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Abstract: In a reciprocal medium, transmission of electro-

magnetic (EM) waves is symmetric along opposite direc-

tions which restrict design and implementation of various

systems in optics and photonics. Asymmetric transmission

(AT) is essential for designing isolators and circulators in

optics and photonics, and it benefits other applications such

as photovoltaic systems, lasers, cloaking, and EM shielding.

While bulky nonreciprocal devices based on magnetic field

biases have beenwell known, creating AT in subwavelength

structures is more challenging, and structures with a sub-

wavelength thickness that show AT have drawn a lot of

attention over the last decade. Various approaches have

been reported to create metasurfaces featuring nonrecip-

rocal transmission, such as plasmonic and dielectric meta-

surfaces that enhance Faraday rotation, nonlinear meta-

surfaces with intensity-dependent refractive indices, and

implementing spatiotemporalmodulation in ametasurface.

On the other hand, AT has also been reported in reciprocal

structures by creating multiple paths for the transmission

of EM waves by changing the polarization of light or redi-

recting light to higher-order diffraction orders. Here, we

present a review of various approaches implemented for

realizing AT in subwavelength structures in both recipro-

cal and nonreciprocal systems. We also discuss the main

design principles and limitations of AT achieved in various

approaches.

Keywords: asymmetric transmission; magneto-optic; meta-

grating; metamaterials and metasurfaces; nonreciprocal

transmission; reciprocal transmission.

1 Introduction

Developments in nanofabrication technologies in the last

two decades have revolutionized the field of optics and
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photonics by enabling the realization of nanostructures.

Arrangements of subwavelength nanostructures with arbi-

trary geometries, also known as metamaterials and meta-

surfaces [1–3], provide new possibilities for controlling

light not feasible in conventional optics. Manipulating

light–matter interaction on the subwavelength level can be

used to control spatial and temporal distribution of elec-

tromagnetic (EM) waves and can lead to designing compact

devices that change the direction of propagation, polariza-

tion, phase, frequency and intensity of EM waves. Meta-

surfaces can be used in free-space optical systems, such as

Lidar and Lifi systems, 3D holograms, and compact imaging

systems [4–6]. Furthermore,metasurfaces canbe integrated

with on-chip photonic waveguides and optical fibers, which

benefit optical communication systems and on-chip pho-

tonic computing [7–9]. Engineered subwavelength struc-

tures can also create strong resonances that significantly

increase the intensity of light and enhance the light–matter

interactions, which benefit various applications related to

sensing, nonlinear optics, laser applications, and quantum

optics.

One important class of structures developed for con-

trolling EM waves are those providing asymmetric trans-

mission (AT). A device that supports AT has different

responses for excitation from different directions such that

it allows transmission of the EMwaves to desired angles for

excitation from one side, but it has a negligible transmission

to the same angles for excitation from the other side. AT

is important for creating isolation among different compo-

nents in optical and microwave communication systems, it

is useful for decoupling different paths of light in quantum

optics applications, and it benefits applications where EM

shielding and cloaking are required [10–13]. Besides, it can

enhance the efficiency in solar cell systems by trapping light

and enhancing the absorption for solar cells.

AT has long been studied in photonic circuits and

microwave waveguides for designing isolators and cir-

culators. Since the advent of metasurfaces, AT of free-

space waves has attracted a lot of attention, and various

approaches are suggested for realizing AT in thin structures.

Generally, AT of free-space waves from a planar optically

thin structure is more challenging due to the limited inter-

action range of EM waves with matter.
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AT has been used for both reciprocal and nonrecipro-

cal structures in the literature. However, reciprocal AT and

nonreciprocal transmission are quite different with distinct

advantages and limitations. Here, we review AT in recipro-

cal and nonreciprocal structures to clarify the differences

between these two and identify the applications for each

scenario.

Reciprocity stems from the time-reversal symmetry of

Maxwell equations meaning that if one considers the prop-

agation and scattering of EM waves as a movie, then play-

ing that movie backward also is a valid solution for wave

equations [12, 14, 15]. In any EM scattering problem, reci-

procity implies that if an arbitrary incident field Ei creates

a scattered field Es, then considering Es as an incident wave

must result in Ei as the scattered field.

Nonreciprocal transmission requires breaking the

time-reversal symmetry. Traditionally, materials showing

considerable magneto-optic effect such as yttrium iron gar-

net (or cerium- or bismuth-substituted yttrium iron garnet)

have been used to achieve AT based on Faraday rotation

[10, 11, 16–21]. Although isolators and circulators based on

magnetic materials are available as discrete optical com-

ponents, integrating such components with photonic cir-

cuits and designing compact isolators for free space waves

has been more challenging [10]. Faraday rotation in EM

fields depends on the strength of the magnetic field bias

and the distance along which the wave interacts with the

magnetic field. Thus, for free space planar structures where

the interaction between matter and EM fields occurs over

short distances, one cannot achieve a considerable amount

of Faraday rotation. To overcome this limitation, metasur-

faces supporting plasmonic resonances [22–31] andMie res-

onance [32–34] have been proposed to enhance the field-

matter interaction and increase the Faraday rotation in pla-

nar structures.

The existence of magnetic field bias and materials with

magnetic properties is not desirable for several applications

where AT is required. One approach for achieving nonrecip-

rocal transmission without the presence of a magnetic field

is to use a nonlinear system. In an asymmetric geometry,

the intensity of the EM field at a fixed point is not the

same for excitation from different sides. On the other hand,

in a nonlinear medium, the effective permittivity depends

on the EM field intensity in different regions. Thus, in an

asymmetric structure involving a nonlinear material, the

effective permittivity distribution varies for excitation from

different sides. Materials showing a considerable amount

of optical nonlinearity in the presence of a strong electric

field have been used to create magnet-free nonreciprocal

transmission [35–43] forwaveguides [35–39], and free space

waves [41–43]. Similar principles in volatile phase change

materials [44, 45], optomechanical nonlinearmetamaterials

[46, 47], and optomechanical coupled resonators [48, 49] can

provide AT. The major limitation for these structures is that

they can create AT only for high input powers, and they

cannot operatewhen the structure is excited fromboth sides

simultaneously [50].

Another approach for breaking time-reversal symme-

try and creating nonreciprocal transmission is to use spa-

tiotemporal modulation [51–69]. As the simplest incarana-

tion of such a system, one can consider a dielectric slabmov-

ing up (or down) with a constant speed v⃑0 with respect to an

inertial frame of reference. In this case, as we know from

the Doppler effect, the propagation constant of the wave

propagating in the same direction as v⃑0 is different from

the one propagating in the opposite direction, which can

result in different transmissions. A more realistic scenario

is using spatiotemporal modulation of permittivity. Various

methods have been reported for realizing spatiotemporal

modulation in waveguides and photonic circuits [51, 53–57].

In the case of metasurfaces, spatiotemporal modulation has

been achieved with the combination of gradient metasur-

faces and timemodulation of individual unit cells. For these

structures, leaky waves propagating along the surface are

essential to provide the desirable spatiotemporal modula-

tion. The major limitation in using spatiotemporal struc-

tures for achieving AT is that usually, the required modu-

lation frequency for optical frequencies is larger than what

can be achieved with well-known electro-optic modulators.

Aside from nonreciprocal transmission, AT has also

been reported in reciprocal structures. Reciprocal AT relies

on designing structures that can create multiple paths for

an incident wave such that excitation from different sides

couples the input energy to different channels. The major

limitation in reciprocal AT is that one can create asymmetry

in the transmission for a specific type of excitation. For

example, one can generate AT for a specific polarization or

a specific direction of the incident wave.

Two polarization states of light can create different

paths for transmission and generate AT. Chiral and bian-

isotropic metamaterials andmetasurfaces have been exten-

sively studied for achieving polarization-based AT. In chi-

ral media, the propagation of the right-handed circularly

polarized wave (RCP) and left-handed circularly polarized

(LCP) waves are different, and one can design such struc-

tures in a way that RCP (or LCP) has a high transmission,

and the other polarization has negligible transmission. Chi-

ral metamaterials composed of helixes [70], and multilayer

chiral metasurfaces have been demonstrated for achieving

polarization-based AT [71–75]. Furthermore, single layer
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metasurfaces comprising unit cellswithmultiple resonators

with different sizes and orientations has been proposed for

achieving AT metasurfaces [76, 77].

Another approach for creating multiple channels for

the incident wave is based on exploiting diffraction orders.

AT based on coupling the incident energy to different

diffraction orders, first has been studied in photonic crystal

slabs with different corrugations on opposing sides [78–80].

