple
reflections between the two interfaces of the cavity,
which can enhance the MO effect. Another approach is
to use localized surface plasmon (LSP), surface plasmon
polariton (SPP), Mie resonance, or a combination of
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Fig. 3 Classification diagram of typical MO materials

multiple modes, such as Fano resonance and plasmon-
waveguide mode coupling to generate a strong interaction
between the light and MO medium to improve the MO
performance. In the following, the existing magnetoplas-
monic or MO nanostructures are classified according to the
material composition, and the physical mechanism is also
analyzed.

The magnetoplasmonic system based on FMs has
attracted a lot of attentions since FMs have relatively
large MO coefficient and strong plasmon resonance. In
theory, Hui and Stroud predicted that the Faraday rotation
enhancement occurred near the surface plasmon frequency
of the metal particles [23]. This phenomenon results from
the local electric field enhancement inside or on the surface
of the nanoparticles. Then, researchers experimentally
investigated the influence of local plasmon resonance on
the MO response in the hexagonal Ni nanowire array
embedded in the alumina template. Although the ratio of
Ni nanowires only accounts for 15% of the bulk material, a
polar Kerr angle of 0.15° equivalent to the bulk material
was produced at 3.1 eV, as shown in Fig. 4(a) [24].
Moreover, the phase tunability of optical polarizability was
realized by changing the size of the Ni nanodisk, which can
produce the LSP and MO rotation simultaneously. The
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results showed that when the incident wavelength was 405
and 670 nm, and the diameter of the Ni nanodisk was
95 nm, the sign flip of LMOKE occurred, as shown in
Fig. 4(b) [25]. The physical mechanism is that the
resonance of the electrons in the nanodisk is in or out of
phase with the exciting electric field when the resonant
frequency is lower or higher than the LSP. Thus, the MO
response derived from the action of Lorentz force will have
a sign flip.

However, since FMs have high optical loss, their local
resonance peaks are very wide, limiting the practical
applications. Thus, researchers proposed some schemes.
For example, Maccaferri et al. used the anisotropic Ni
nanoantenna-based magnetoplasmonic crystal to effec-
tively reduce the resonance peak width and achieve
enhanced and tunable MO activity, as shown in Fig. 5(a)
[26]. The coherent diffractive far-field coupling of the
elliptical Ni nanoantenna derived from different plasma
responses of the orthogonal axis to the incident field and
the spin-orbit coupling caused by the external magnetic
field. Besides, Chen et al. used the 2D Ni nanopillar array,
which can simultaneously generate the LSP and SPP to
realize narrow-band Fano resonance by proper structural
design, as shown in Fig. 5(b) [27]. The tunable Fano
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;: 0.7 ://\
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Fig. 4 (a) Kerr rotation of nickel nanowire array [24]. (b) Kerr sign reversal of nickel nanodisk [25]
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Fig. 5 (a) Enhanced and tunable MO activity of the anisotropic magnetoplasmonic crystal [26]. (b) Tunable Fano resonance and MO

response in Ni nanopillars array [27]

resonance and MO response were realized by changing the
azimuth of the incident p-polarized light. Additionally,
similar 1D or 2D magnetoplasmonic metasurfaces, such as
nanowires [28,29], nanoholes [30,31], or nanopillars
[32,33], were also reported, and the manipulation of the
transmitted or reflected polarization by the external
magnetic field was studied.

Although FMs have higher MO coefficients in the visible
and near-infrared, they also have higher optical loss.
Whereas, NMs have lower optical loss and can be an
alternative platform to support surface plasmon resonance
(SPR). Thus, the better MO performance can be obtained
based on the magnetoplasmonic system by combining the
FM with NM. Li et al. studied the Faraday effect of
dumbbell-like Ag-CoFe,04 nanoparticle colloidal solution.
They obtained that Ag-CoFe,0,4 nanoparticle dimer had a
higher Faraday rotation than CoFe,O, monomer at a
specific incident wavelength due to the effect of local
plasmon resonance of Ag particles [34]. Subsequently, in
the Au/Co/Au nanodisk sandwich structure [35], Ag-Fe
alloy [36], and Ag-Co shell-like [37] nanostructures, the
MO enhancement induced by the surface plasmon reso-
nance was also observed. Therein, Wang et al. theoretically
and experimentally proved the relationship between light
absorption and MO effect in Ag-Co nanoparticles [37].
They also analyzed the interaction mechanism between

z
\<y
X

incident light E

magnetic field
B = Bsin(wt)x

@

dielectric
overlayer

plasmon resonance and MO activity in NM-FM. Mean-
while, Du et al. studied the effect of MO properties in the
Au/CoPt/Au nanodisk by changing the geometric para-
meters [38]. In addition, it is worth mentioning that not only
can the plasmon resonance of the metal be used to enhance
the MO effect of the FMs in the magnetoplasmonic system
[39-43], but the plasmon wave vector can also be
modulated by the magnetic field [44-48]. Martin-Becerra
et al. [49] demonstrated the manipulation of the real and
imaginary parts of the surface plasmon resonance wave
vector by the magnetic field in the Au/Co/Au sandwich
structure covered with a dielectric layer polymethyl
methacrylate (PMMA), as shown in Fig. 6.

Actually, the magnetoplasmonic system composed of
NM-FM is not the only way to enhance the MO properties
of the nanostructures. Researchers have demonstrated that
the dielectric resonance can also enhance the MO response
in FM-dielectric systems [50]. Barsukova et al. [51,52]
found that the Faraday rotation reached 0.8° based on the
MO metasurface composed of 5 nm thick Ni film deposited
on the top layer of the amorphous Si nanopillars, which
was five times stronger than the MO response of the pure
Ni film. This phenomenon results from the local Mie
resonance within the amorphous Si nanopillars, which
supports electric and magnetic multipolar resonance
modes, and the enhanced electric field interacts with the
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Fig. 6 (a) Sketch of the magnetoplasmonic structure of PMMA/Au/Co/Au. (b) SPR wave vector modulated by the magnetic field [49]
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FM Ni to achieve enhancements of the MO response, as
shown in Fig. 7(a). Moreover, Maccaferri et al. [53]
realized the rotation increment of the LMOKE geometry
composed of NiFe/Si magnetoplasmonic crystals that the
cylindrical NiFe nanoholes were arranged on the Si
substrate. The system showed the magneto-optically
mediated coupling of SPP modes, and great enhancement
of the MO response was induced when special noncol-
linear SPP modes were resonantly excited, as shown in
Fig. 7(b).

Furthermore, considering the high optical loss of FM,
which affects the modulation efficiency, researchers
focused their attention on the low loss material system of
ferromagnetic dielectric and NM. Belotelov’s research
group conducted many studies on the Kerr or Faraday
effect of the metal-garnet or its doped variants from theory
to experiment [54—57]. They studied the MO effect of the
Au nanohole array/Bi:YIG film using the rigorous
coupled-wave analysis, and found the enhanced Faraday
and Kerr rotation near the resonance peak of the enhanced
transmittance at the same time [58], as shown in Fig. 8(a).
Compared with Bi:YIG thin film with the same thickness,
the MO effect was increased by nine times. The physical
mechanism was derived from the plasmon resonance of the
metal/dielectric surface. It simultaneously satisfied the
enhanced Faraday rotation and transmittance via the
elaborate design of the structural parameters. In addition,
they also studied the Faraday enhancement of the Au
grating/BIG film, and the results showed that the coupling
of the SPP mode excited by the grating and the waveguide
mode in the magnetic dielectric would lead to the
extraordinary optical transmission and enhancement of
the MO activity [59,60]. The maximum rotation angle can
be obtained by changing the magnetized SPP phase
velocity, and the tunable resonance wavelength can be
obtained by changing the grating period, as shown in
Fig. 8(b).