The periodicity of the corrugations on two sides of the pho-

tonic crystal slab is different such that an incident wave

with a fixed angle can couple to one of the propagating

modes inside the slab from one side only. Indeed, any peri-

odic structure that can couple the incident energy to higher

diffraction orders and lacks mirror symmetry along the

propagation of the incident wave can create AT. Several

structures such as double layer gratings with different peri-

odicities [81–85], asymmetric 1-D [86, 87], and 2-D metasur-

faces [88–90], composition of gradient metasurfaces and

gratings [91, 92], hyperbolicmetamaterials [93] andphotonic

crystals waveguides [94–101] have been proposed for creat-

ing AT based on diffraction orders.

This paper is divided into three parts. In Section 2, we

discuss nonreciprocal transmission. In this part, we start

with a quick reviewof the nonreciprocity principle and then

discuss nonreciprocal transmission based on the magneto-

optic effect. We then review power-dependent nonrecip-

rocal transmission metasurfaces using nonlinear materials

anddifferent spatiotemporalmodulations used for breaking

the reciprocity. In Section 3,we reviewvariousmethods that

have been used for achieving reciprocal AT. First, we review

AT metasurfaces working based on polarization conversion

principles, and next, we discuss AT based on diffraction

orders in periodic structures. The last part discusses the

potential application for different scenarios and outlook of

reciprocal and nonreciprocal AT.

2 Nonreciprocal transmission

2.1 Nonreciprocity principles

Reciprocity is a fundamental theorem in electromagnetics,

and it leads to certain symmetries in scattering of light. Reci-

procity causes symmetric transmission from opposite direc-

tions in most waveguide and free space structures which

is not desirable for various applications, and extensive

research has been done toward breaking the reciprocity

and achieving AT. Reciprocity can be best understood in

terms of the time-reversal symmetry in EM waves and

breaking this symmetry is the key to achieving nonrecipro-

cal transmission.

Most physical phenomena are time-reversal symmet-

ric, meaning that they do not depend on the direction of

time. For any physical quantity that evolves over time from

an initial state at t = t0, and reaches another state at time

t = t2, applying time-reversal operation means reversing

the direction of the time to see how that quantity changes

in the reverse direction as time changes from t = t2 to

t = t0. Mathematically, when time-reversal operator, , acts
on a physical quantity at time t1, it results in the value

of that quantity at −t1. Accepting the fact that electric

charge is symmetric under time reversal operation, one can

deduce the symmetry or asymmetry of other electromag-

netic quantities such as current density, electric field and

magnetic field under the time-reversal operator. One can

show that electric field has an even symmetry under time

reversal operation, {E(x, t)} = E(x,−t), and magnetic

field has odd symmetry, {H(x, t)} = −H(x,−t). Phase
velocity and propagation vector as well as the Poynting

vector have odd symmetry under time reversal operators.

Therefore, time-reversal operator reverses the direction

of propagation in EM waves, i.e., time-reversal symmetry

in EM waves results in reciprocity of EM waves. In sys-

tems without loss and gain, reciprocity and time rever-

sal symmetry are equivalent. In systems with loss and

gain, definition of time-reversal needs to become more gen-

eral to become equivalent with reciprocity. There are sev-

eral representations and formulations for the reciprocity

principle. Onsager showed the reciprocity principle based

on the microscopic interactions in terms of polarization

tensors that relate electric and magnetic dipole moments

to EM fields in matter [102]. On the other hand, Lorentz

reciprocity theorem expresses the reciprocity for macro-

scopic quantities by considering two sources and the electric

field they produce in space. If one considers two cur-

rent sources JA, and JB, in a fixed problem, and these

sources create fields EA, and EB in space, then accord-

ing to the Lorentz reciprocity theorem we will have:

∫ JA ⋅ EBdv = ∫ JB ⋅ EAdv.
Where the integral is over the whole space. One can

show that this relation can be satisfied in a linear time-

invariant medium provided that permittivity and perme-

ability tensors are symmetric, meaning that 𝜖T = 𝜖 and

𝜇T = 𝜇 where superscript T represents the transpose. This

is an important conclusion that we use for our discussion

about bianisotropic metamaterials and metasurfaces. Such

structures can bemodeledwith permittivity and permeabil-

ity matrices which have nonzero off-diagonal elements but

are symmetric under transpose operation. The presence of

off-diagonal elements could result in polarization control

and creating polarization-based reciprocal AT.
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Another representation of the reciprocity principle is

based on symmetries of the scattering matrix. EM fields in

any structure can be written based on a superposition of all

the modes in the problem. When we have a finite number

of modes that interact with each other in the system, a

scattering matrix can represent all the information in the

problem. For such systems, one can show that reciprocity

results in a symmetric scattering matrix. This representa-

tion is useful for discussing reciprocal AT based on multiple

diffraction orders in periodic structures as will be discussed

in Section 2.2.

Although all the representations refer to the same prin-

ciple, each of them analyses the problem from a different

perspective, and understanding various approaches helps

us to find new methods for achieving AT.

The time reversal symmetry in EM fields arises from

the fact that replacing t with −t results in changing the

direction of the velocity and momentum. Using a mag-

netic field bias or using an external force that creates a

time-varying medium can therefore break the symmetry in

the momentum in microscopic interactions and break the

reciprocity.

Here we classify into three categories the different

approaches for breaking the time reversal symmetry: (A)

magnetic field bias, (B): Intensity dependent refractive

index, and (C) spatio temporal modulation.

2.2 Nonreciprocity based on magnetic field
bias

To investigate the origin of the nonreciprocity in the pres-

ence of a magnetic field bias, first we consider the interac-

tion of a single charged particle with EM fields in the pres-

ence of a magnetic field bias. In this system, the total force

acting on the particle is F = qv × B0 + qE, where v is the

particle velocity, and q is the electric charge, (all bold sym-

bols represent a vector). After applying the time reversal

symmetry operation on this equation (Table 1), the direction

of the velocity changes while themagnetic field bias is fixed,

Table 1: Transformation of electrodynamic quantities under time

reversal operator.

Physical quantity Time reversal  {}

Charge density 𝜌(t) {𝜌(t)} = 𝜌(−t)
Current density j(t) { j(t)} = − j(−t)
Electric field E(t) {E(t)} = E(−t)
Magnetic field B(t) {B(t)} = −B(−t)
Electric polarization density, P(t) {P(t)} = P(−t)
Poynting vector S(t) {S(t)} = −S(−t)

so the first term on the right-hand side becomes negative.

Electric field and charge are symmetric under time reversal

symmetry, so the second termdoes not change. Therefore, in

the presence of amagnetic field bias the total force acting on

a charged particle is not time reversal symmetric, leading to

nonreciprocity. We should note that usually, the effect of the

magnetic field corresponding to the EM waves is negligible

with respect to the force from the electric field, but even

considering the force from the magnetic field in the EM

wave in the absence of a magnetic field bias does not break

the reciprocity since a magnetic field has an odd symmetry

under time reversal operator which cancels out with odd

symmetry of the velocity vector.

This argument can be generalized from interaction

with a single particle to interaction with a solid material

by considering a simple model for electric dipole moment

in the material. We consider the electric dipole in the clas-

sical regime as a pair of particles with opposite charges

where the position of the positive charge is fixed, and we

approximate the effective potential of an electron with a

harmonic oscillator model. For an arbitrary potential, this

model corresponds to the first term in its Taylor expansion.

The electron’s position can be described as:

m
𝜕2r
𝜕t2

+m𝛀r − 𝚪𝜕r
𝜕t

= q
𝜕r
𝜕t

× B0 + qE (1)

In general, 𝛀 is a matrix with Ωij = 𝜕V∕𝜕xi𝜕xj. However,

we can rotate the coordinate system such that 𝛀 becomes

diagonal. 𝚪 is also a diagonal matrix for modeling the loss

because of collisions in the system. Rewriting this equation

in the frequency domain, we have:

(
−m𝜔2I +m𝛀− i𝜔𝚪

)
r = iq𝜔r × B0 + qE (2)

Solving this matrix equation results in the position

of the electron, and the electric dipole moment p = qr.

From this, one can calculate polarizability coefficients from

p = 𝛂E and calculate electric permittivity from there. For

diagonal 𝛀 and 𝚪 matrices in Eq. (2), r × B0 term results

in the appearance of non-equal off-diagonal components

for polarizability coefficients such that it leads to a non-

symmetric permittivity tensor
(
𝛆 ≠ 𝛆T

)
and this breaks

the Lorentz reciprocity condition. If we consider a sym-

metric potential such that 𝛀 =
(
𝜔2
0

0

0 𝜔2
0

)
,𝚪 =

(
𝛾 0

0 𝛾

)
,
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polarizability components can be calculated from (2) and

one can show that:

𝛼xy = −𝛼yx = i
q2

𝜀0

( (
𝜔B0q

)
(
−m𝜔2 +m𝜔2

0
− i𝜔𝛾

)2 − (
𝜔B0q

)2
)

(3)

Thus, one can see that for this example, the polarizability

tensor has off-diagonal elements with opposite signs, vio-

lating the Lorentz reciprocity theorem. When the polar-

izability tensor and its corresponding permittivity tensor

have off-diagonal elements with opposite signs, different

polarizations of light propagate with different speeds. For

a simple model we described here, one can show that left-

handed circularly polarized light and right-handed circu-

larly polarized light are eigen polarizations in the system

with different effective indices. When a linearly polarized

light transmits through such a material, the polarization

vector rotates, which is known as Faraday rotation. Using

two linear polarizers on two sides of a material having

magneto-optic effect can result in AT, as shown in Figure 1.

One should note that a reciprocal chiral structure can also

result in polarization rotation. But in a chiral structure,

polarization rotation for waves propagating in opposite

directions cancels each other out.

The magnitude of Faraday rotation is the key parame-

ter for achieving nonreciprocal transmission in such struc-

tures. Faraday rotation depends on intrinsic properties of

materials aswell as themagnitude ofmagnetic field, and the

propagation length within the material. From (3), one can

show that as frequency increases, the magneto optic effect

gets weaker, and for optical frequencies most materials

show negligible magneto-optic effect. One can also observe

that the magneto-optic effect is stronger when frequency

is close to 𝜔c = qB0
m
, known as cyclotron frequency. Here,

m is the effective mass of the electron, which considers its

interaction with ions, and it is a large number such that

cyclotron frequency is considerably lower than optical fre-

quencies for feasible magnetic fields. We should also note

that magnetic field flux density will be enhanced for mate-

rials with magnetic properties, resulting in higher Faraday

rotation angles for a fixed frequency and bias field.

Experimentally, one can measure the Faraday rotation

of any material in the presence of a magnetic field bias.

The figure of merit used to describe how much a material

provides Faraday rotation is calledVerdet constant (V c) such

that the Faraday rotationwhen EMwave propagate through

a material for a distance L, in the presence of a magnetic

field flux B0 is given by 𝜃F = VcB0L.

Generally, magnetic garnets are transparent magnetic

materials that have been used for creating Faraday rotation

at optical frequencies [5–11]. The most popular example of

such materials is Y3Fe5O12 or YIG, and various doped ver-

sions of it such as Bi-substituted rare-earth iron garnet [103,

104]. Material with significant magneto-optic properties has

also been realized by doping conventional semiconductors

with transition metals. Terbium gallium garnet (Tb3Ga5O12)

[105] was introduced based on this principle, and it was

shown that it could create large Faraday rotation with rel-

atively low loss. Ferromagnetic semiconductors such as gal-

lium manganese arsenide could also be used to provide

magneto-optic effects needed for AT. Achieving AT based

on Faraday rotation requires materials with large Verdet

constant and low loss such that light can travel through the

material and have high transmission. Therefore, the ratio

between Verdet constant and absorption constant 𝛼
[
1

m

]
is

an important figure ofmerit which could help one to choose

the best material for a desired application. Verdet constant

and its ratio for commonmaterials providingmagneto-optic

effect is shown in Table 2.

Figure 1: Combination of Faraday rotation and polarizer for nonreciprocal transmission.
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Table 2: Properties of some magneto-optic materials.

Material Frequency/wavelenght

range

Verdet constant

(Vc)[rad/T m]

Max
(
Vc

𝜶

)
[rad/T]

Bi-doped YIG [3] 540–780 nm 5760–384 2

YbBi:YiG [3] 1000–1760 nm 31170–4990 5.2

Terbium gallium garnet (TGG) [106] 300 THz 36 257

Ce: TGG [105] 500–1500 nm 550–50 296

Pr: TGG [107] 500–1300 nm 450–50 290

Terbium aluminum garnet (TAG) [108] 633–1064 nm 172–46 –

Pr: TAG [108] 633–1064 200–68 –

Ce: TAG [108] 633–1064 205–63 –

Cadmium manganese mercury telluride [3] 811–938 nm 1396–140 22.5–21

TbO [109] 500–1500 nm 1000–50 20

Zinc telluride glasses (TeO–ZnO–10.4NaO, TeO–ZnO–LaO–NaO) [110] 500–1500 nm 50–8 –

Holmium oxide (HoO) [111] 633–1064 nm 178–46 –

Europium fluoride (EuF.) [112] 650–1075 nm 209–50 31

2.2.1 Magneto-plasmonic metasurfaces

The combination of plasmonic resonances and magneto-

optic effect, known as magneto-plasmonics, has been con-

sidered as a promising approach for developing nanoscale

optical components. As we discussed in previous sections,

magneto-optic effect for nonmagnetic materials is usu-

ally weak at optical frequencies. However, localized sur-

face plasmon resonances in nanoscale plasmonic parti-

cles enhance the magneto-optic effect [30]. The plasma fre-

quency, 𝜔p, in metals is usually several orders of magni-

tude larger than cyclotron frequency, 𝜔c and if one con-

siders a thin film of a plasmonic material, the magneto-

optic effect is very weak for a feasible magnetic field bias.

For nanoparticles, the localized surface plasmon resonance

frequency is lower than plasma frequency in the bulk

and the resonance frequency become closer to 𝜔c, result-

ing in enhanced magneto-optic effects. Although plasmonic

resonances increase the magneto-optic effect, such effects

are still very weak in the absence of a magnetic mate-

rial. A magnetic material enhances the magnetic field flux

density
(
B0 = 𝜇H0

)
which results in a stronger magneto-

optic effect. For instance, it has been shown that coat-

ing maghemite (γ-Fe2O3) nanoparticles with gold results

in enhancement of Faraday rotation because of localized

surface plasmon resonances in gold nanoparticles [113].

Arrays of gold/cobalt/gold nanodisks have been stud-

ied as promising structures that can enhance the magneto-

optic effect [24, 114]. Furthermore, to prevent loss in mag-

netic materials more complex structures containing several

layers of metals, dielectrics and magnetic materials have

also been used to redistribute the EM fields and reduce the

absorption while enhancing the magneto-optic effect [115]

as shown in Figure 2A. Although magneto-plasmonics has

been studied for a decade and it has been suggested for

controlling and modulation of surface plasmon polaritons

[22, 23, 117, 118], achieving nonreciprocal transmission based

on magneto-plasmonic metasurfaces is more challenging

since both plasmonic materials and magnetic materials are

lossy at optical frequencies. To have a considerable mag-

nitude for the magneto-optic effect and high transmission

at the same time, Belotelov et al., theoretically investigated

adding a magnetic material to plasmonic metasurfaces

showing extraordinary transmission [119]. Chin et al. fabri-

cated and measured Faraday rotation from gold nanowires

on top of a bismuth iron garnet (BIG) thin film, and they

showed that the resonance in this structure enhances the

Faraday rotation by a factor of 9 with respect to Faraday

rotation from a bare thin film [25] as shown in Figure 2B and

C. Furthermore, the same group utilized the same structure

with europium selenide as the thin film and achieved larger

Faraday rotation [29, 116] (Figure 2D–F).

2.2.2 Magneto-optic effect in dielectric metasurfaces

Although plasmonicmetasurfaces provide extreme confine-

ment of light on the subwavelength scale which enhances

light–matter interactions, they suffer from loss at visi-

ble and NIR wavelengths. All-dielectric metasurfaces and

metamaterials attracted a lot of attention over last decade

because of their flexibility over plasmonic structures.

Interaction between nanoparticles with EM fields can be

described bymultipole expansion of these structures. A sim-

ilar approach to the one used in Section 2.2 can be used for

explaining the effect of themagnetic field bias on the dielec-

tric nanoparticles. Barsukova et al., experimentally stud-

ied the response of a metasurface comprising silicon nano-

disks coated with nickel, and they demonstrate magnetic
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Figure 2: Enhancing Faraday rotation in plasmonic metasurfaces. (A) Array of gold/cobalt/gold nanostructures are studied for enhancing magneto

optic effect. It is shown that adding a SiO2 layer between gold and cobalt results in reducing the loss and increasing the ratio of the magnetooptic

effect to the extinction coefficient (adopted with permission from [115]). (B) and (C) gold nanogratings are created on top of the BIG thin film to create

surface plasmon resonances and increase faraday rotation at visible and NIR frequencies [25]. (D) and (E) Gold nanogratings on top of the EuSe thin

film instead of BIG are used for increasing the Faraday rotation [116].

dipole resonances that enhance the magneto-optic effect

[32] (Figure 3A and B). They also studied the enhancement

of magneto-optic effect in the same structure when meta-

atoms undergo electric dipole resonance [31]. Aside from

using only one thin film of a magnetic material on top of

dielectric metasurfaces, thin films involving a composite

of different materials could also enhance the magneto-optic

effect. Utilizing a thin film that consists of multiple lay-

ers of platinum and cobalt beneath a dielectric metasur-

face, Abendroth et al. showed enhancement of magneto-

optic effect [34] (Figure 3C and D). Comparing magneto-

optic enhancement in the vicinity of the magnetic dipole

and electric dipole resonance frequencies revealed that

magnetic dipole resonances have a more noticeable effect

on the magneto-optic effect [31]. Magnetic dipole and elec-

tric dipole resonances can overlap with each other in a

dielectric metasurface, also known as Huygens metasur-

faces, which result in electromagnetically induced trans-

parency (EIT). Christof et al. theoretically showed that one

can achieve a considerable amount of Faraday rotation and

close to unity transmission with structures showing EIT

[33] (Figure 3E and F). Their proposed metasurface con-

sists of bismuth-substituted yttriumnanodisks suspended in

silica, and the metasurface is designed to have overlapping

electric dipole and magnetic dipole Mie resonances. When

electric dipole and magnetic dipole resonances do not have

an overlap with each other, one can achieve enhancement

in Faraday rotation with negligible transmission for each

case.When two resonances overlapwith each other, one can

observe enhancement in Faraday rotation along with full

transmission. Despite all the effort in achieving magneto-

optic effect in all-dielectric metasurfaces, such structures

can provide only limited AT.