Besides, the MO effect enhancement of 1D grating [61—
64], and 2D nanoarray of different shapes [65,66] in
similar physical mechanisms was also reported. In addition
to the above mentioned metal/dielectric double-layer
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wavelength/nm
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structure, the metal/dielectric/metal structure, such as Ag/
Bi:YIG/Ag, could also realize the MO effect enhancement,
and an asymmetric Fano resonance was found in the
reflection spectrum of TMOKE signal [67]. The phenom-
enon was derived from the coupling of localized and
propagating plasmon resonance modes to form the Fano
resonance, leading to the enhancement of MO effect.

Compared with the above-mentioned MO nanostruc-
tures, all-dielectric MO metasurfaces [68—71] have the
advantages of low optical loss, high Q value, and
compatibility with CMOS technology, which have impor-
tant research significance. In 2018, Christofi et al. [72]
reported that an all-dielectric MO metasurface composed
of BIG nanodisk array embedded in a low-refractive-index
SiO, could achieve a giant enhancement of Faraday
rotation. The MO enhancement was derived from the
constructive interference of magnetic and electric dipole
resonance, corresponding to the overlap of two resonance
peaks of the transmission spectrum. It is called as the
electromagnetically induced transparency, as shown in
Fig. 9. Ignatyeva et al. [73] observed the intensity
modulation of transparent all-dielectric MO metasurfaces
composed of 2D nanopillar array on an ultrathin iron-
garnet slab in a dual-polarization regime, which was very
promising for sensing, vector magnetometer, and light
modulation applications.

5 Application of magneto-optical
metasurfaces

5.1 Nonreciprocal device

Nonreciprocal optical devices have important applications
in the optical communication. At present, commercial
optical isolators are usually based on Faraday effect.
However, the fabrications are still challenging, and
material costs are relatively high. Thus, it is urgent to
realize integrated, compact, and low-cost nonreciprocal
optical devices. To achieve the asymmetric transmission of
nonreciprocal optical devices, it is necessary to break the
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Fig. 7 (a) Enhanced MO response of the Ni-Si MO metasurface [51]. (b) Enhanced LMOKE of the anisotropic NiFe/Si

magnetoplasmonic crystals [53]
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Lorentz reciprocity. There are currently three technical
approaches, that is using the nonlinear effect [74-76],
dynamic spatial-temporal modulation (electrical or
mechanical control) [77-79], and MO effect [80-83].
Although the first two methods have been reported, there
are still some problems in device performance or
integration process. For example, the bandwidth of
nonlinear effect is generally narrow, and it requires strong
laser energy. And dynamic spatial-temporal modulation
requires complex external control circuits. However, the
integrated nonreciprocal optical devices based on the MO
effect have the advantages of passivity, broadband, and no
need for an external circuit, which are very promising for
applications.

The most primitive nonreciprocal device isolator was
designed based on the Faraday effect. It was a separate
block device, which consisted of a bulk MO material and
two polarizers. The processing technology was particularly
difficult, since the MO material, such as YIG, required to
be hundreds of micrometers thick to achieve high-
performance. Then, the first integrated MO nonreciprocal
isolator device was performed by designing YIG or its
dopant as a ridge waveguide. However, the light energy
could not be completely converted between the two modes
due to the phase mismatch of TM and TE orthogonal
modes [84]. To overcome this problem, researchers
proposed a variety of solutions, such as applying a periodic
magnetic field or placing orthogonal MO materials.
However, they all required extremely high phase matching
accuracy, making the integration process be difficult. An
integrated device based on the nonreciprocal phase shifting
(NRPS) effect was proposed to break these limits. It
involved that the forward and backward propagation
constants of the TM mode were different when a magnetic
field perpendicular to the light propagation was applied to
the MO waveguide. Based on this principle, Auracher and
Witte [85] proposed an interferometric MO isolator
composed of two 3-dB couplers at the input and output
of the device, which divided the input energy into two
beams and modulated to a different phase. However, the
NRPS effect of the MO waveguide was weak, and the
device size required to be large enough.