One figure of merit that demonstrates how much

magneto-optic effect has been enhanced in such structures

is defined based on the difference between transmission for

opposite directions of magnetic field bias

𝛿 = T
(
H0

)
− T

(
−H0

)
T
(
H0 = 0

) (4)

whereH0 represent themagnetic field bias. For all dielectric

metasurfaces shown in this review that rely on magneto-

optic effects, this figure of merit is less than 10%. Further-

more, Faraday rotation in magnetic materials can only lead

to AT when they are used with polarizers, which further

reduce the level of transmission.
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Figure 3: Enhancing Faraday rotation in dielectric metasurfaces. (A) and (B) Mie resonances in the a-Si:H cylinder that are covered with a 5 nm nickel

layer and enhance the MO optic effect at visible wavelengths (adopted with permission from [32]). This figures shows that the peak of the Faraday

rotation coincides with a deep in transmission. (C) and (D) Dielectric metasurfaces comprising Si nanodisks are fabricated on top of a thin film consist

of multiple layers of platinum and cobalt stacked on top of each other. Faraday rotation for different nanodisk radius is measured to study the effect of

Mie resonances on Faraday rotation (adopted with permission from [34]). (E) and (F) Simulation results for gold nanodisks that are suspended in a

silica layer [33]. When electric dipole and magnetic dipoles are separated each resonance enhance the Faraday rotation but has negligible

transmission as shown in (E). In (F) The radii of nanodisks are then adjusted to overlap electric dipole and magnetic dipole resonances and create high

transmission while enhancing faraday rotation (adopted with permission from [33].

2.2.3 Graphene and transitional metal dichalcogenides

2-D materials and monolayers such as graphene with thick-

ness on the order of one atom show distinctive optical and

electronic properties that can be used for engineering very

compact optical and electronic devices. The unique proper-

ties of 2-Dmaterials also result in interesting behaviorwhen

they are exposed to a magnetic field bias. After demonstrat-

ing the intriguing electronic behavior of graphene in the

presence of magnetic field bias and observing the integer

quantum Hall effect in graphene [120], graphene’s behavior

at higher frequencies drew a lot of attention to explore

more information about its band diagram and investigate

its potential application in optics. It has been shown theoret-

ically that a magnetic field bias leads to a considerable Hall-

conductivity – off diagonal component in the conductivity

tensor – at terahertz frequencies, and it leads to Faraday

rotation as EMwaves pass through amonolayer of graphene

[121, 122]. Indeed, in the presence of the magnetic field bias,

the conductivity of the graphene can be described as:

𝜎 =
[
𝜎d 𝜎o

−𝜎o 𝜎d

]

Similar to the procedure in Section 2.2 one can show

that left-handed and right-handed circularly polarized light

are eigenmodes for this surface conductivity with eigen-

values 𝜎cp = 𝜎d ± 𝜎o that are effective conductivity of the

surface for two circular polarizations, and one can show

that the amount of faraday rotation depends on the ratio

between 𝜎o to 𝜎d.

Faraday rotation through graphene is also investigated

experimentally at low temperatures [123, 124]. In these

experiments, the magnetic field bias varies from 0 to 7T

and it was demonstrated that at frequencies close to 1 THz,

graphene monolayer causes rotation of polarization angle

in the order of 0.1 radians [123, 124]. After observation

of the strong magneto-optic effect of graphene monolayer

at terahertz frequencies, various methods have been sug-

gested in the literature for structuring the graphene sheets

to enhance the interaction of graphene with EM waves
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and improve the Faraday rotation in graphene [125–129].

For example, magneto-plasmonic resonances in graphene

microribbons are investigated, and it was shown experi-

mentally that arrays of microribbons enhance the Faraday

rotation at higher frequencies [126]. More recently, the com-

bination of graphene with gold nanogratings on top of the

silicon hybrid slabs has been used to theoretically show

strong Faraday rotation up to 24 THz [127]. Due to its unique

properties, graphene could be a promising candidate for

providing ultrathin optoelectronic devices, but there are

various challenges for providing the required magnetic

field bias and temperatures for realizing devices based on

graphene, as discussed in [130].

Recently, transition metal dichalcogenides (TMD) [131],

another important class of 2-D materials, have been used

for breaking reciprocity in the presence of an electric field

pump [132]. In crystal structures with multiple lattice sites,

degenerate energy levels can exist such that the minimum

of the conduction band and the maximum of valence band

with the same band gap occur at two separate points of the

Brillouin zone. It has been shown that in TMD crystals such

as molybdenum disulfide (MoS2) and Tungsten disulfide

(WS2) two valleys with the same band gap exist such that

inter-band transition of electron (hole) at two valleys results

in excitations with distinct circular polarization direction

[133–136]. This phenomenon is considered as a promising

approach for creating optoelectronic systems in TDM by

controlling the polarization of excitation. Recently, valley-

polarization property of TDM has been used for breaking

reciprocity in the presence of an electric field pump [132].

When excited with a strong circularly polarized laser, the

density of excited electrons that move to the conduction

band is higher at one of the valleys compared to the other

one. Since two valleys have distinct momentum (at points K

and K′ in the reciprocal state), the circularly polarized exci-

tation induces an asymmetry in the conductivity tensor of

the 2Dmaterial, which breaks the reciprocity. It is discussed

that laser pulses with the energy of 450 μW are enough to

create a nonreciprocal reflection response. An all-optical

isolator at 615 nm is then proposed based on this behavior

that creates 20 dB isolation at this wavelength. One should

notice that the reciprocal response in this system relies on

the carrier generation with the circularly polarized light,

and the pulse width and frequency of the laser pulses affect

the response.

Applying static and dynamic bias fields is therefore a

promising approach for achieving nonreciprocal responses

from 2-D materials.

2.3 Breaking reciprocity in nonlinear
asymmetric structures

Using a magnetic field bias and magnetic materials is not

desirable for various applications where we need to inte-

grate several components in a very small area. Instead

of applying a magnetic field bias, one can use nonlinear

materials to create intensity-dependent refractive index for

breaking the reciprocity. The basic principle for breaking

reciprocity with nonlinear materials is to create different

permittivity distributions for light propagating along oppo-

site directions [22]. One can show that in a structure lacking

mirror symmetry, the intensity of the electric field at a fixed

point can be different when the structure is excited from

opposite sides. Assuming the intensity of the electric field

is high enough to create a considerable intensity-dependent

refractive index, the asymmetry in the field profile leads to

a different effective index for waves propagating in oppo-

site directions, which results in breaking the reciprocity.

Such structures are also known as self-bias nonreciprocal

structures.

This principle has been used for photonic circuits to

create optical diodes that block the back reflection of high-

intensity signals. In [23], an asymmetric photonic circuit

comprising a siliconmicroring resonator and siliconwaveg-

uides, Figure 4A, is designed so that forward and back-

ward signals have distinct coupling values to the resonator.

Figure 4: On-chip AT based on nonlinear resonators. (A) Shows the schematic of the on-chip isolator using a nonlinear resonator coupled with

waveguides along with the frequency filter, and (B) shows the transmission response for forward and backward directions (adopted with permission

from [36]). (C) Demonstrates the on-chip isolator based on inversed designed Fano resonator designed for a nonreciprocal pulse router and (D) shows

forward and backward transmission with respect to the input power (adopted with permission from [37]).
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Table 3: Range of incident powers and frequencies for on-chip and waveguide isolators based on nonlinear materials.

Pump laser power Wavelength Isolation level (dB) (the ratio between Nonlinear resonator

forward and backward transmission in dB)

5–15 dBm [36] 1630 nm 22–28 dBm Silicon micro ring

4–9 dBm [37] 1550 nm 20–15 dBm Silicon micro ring

5–25 dBm [139] 1550 nm 10–30 dBm Fused silica microrod

resonator coupled to fiber

30 dBm [35] Microwave (not reported exactly) 10 dBm Varactor

Different coupling efficiencies to the resonator result in dis-

similar levels of stored energy in the micro ring resonator

and because of the nonlinear properties of silicon, the res-

onance frequency varies when excited from different ports

resulting in 20 dB isolation as shown in Figure 4B.1 In such

structures, using a resonator with a Fano-type resonance

provides more isolation than Lorentzian resonators. The

asymmetric spectrum of Fano resonance is preferred since

with a slight shift in the frequency, transmission level can

change from a peak value to a minimum, which is desir-

able when we are looking for AT through nonlinear effects

and frequency detuning. Yang et al. utilized a nonlinear

asymmetric Fano resonator in a photonic circuit, Figure 4C

and D, and achieved isolators with very low insertion loss

[98]. In nonreciprocal structures that operate based on the

nonlinear effect, the isolation level between forward and

backward transmission depends on the intensity of the exci-

tation from opposite directions, and such structures are

evaluated assuming the same intensity for forward and

backward excitation. In isolators that are realized based on

coupling between a nonlinear resonator to two input and

output ports, it has been shown that using coupled mode

theory one can extract a relation for forward and backward

transmission. If one considers the forward and backward

input lights, say I, this theoretical model shows that as I

varies, there is a sharp transition in forward transmission

from a low value to a high value, happens at I1, followed

by a sharp transition back to a low value, happens at I2.

Assuming that backward transmission is negligible, the sys-

tem shows a considerable amount of isolation for intensities

ranging from I1 to I2 [138]. The ratio between these two

intensities where there is a fast transition in the transmis-

sion level is known as the nonreciprocal intensity range

(NRIR). Based on the model developed from coupled mode

theory, it has been shown that there is a trade-off between

1 One should note that isolation is defined as the ratio between for-

ward transmission to backward transmission and an ideal isolator has

infinite isolation which means zero transmission for the backward

direction [137]. Here we are showing the isolation level when a specific

isolator is shown.

themaximum forward transmission level, T f , and the range

of intensity for which there is a considerable isolation level

[138]:

T f ≤
4NRIR

(NRIR+ 1)
2

(5)

The relation for forward transmission in (5) is valid

independent from the backward transmission and is, there-

fore, only an upper limit for the isolation level. However,

one should note that in such isolators that operate based on

the nonlinear resonator, the transmission is negligible if the

resonator is not at resonance, which means that the system

is designed to have a negligible backward transmission at

the desired frequency, and the resonator can only be at reso-

nance for forward excitation. Therefore, this relation shows

a tradeoff between the insertion loss in the system and the

range of input powers that show nonreciprocal transmis-

sion. Table 3 represents some of the power ranges and the

isolation levels measured in isolators that are based on non-

linear materials. It has been demonstrated that increasing

the number of resonators can break the limitation between

nonreciprocal intensity range and maximum level of trans-

mission [40].

Sounas et al. experimentally showed for microwave

frequencies that the combination of a nonlinear Fano res-

onator and anonlinear Lorentzian resonatorwidens accept-

able power ranges that create nonreciprocal transmission.

The idea of coupling nonlinear resonators has also been

investigated in photonic crystal waveguides with different

defects [38, 140, 141], since photonic crystals provide very

good control over the coupling between a photonic crystal

waveguide and defects that acts as resonators. However,

such structures are usually challenging to fabricate.

Using multiple resonators in order to enhance the

power range for nonreciprocal response led to complex

structures and enhancing the insertion loss which reduces

the efficiency of nonlinear nonreciprocal systems. Adding

a gain medium to the system could compensate for the

loss, and it provides the possibility of cascading multiple

isolators in relation to each other.

Indeed, a combination of resonators with loss and

gain media results in parity-time (PT) symmetric systems
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which demonstrate many interesting behaviors including

AT [142–144]. For example, Peng et al. demonstrated that

coupling a nonlinear resonator with a gain medium and a

lossy nonlinear resonator result in nonreciprocal transmis-

sion and showed that the required range of the input powers

in their structure is lower than other structures without

gain [145].

2.3.1 Nonlinear materials in asymmetric metasurfaces

Aside from waveguide structures and photonic crystals,

coupled nonlinear resonators have also been investigated

in metasurfaces. In contrast to integrated photonic cir-

cuits where light is confined to waveguides and micror-

ings, an optical metasurface is usually excited with a free

space beam with beam spots ranging from a few to tens

of micrometers. Thus, achieving nonlinear effects and con-

trolling the coupling between different elements is more

challenging in metasurfaces. Until now, all of the research

related to demonstrating AT in a nonlinear metasurface has

been restricted to theoretical investigation and simulations.

Asymmetric double layer metasurfaces where two layers

show nonlinear resonances can effectively behave like two

nonlinear on-chip resonators that couple to a waveguide.

Jin et al. proposed asymmetric layers of silicon nanosphere

arrays, which are separated with a thin glass for creat-

ing nonlinear nonreciprocal transmission [43], Figure 5A

and B. The authors use two spheres with different radii in

each unit cell to have a nonlinear Fano-type resonance in

one of the layers. Metasurfaces based on nonlinear Fano-

resonances in double-layer silicon gratings have also been

analyzed theoretically for creating nonreciprocal transmis-

sion, Figure 5C and D [42]. In [41], a nonreciprocal beam

steering metasurface is proposed and it has been shown

that adding arrays of asymmetric grooves in a silicon slab,

Figure 5E, can create nonreciprocal transmission for inci-

dent powers ranging between 2 kW/cm2 to 10 kW/cm2

(Figure 5F). Arranging grooved slabs with different thick-

nesses is then investigated for creating beam steering while

having a nonreciprocal transmission.

The nonreciprocal nonlinear structures (both waveg-

uide structures and metasurfaces) discussed so far rely on

the nonlinear Kerr effect which can be modeled with third

order susceptibility, 𝜒 (3), or an equivalent nonlinear refrac-

tive index. Most nonreciprocal structures experimentally

realized so far use silicon for creating a nonlinear behavior

since it presents considerable nonlinear properties at com-

municationwavelengths, andwe have extensive knowledge

and techniques for its fabrication. However, other semicon-

ductors such as GaAs or chalcogenide glasses such as AsSe

also show high nonlinear refractive index, n2, which can

be used for designing nonreciprocal transmission. Table 4

Figure 5: Demonstration of intensity dependent AT metasurfaces with simulations and theoretical models. (A) and (B) Si nanospheres are arranged on

two sides of glass such that on one side they show a Fano type resonance, and on the other side they show a Lorentzian resonance. Coupled nonlinear

Fano resonator and Lorentzian resonator results in AT for 𝜆 = 1530 nm (adopted with permission from [43]). (C) and (D) silicon gratings on two sides

of a silica layer are designed to create coupled nonlinear Fano that provide AT for 1550 nm [42]. (E) and (F) nanogrooves on side walls of an array of

silicon bars with gradient phase for nonreciprocal beam steering at 700 nm (adopted with permission from [41]).
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Table 4: Nonlinear refractive index and refractive index of common

dielectrics with considerable nonlinear kerr effect at 1550 nm.

Material n n × 10−18 (W−1 m2)

Si 3.5 4

AlGaAs 3.3 26

GaP 3.1 11

SiN 2 0.25

SiO 1.4 0.022

ASS 2.9 –

AsSe 12 12

GaAs 3.4 15.9

shows refractive index and nonlinear refractive index2 of

various materials at 1550 nm.

2.3.2 Volatile materials in asymmetric metasurfaces

Instead of relying on optical Kerr effect to create a refractive

index that varies with intensity, one can use volatile phase

changematerials such as vanadiumdioxide (VO2), forwhich

the permittivity can be controlled with temperature. VO2

experiences metal-to-insulator transition at specific thresh-

old temperatures [146–148] and it shows different optical

properties across the two phases.

An optical beam with high intensity can considerably

increase the temperature in judiciously designed VO2 thin

films to change the VO2 from insulator to a metal. Based

on this principle, one can design asymmetric metasurface

containing VO2 thin films such that for excitation from

one side the incident light leads to an insulator to metal

transition and results in negligible transmission while for

excitation from the opposite side VO2 remains as an insu-

lator with higher optical transmission. Wan et al. demon-

strated AT based on the phase change properties of VO2 [44]

where a combination of gold and VO2 thin films on a sap-

phire substrate was used. This architecture creates asym-

metric field intensity for backward and forward excita-

tions, and it was shown that a 40 mW continuous-wave

laser source causes an insulator-to-metal transition and

zero transmission for excitation from one side while exci-

tation from the opposite side with the same power does not

change the insulator VO2 to ametal and shows higher levels

of transmission.