Later, the tendency of MO devices need not only to be
integrated, miniaturized, and low loss, but also be
compatible with CMOS fabrication technique, to reduce
device cost and improve device stability. Therefore, how to
combine the MO material with semiconductor substrate
became a new challenge. Shoji et al. [86] established a
Mach-Zehnder interferometer (MZI) MO isolator by
combining the MO material on the garnet with the III-V
semiconductor substrate via wafer bonding. Additionally,
Zhuromskyy et al. [87] proposed a silicon-based integrated
isolation device scheme based on multimode interference
(MMI), utilizing the characteristics of different NRPSs
between modes in a multimode waveguide to achieve the

MO
waveguide

reciprocal
phase shifter

Fig. 10 Schematic of monolithically integrated MO isolator [89]

asymmetry forward and backward transmission. Besides,
Kono et al. [88] proposed an MO isolator based on the
micro-ring resonator, which would produce different
resonant wavelengths as the beam was propagating
forward and backward if a radial magnetic field was
applied to the micro-ring waveguide. Successively, many
similar systems have been studied. Among these, the most
prominent work was the one by Zhang et al. [89]. They
experimentally demonstrated a monolithically integrated
isolator with 19.5 dB isolation ratio at 1550 nm, as shown
in Fig. 10. The working principle of this system was that
the resonance frequency of the silicon ring resonator acting
as notch filter depends on the light circulation direction.

5.2 Sensing

In addition to nonreciprocal devices, sensing is another
important application for MO metasurfaces, such as
biochemical sensing, gas sensing, and chiral sensing.
SPR is valuable in ultrasensitive biochemical detection due
to its local field enhancement. Therefore, many MO
metasurfaces combining SPR signal amplification have
been proposed recently for biochemical and gas sensing
[90-92]. The physical mechanism is that the enhanced
local field caused by the SPR can increase the electro-
magnetic field inside the adjacent MO layer. Importantly,
TMOKE has the unique advantages of narrow peak width
and high sensitivity to the surroundings. Thus, utilizing it
to achieve SPR biochemical sensors can make the figure of
merit (FOM) be greatly improved and the detection limit
be reduced by three orders of magnitude.

However, SPR is generally required to be excited by
prism coupling, which hinders the miniaturization of
biochemical sensor devices. Thus, researchers proposed
1D or 2D grating coupling to achieve SPR excitation. For
example, Diaz-Valencia et al. [93] proposed a simple
structure that covered a 1D metal grating on the MO layer,
as shown in Fig. 11(a). The high-sensitivity refractive
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index sensing reaching 190 RIU' was realized based on
the enhanced TMOKE. Moreover, Caballero et al. [94]
proposed a novel MO surface plasmon resonance
(MOSPR) sensor composed of Au/Co/Au magnetoplas-
monic crystal with a 2D Au nanohole array on the top
layer; it also realized enhanced sensing performance based
on the measurement of TMOKE signal, as shown in Fig.
11(b). Compared with other SPR sensors, its FOM was
improved by two orders of magnitude. Meanwhile, the
sensing strategy using the nanohole structure has the
advantages of miniaturization and facilitating combination
with microfluidics to realize real-time biomolecule detec-
tion. Additionally, similar sandwich structures, such as Au/
Fe/Au [95] and Ag/Co/Ag [96], have been widely applied
to obtain excellent sensing performance by optimizing the
film thickness of each layer. However, its main disadvan-
tage is the need for highly precise nanoscale geometric
fabrication. Thus, researchers proposed a simple multilayer
plasma system to achieve the giant enhancement of
TMOKE by using the epsilon-near-zero (ENZ) artificial
metamaterial to exhibit new physical properties within a
specific frequency range [97]. The system consisted of an
indium tin oxide (ITO) ENZ thin film growing on a MO
layer and a metal substrate. The SPR excitation can be
achieved by matching the wave vector of ENZ mode
generated by incident p-polarized light.

Additionally, large amounts of applications of MOSPR
in biochemical sensors have emerged. For example, Rella
and Manera [98] proposed a novel Au/Co/Au magneto-
plasmonic nanostructure to achieve highly sensitive
molecular detection. Zhang et al. [99] constructed a
magnetoplasmonic nano detector based on FePt-Au
nanorod, which applied magnetic field manipulation to
perform optical imaging, drug delivery, real-time diag-
nosis, and treatment of single-molecule. Maccaferri et al.
[100] utilized Ni nanodisks to implement a novel sensing
application, which can achieve molecular-level detection
of the polyamide by measuring the ellipticity change of
transmitted and reflected light, as shown in Fig. 12.
Pourjamal et al. [101] proved that the hybrid Ni/SiO,/Au
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Fig. 12 MOSPR sensor based on Ni nanodisk [100]

dimer array had a higher sensitivity than the randomly
distributed pure Ni nanodisks. In brief, sensors based on
MOSPR have important applications in biochemical
sensing, single-molecule sensing, and other fields. The
main challenge currently exists is the relatively large
optical loss of MO material, which limits the further
improvement of the sensing performance. Therefore, it is
necessary to propose some effective solutions, such as
applying low loss material as the MO medium or
introducing resonance response in the design of nanos-
tructure.

Furthermore, MO metasurfaces can also be applied for
chiral sensing. Eslami et al. [102] discovered the magneto-
chiral dichroism in the Ni nanohelices. Subsequently,
Armelles et al. [103] studied the magnetic field effect on
the chiral response of 2D arrays of Au/Co multi-layered
gammadions. It was found that the magnetoplasmonic
structure had a larger chiro-optical response and magnetic
field modulation at the resonant wavelength of 850 nm.
Also, Zubritskaya et al. [104] used the Au-Au-Ni trimer
nanoantennas to realize the magnetic control of the chiral
response, and the magnetic field-induced modulation of the
far-field chiroptical response exceeds 100% in the visible
and near-infrared spectral ranges, as shown in Fig. 13(a).
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Besides, Qin et al. [105] adopted glancing incident
condition to realize the giant and continuous far-field
circular dichroism modulation from —0.6£0.2° to
+1.940.1° by applying magnetic field to the achiral MO
metasurfaces, as shown in Fig. 13(b). In a word, the chiral
sensing of MO metasurfaces has important application
value in the field of biomolecule detection.

6 Conclusions and future perspectives

In summary, magnetic field control provides an effective
way to achieve tunable metasurfaces. So far, it faces the
challenge of the weak coupling between the magnetic field
and electromagnetic radiation, and the high loss of the MO
materials. To overcome these challenges, researchers take
many strategies that promise to open up a new path for
future technologies, such as on-chip nanophotonics,
ultrasensitive detection, all-optical technologies, and
optical communications. Additionally, it should be noted
that magnetophotonics may play a prominent role in the
next generation of computer memory [106], as the hard
drive industry faces a major challenge driven by the
growing demand for data storage, that is, how to increase
storage density further. Another important application of
MO metasurfaces is using magnetic field manipulation to
make nanoparticles play a role in medical diagnosis and
drug delivery [107,108]. It was proved that the Au-Fe
magnetic plasmonic nanoparticles have high sensitivity
and resolution in magnetic resonance imaging (MRI), X-
ray tomography (CT), and surface-enhanced Raman

scattering (SERS) [109]. Moreover, it was reported that
MO metasurfaces can function as magnetically tunable
filters [110] and lenses [111]. The tunable filters were
comprised of a single or cascaded H-shaped subwave-
length resonant element made of magnetically controllable
InAs in the terahertz regime. And the original concept of a
tunable optical magnetic lens was put forward that focused
photon beams using a graphene thin layer MO material in a
non-uniform magnetic field. Importantly, MO metasur-
faces are expected to have special phase profiles by
elaborately structural design and be applied to some
functional meta-devices in the future, such as beam
steering or holograms. In short, it is necessary for
magnetophotonic devices to put into practical that the
magnetic spin manipulation of plasmons-assisted and the
use of weak magnetic fields to achieve the interaction
between light and nanoscale matter.
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