2 When nonlinear optical properties of the material arise from 𝜒 3, it

is common to represent the total effective refractive index as a linear

term and a nonlinear term as: n = n0 + n2I where I represents the

intensity.

2.3.3 Nonlinear optomechanical effect in asymmetric

structures

Another approach for creating intensity-dependent effec-

tive index is to use optomechanical systems. In optome-

chanical systems, high intensity light can cause considerable

mechanical movements that affect the overall transmission.

Similar to nonlinear structures, one can design asymmetric

structures possessing optomechanical couplings to create

different effective indices for the light propagating in oppo-

site directions. Zhang et al. demonstrated that optomechan-

ical resonances in silicon nanobars deposited on a silicon

nitride membrane, Figure 6A and B, can create nonrecip-

rocal transmission because the movement of nanobars is

different for excitation from opposite sides [47]. Nonlin-

ear optomechanical effects have also been reported in can-

tilevers where the asymmetric intensity distribution of light

on the cantilever creates asymmetric force on the cantilever

and results in AT [46].

One straightforward approach for creating significant

optomechanical effects is to use a fixed reflector and a

mobile reflector to forma tunable cavity. In such a structure,

multiple reflections from two reflectors forms a resonance,

and the optical force on the mobile reflector can move

the reflector and create optomechanical coupling. Manipa-

truni et al. showed nonreciprocal transmission by design-

ing a cavity formed by two Bragg reflectors where one of

the reflectors was designed was based on a cantilever to

have mechanical movements [49], Figure 6C and D. It was

shown that the optical force on the mobile Bragg reflector

is different for excitation from opposite directions and the

asymmetric optical force results in AT. Another scenario

where optomechanical effects lead to nonreciprocal trans-

mission is to use an additional pump signal for excitation

of mechanical resonances. In systems possessing optome-

chanical coupling, an optical signal can create a mechanical

bias which breaks the time-reversal symmetry and creates

nonreciprocal transmission. Such systems can be realized

using a silica microtoroid optomechanical resonator [150]

where optical signals can excite mechanical modes in the

resonator, as shown in Figure 6E. When an optomechanical

resonator is excitedwith a pump signal, amechanical eigen-

mode is excited in the resonator. Themechanical eigenmode

could have constructive interference with the wave propa-

gating in the forward direction in the coupled waveguide,

achieving a high level of forward transmission. However,

thewave propagating in the opposite direction destructively

interferes with the resonator and has negligible transmis-

sion [149], Figure 6E and F. Ruesink et al. experimentally
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Figure 6: Intensity dependent AT based on optomechanical effect. (A) and (B) AT based on opto-mechanical force on Si nanobeam fabricated on

silicon nitride membrane for input power around 0.2 mW/μm2 at 1550 nm [47]. (C) and (D) AT from a resonator formed between a fixed and a movable

Bragg reflector created using multiple layers of Si and SiO2 when incident power is around 100 mW/μm2 (adopted with permission from [49]). (E) and

(F) Schematics and simulation results showing how the optomechanical coupling between mechanical modes and optical modes of a ring resonator

led to nonreciprocal transmission [149]). tL and tR represents the transmission of waves to left and right, 𝛿 is detuning from the resonance frequency

of resonator and 𝜅 represents the coupling between waveguide and resonator (adopted with permission from [149]).

demonstrated this idea utilizing silica microtoroid optome-

chanical resonators [48].

Like other methodsmentioned in this section, AT based

on optomechanical effects depends on the incident beam

intensity. Besides, implementing coupled optomechanical

systems requires accurate control over the resonance fre-

quency and coupling between the resonator and the waveg-

uide, which needs to be monitored and tuned externally.

Additionally, the fabrication and integration of such systems

with other optical components is challenging.

2.3.4 Dynamic nonreciprocity limitation

Another limitation when using the intensity of the electric

field for creating AT is that such structures cannot oper-

ate effectively when they are excited simultaneously from

both directions [37]. In these structures, excitation from

one direction creates very intense fields that change the

structure’s effective index. If we imagine a scenario where

a structure is simultaneously excited with continuous laser

sources from both directions, the effective index of the

medium for waves propagating in opposite directions is the

same, disabling any AT effects.

2.4 Spatiotemporal modulation

2.4.1 Principles of breaking the reciprocity based on

spatiotemporal modulation

In a static lossless medium where the permittivity distri-

bution is not changing with time, time-reversal symmetry

is equivalent to reciprocity since the action of the time-

reversal operator on the system is equivalent to chang-

ing the direction of the propagation. In a time-varying

medium, applying the time-reversal operator on the sys-

tem changes the properties of the system, and the rela-

tion between time-reversal symmetry and nonreciprocity is

more complex.

Consider a nonreciprocal system in a medium involv-

ing time modulation; in such systems, we expect the EM

waves propagating in opposite directions to showadifferent

behavior while permittivity distribution has the same time

modulation for both forward and backward waves. How-

ever, applying the time-reversal operator to such a time-

varying medium changes both the permittivity distribution

and the direction of propagation. Therefore, in a system

that involves time-modulation, breaking the time-reversal
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symmetry does not necessarily break the reciprocity. For

example, if we consider a waveguide whose permittivity at

a specific point is changing sinuously as 𝜀 = 𝜀m sin(𝜔mt),

the transmission in this waveguide remains symmetric as

can be shown from Lorentz reciprocity theorem in the time

domain.

Even though adding simple time-modulation in a sys-

tem cannot create nonreciprocal transmission, spatiotem-

poral modulation in a system can break the reciprocity. The

simplest form of a spatiotemporal modulation, is traveling-

wave modulation where the permittivity distribution is

described as:

𝜀 = 𝜀b + 𝜀m sin
(
𝜔mt − 𝛽mx

)
(6)

Such permittivity distribution has been used in

microwave devices for parametric amplification [151]. One

can think of travelling-wave modulation as a permittivity

distribution moving with velocity v = 𝜔m

𝛽m
. If we consider

the propagation of forward and backward waves in such a

medium, the relative velocity of the forward and backward

wave with respect to the moving medium is different with

each other (Doppler effect) and the moving permittivity

creates a nonreciprocal response.

To have a more accurate explanation for the behavior

of an EM wave with spatiotemporal modulation, let us con-

sider the dispersion relation of waves propagating in the

bulk of such a medium [152]. We assume the medium is

uniform along the x and y direction and it has a traveling-

wave modulation occurring along the z direction as

𝜀(z, t) = 𝜀b + 𝜀m sin
(
𝜔mt − 𝛽mz

)
.

A wave that is propagating along the z direction in such

medium is a solution of the following wave equation, for

simplicity we assume electric field has a linear polarization

along the y direction, and we neglect variation along the x

direction (2-D problem). Since the structure is periodic along

z and t, according to the Floquet–Bloch theorem the solution

can be written as:

E =
∑

Ene
i𝜔0t−i𝛽0z−ky ye−in(𝛽mz−𝜔mt) (7)

Substituting (7) in Maxwell equations results in a sys-

tem of linear equations and setting the determinant of the

coefficient matrix equal to zero results in the dispersion

relation between 𝜔, 𝛽, ky. The travelling-wave modulation

introduces an asymmetry for the dispersion of EM waves

propagating in +z (with wavenumber 𝛽+
0
) and −z (with

wavenumber 𝛽−
0
).

When the amplitude of modulation is very small,

𝜀m ≪ 𝜀b, it has been shown that the dispersion relation can

be simplified as [152]:

k2
y
±
(
𝛽±
0
± n𝛽m

)2 = (
𝜔0 + n𝜔m

vb

)2

, vb =
c√
𝜀b

(8)

Spatiotemporalmodulation creates periodicity in space

and time which results in space-time harmonics. n𝛽m and

n𝜔m in (8) represents these harmonics. Considering two

waves propagating along the z direction, kx = 0, one can see

that for twowaves propagating along z and -z have different

propagation constants 𝛽+
0
and 𝛽−

0
.

2.4.2 Spatiotemporal modulation in waveguides and

metasurfaces

The argumentsmentioned so far are valid for infinitemedia.

For a practical scenario such as an optical waveguide where

only discrete eigenmodes can propagate in the structure,

achieving nonreciprocity by applying spatiotemporal mod-

ulation is more challenging. Adding spatiotemporal mod-

ulation in a waveguide modulates the frequency and the

momentum of optical modes, and frequency and phase

matching are necessary for creating propagatingmodulated

waves.

In 2009 Yu et al. theoretically demonstrated that nonre-

ciprocal transmission based on spatiotemporal modulation

in a waveguide is possible through an indirect interband

photonic transition [58]. It was demonstrated that one can

design spatiotemporal modulation in an optical waveguide

such that in a perfect phase matching condition, the energy

of a wave propagating in a specific direction can completely

be transferred to a highermode of the waveguide. However,

the phasematching (or momentum conservation) condition

is not valid for the wave propagating in the opposite direc-

tion and this mechanism can be used for creating nonrecip-

rocal transmission.

The main challenge in these structures is that available

modulation frequencies are orders of magnitude smaller

than communication wavelengths which results in large

footprints in these structures. To achieve transition between

optical modes using a small frequency modulation, nonre-

ciprocal transmission based on interband optical transition

between two spectrally close even and odd modes was also

suggested [51], Figure 7A–C. In this work, the authors theo-

retically investigated a structure comprising coupled silicon

waveguides supporting two modes at two frequencies sepa-

rated by a fewGHz, and they realized spatiotemporalmodu-

lation by using pn junctions connected to microwave trans-

mission lines where the travelling-wave along the transmis-

sion line results in travelling-wave modulation of carriers

in the photonic waveguide.
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Figure 7: Nonreciprocal transmission based on travelling-wave modulation in waveguide structure. (A) shows the schematic of two waveguides that

are coupled through a medium with spatiotemporal modulation, and the mode transmission in different directions happens for only one direction

resulting in AT [51]. (B) Shows the model for realizing the system in (A) where modulating the pn junctions along a transmission line creates the

required spatiotemporal modulation [51]. (C) Shows simulation results for this system (A–C are adopted with permission from [51]). (D) shows

schematic of the structure proposed for nonreciprocal transmission based optical ring resonators having time modulations with proper phase delay

between two modulations to create a nonreciprocal response [53]. (E) shows the cross section of the structure and (F) shows simulation results [53].

Measurement results for this system shows 16 dB isolation at 1560 nm (adopted with permission from [53]).

Utilizing the same principle, an experimental realiza-

tion of an on-chip isolator was proposed using time mod-

ulation in cascaded silicon microring resonators instead of

wave guides to reduce the footprint of the on-chip isolators

which demonstrated 16 dB difference between forward and

backward transmission [53], Figure 7D–F.

Since availablemodulation frequencies are in the order

of tens of gigahertz, most demonstrations for nonreciprocal

structures based on spatiotemporal modulation have been

done across microwave frequencies, where modulation fre-

quencies are on the order of the energy difference between

two modes [63, 66, 68, 153–156]. Indeed, for microwaves

the idea of implementing spatiotemporal modulation for

achieving nonreciprocal transmission goes back to 1960

[157], when it was shown that two varactors that are modu-

lated with two pump signals with 90-degree phase shift and

are connected with a quarter-wave transmission line pro-

duce nonreciprocal transmission. This idea has been gen-

eralized to create nonreciprocal transmission lines based

on varactors [158]. Although using varactors in a transmis-

sion line allows transmission only in one direction, the fre-

quency of the input and output signals is different which is

not desirable in various applications.

Another approach suggested for using varactors is to

create an angular modulation bias around a ring [55, 159].

In such structures, spatiotemporal modulation is created

along a ring that is coupled to input and output ports. The

modulation in the ring splits degenerate left-handed and

right-handed modes in the ring. This creates asymmetric

coupling of forward and backward waves and therefore AT.

Since varactors can provide limited depth ofmodulation (
𝜀m
𝜀b

in Eqs. (1) and (10)), switching network based on CMOS tran-

sistors has been proposed for creating conductivity modu-

lation to achieve nonreciprocal devices in the microwave

[160–163]. Such switches are suitable for RF frequencies, but

it is challenging to increase the operational frequency in

these devices.

In a metasurface the thickness is subwavelength, and

we cannot use the propagation of waves along the thickness

of the metasurface. Instead, we can use the propagation of

leaky waves along the surface of a metasurface. Spatiotem-

poralmodulation in the formof travelling-wavemodulation

along the surface of a metasurface breaks the reciprocity

and results in AT.

For example, Shi et al. theoretically demonstrated that

electro-opticmodulators can be used for creating spatiotem-

poral modulations in photonic crystal slabs [59]. It has

been shown that the photonic crystal slab supports multiple

modeswhose eigen frequencies are close to each other, such

that adding relatively small modulations in these structures
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leads to nonreciprocal transitions between different modes.

In this work, it has been assumed that we can use electro-

optic modulators to modulate the permittivity of each unit

cell with a desirable phase shift among modulators such

that the permittivity distribution can be represented as

𝜀
(
x, y, t

)
= 𝜀s

(
x, y

)
+ 𝜀m

(
x, y

)
cos(Ωt + 𝜙(x, y)).

For such a modulation to create a transition between

two modes in the photonic crystal slab, the phase of the

modulator at each point, 𝜙
(
x, y

)
, is designed in a way

that its spatial derivative compensates for the momentum

mismatch between two modes of the photonic crystal,

∇𝜙
(
x, y

)
= ΔK⃗.

Guo et al. experimentally demonstrated a nonre-

ciprocal metasurface by implementing a spatiotemporal

metasurface based on high-intensity laser sources [62],

Figure 8A andB. In this work, the authors used two laser

sources to create a heterodyne interference pattern which

can create a traveling wave intensity distribution. Further-

more, they adjusted the intensity of the two laser sources

to be high enough to use nonlinear properties in silicon

meta-atoms in the structure. Therefore, they transferred

the input travelling-wave intensity distribution from two

lasers to a spatiotemporalmodulatedmetasurface. The com-

plex setup and optical bias in this work restrict its appli-

cation for compact integrated optics and photonic systems.

At microwave frequencies, the unit cells have larger sizes,

and the modulation frequencies are on the order of the

operational frequency, as such nonreciprocal metasurfaces

based on spatiotemporal modulation are mostly realized in

microwave frequencies.

Instead of a travelling-wave modulation along the

surface and creating a phase shift between individual

meta-atoms, it has been proposed that a nonreciprocal

metasurface can be designed by applying a time mod-

ulation with a fixed phase for all unit cells in a spa-

tially gradient metasurface [60]; the permittivity in such

metasurfaces can be described as 𝜀 = 𝜀s
(
x, y

)
+ 𝜀m

(
x, y

)
cos(Ωt + 𝜙0).

This principle has been used in a phase gradient meta-

surface supporting two modes, and based on the coupled

mode analysis, it has been shown that adding time modu-

lation to all the unit cells of a phase gradient metasurface

results in a nonreciprocal response [60], Figure. 8C–F. Sim-

ilar response has been demonstrated theoretically by FDTD

simulation of time-varying gradient metasurfaces [164]. We

should note that in theoretical models developed for the

analysis of spatiotemporal metasurfaces, it is assumed that

the timemodulation is slow enough that one can assume the

permittivity at each time only depends on the electric field

in that time and not the electric fields at previous times. For

fast modulation schemes, this assumption is not valid, and

more complex considerations are required.

Figure 8: Spatiotemporal modulation in metasurfaces. (A) and (B) shows the metasurface and the setup used for creating spatiotemporal modulation

using two high intensity laser sources to transfer the spatiotemporal modulated intensity profile to nonlinear meta molecules [62]. (C)–(F) simulation

results of the metasurface demonstrating nonreciprocal behavior. The normal excitation scatters the light to kout, 𝜆2 state as shown in (C), and (D).

However, exciting the metasurface with those frequency and momentum does not lead to the initial incident wave as shown in (E), and (F) (adopted

with permission from [60]).
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2.4.3 Realizing spatiotemporal modulation

One of the challenges in achieving a nonreciprocal response

based on spatiotemporal modulation is choosing the appro-

priate material for obtaining the required timemodulation.

Generally, any material whose optical properties can be

changed by applying an external energy could be used for

creating the desired modulation in such structures. Modu-

lating carrier concentration in silicon, utilizing the second-

order nonlinearity in materials such as lithium niobate,

barium titanate (BTO) or lead zirconium titanate, and 2D

materials such as graphene are examples of materials that

have been used for achieving time modulation [69]. Phase

change materials such as chalcogenides are an alternative

approach for realizing refractive indexmodulation in anon-

volatile manner.

Such materials could exist in stable amorphous and

crystalline states with a stark difference in refractive

index between the two phases [165]. Chalcogenides have

high dielectric indices supporting Mie-type resonances

on the subwavelength scale and have been used exten-

sively for realizing tunable and reconfigurable metasur-

faces [166–169].

However, we should note that achieving a nonrecipro-

cal metasurface based on the spatiotemporal modulation

requires the permittivity to change temporally and spa-

tially. Ideally, the time modulation of adjacent unit cells

should be designed to have a position-dependent phase dif-

ference of 𝜙(Δx) to create a permittivity distribution with

𝜀(x) = 𝜀1 + 𝜀m cos(𝜔mt + 𝜙(x)), which is difficult to realize

in practice. Because of the difficulties associated with the

implementation of timemodulations and the limited modu-

lation frequencies that are practically available, spatiotem-

poral metasurfaces has been mostly limited to theoretical

investigations and realizing these structures is still open for

investigation.

2.5 Unidirectional edge states in topological
photonic structures

Topological photonic structures are borrowed from topo-

logical insulators in condensed matter physics due to the

similarity of the electronic band diagrams to dispersion

diagrams in photonic crystals. Similar to the topological

insulators, where the nontrivial topology of band diagrams

for an infinite crystal is identified with unidirectional edge

states on the boundary of a finite crystal, photonic topolog-

ical insulators (PTI) are also recognized with the presence

of unidirectional waves that propagate along the edge of

the photonic crystals [170]. In general, PTI can be divided

into two categories of time-reversal symmetric and time-

reversal broken systems. Time-reversal broken PTI have

non-zero Chern number – a topological invariant defined

based on how the state of the structure changes over a close

loop in the Brillouin zone [171, 172]. Such PTI were demon-

strated with photonic crystals comprising magneto-optic or

gyromagnetic properties in the presence of the magnetic

field bias [173–175]. PTI with non-zero Chern numbers were

also demonstrated by dynamic modulation of a resonator

lattice where the time evolution of the lattice resembles

that of the electron sites in a simplified model of solids

[176]. Furthermore, due to the analogy between equations

governing the time evolution of quantum states with the

equations describing the propagation of waves, lattices of

waveguides with broken z-symmetry are also utilized to

mimic time-symmetry broken systems and realize PTI with

non-zero Chern number [177]. Such TPI that operates based

on breaking time-reversal symmetry are nonreciprocal

systems.

In PTI that are time-reversal symmetric, additional

degrees of freedom are introduced into the photonic crys-

tals, such as polarization or angularmomentum, thatmimic

the effect of the spin or other degrees of freedom in topo-

logical insulators, and they mimic the time-reversal sym-

metric topological insulators and quantum spin hall effect

[178, 179]. In such PTI, pairs of unidirectional edge states

propagating in opposite directions appear that are differ-

entiated with opposite polarization or angular momen-

tum. Such PTI were demonstrated first in two-dimensional

arrays resonators that are coupled to each other with opti-

cal waveguides, where the propagation direction in each

ring resembles the effect of spin [180, 181]. Time-reversal

symmetric PTI are also demonstrated in photonic crystals

with honeycomb lattices. In these structures, lattice sites

and lattice constants in the photonic crystal are designed

such that it creates nontrivial band gaps.3 Unidirectional

edge states then appear along the edges between a PTI-

with a nontrivial band gap and simple photonic crystal

with a trivial bandgap. Honeycomb crystal structures of

metacrystals at microwave frequencies are used to create

nontrivial topology based on the asymmetry between two

modes of the metacrystal waveguide [182, 183], and it leads

to unidirectional edge states with a particular mode of the

photonic crystal waveguide. Furthermore, dielectric pho-

tonic crystals and membrane photonic crystals are also

3 A trivial band gaps occur when two modes with the same properties

and the oppositemomentumdestructively interferewhile in a nontriv-

ial bandgap, the interference happen between modes that have other

differences aside from opposite momentum.
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reported for creating PTIwhere the angularmoment in each

unit cell plays the role of the additional degree of freedom

and creates the nontrivial band gaps and unidirectional

edge states for distinct angular momentum of EM fields

[184–186].

We should note that despite time-reversal broken PTI

that are nonreciprocal systems, time-reversal symmetric

PTI are reciprocal, and the unidirectional edge states exist

for a certain polarization or modes with certain angular

momentum. It has been discussed in the literature that some

unidirectional edge states in the time-reversal symmetric

PTI are not immune from scattering when the discontinuity

at the edge can scatter to other polarizations or angular

momentum [176].

Unidirectional edge states attracted a lot of attention

over the last decade since they provide propagation of EM

waves that are immune from back scattering, and presence

of defects does not lead to the scattering of these states. Such

states also are used for designing lasers whose mode is not

affected with defects [187]. Unidirectional edge states only

exist on the boundary of artificial structures, which can be

realized using photonic crystals with specific geometries.

Therefore, they are promising candidates when unidirec-

tional propagation of EM waves in waveguide systems is

required. A detailed description of topological edge states

and how they can be realized can be found in other review

papers [171, 172, 188].

3 AT in reciprocal structures

Nonreciprocal transmission requires an external system to

create a static or dynamic bias field. Therefore, realizing

nonreciprocal metasurfaces in micro/nanoscale such that

they can be integrated with other optical components and

form a compact optical device remains a challenge. How-

ever, power transmission by means of EM waves between

two sources of energy can be asymmetric for a reciprocal

structure. If one models the system with a network where

each mode of the transmitter/receiver is considered as a

port, then reciprocity implies a symmetric transmission

between two ports. However, if the transmitter or receiver

host multiple modes, and we consider the transmission as

the total power received from all ports of the receiver side,

then similar excitation of the transmitter and receiver side,

can lead to different transmission. For waves propagating

in the free space, EM modes with a fixed frequency are

distinguished based on their direction of propagation and

their polarization. Therefore, metasurfaces that can couple

the energy of the incident wave to multiple EM modes and

transmit power through thosemodes can provide AT for the

total transmission. In such metasurfaces varying the mode

of excitation obviously change the total transmission, and

for AT in reciprocal structures in a metasurface we con-

sider a same excitation from both sides of the metasurface

results in different transmission. Therefore, AT in a recipro-

cal structure is restricted to a specific type of incident wave,

such as a fixed incident angle or polarization. For AT in a

reciprocal metasurface, input and output EM waves must

be able to exist in different states (modes) such that meta-

surface transform state of the incident wave to a secondary

state (e.g. different polarization or different propagation

direction). Besides, there must be an asymmetry in the

geometry such that interactions between modes and exci-

tation of modes results in a high transmission only for one

direction and not the other. Metasurfaces with reciprocal

AT can be divided into two types. Either they are designed

based on polarization conversion, or they are based on

diffraction orders in the metasurface and transmitting light

through higher diffraction orders. This section reviews both

types of structures and provides general rules for designing

such asymmetric metasurfaces.

3.1 AT in polarizer metasurfaces

A metasurface that can change the polarization of light and

lacks mirror symmetry in its geometry can provide AT for

specific polarization of light. To illustrate the reason for AT

in such structures, we consider the transmission matrix of

two orthogonal polarizations as[
E1 p1

E1 p2

]
=

[
t
f
p1 p1

t
f
p1 p2

t
f
p2 p1

t
f
p2 p2

][
E2 p1

E2 p2

]
(9)

Where E1 p1( p2)
and E2 p1( p2)

are complex numbers repre-

senting complex amplitude of electric fields corresponding

to p1(p2) polarizations on two sides of the metasurface.

The transmission matrix in the backward direction can be

calculated based on the inverse of the transmission matrix

in the forward direction. In a reciprocal structure, transmis-

sion matrix for backward transmission is not independent

from forward transmission matrix and it can be written as


b =

[
tb
p1 p1

tb
p1 p2

tb
p2 p1

tb
p2 p2

]
=

[
t
f
p1 p1

−t fp2 p1
−t fp1 p2 t

f
p2 p2

]
. (10)

We note that the transmission matrix for backward

excitation can be fully described by knowing the forward

transmission matrix. Reciprocity implies that the diagonal

elements of the forward and backward transmission matri-

ces are equal, i.e., t
f
p1 p1

= tb
p1 p1

and t
f
p2 p2

= tb
p2 p2

. However,

total transmission also depends on off-diagonal components
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in the transmission matrix which are not necessarily equal.

One can show that in a reciprocal metasurface, the dif-

ference between total forward and backward transmission

when excited with a fixed polarization from both sides is

|ΔT| = |||t p1 p2 |||2 − |||t p2 p1 |||2.
Therefore, to have AT for a specific type of polarization,

the metasurface must change the polarization of the inci-

dent wave, and polarization conversion from p1 → p2 and

p2 → p1 must be different.

AT based on polarization conversion has been demon-

strated for circularly polarized [73, 74, 189–191] and linearly

polarized light [71, 72, 192–195]. AT based on polarization

conversion was first demonstrated in a single layer twisted

plasmonic metasurface for circular polarization (Figure 9A)

[75, 196]. It was shown that the lack of rotational sym-

metry in this metasurface results in polarization transfor-

mation, and since the mirror image of the unit cell was

not congruent with itself, conversion efficiency from RCP

to LCP and LCP to RCP were different from each other

resulting in 25% asymmetry in the total transmission. To

enhance the contrast between forward and backward trans-

mission for a fixed polarization Zhao et al. utilized a stack

of nanorods on top of each other. It was numerically shown

that as the number of layers in the stack increases, asym-

metry in the transmission increases and the bandwidth

of the AT also increases [73]. Zhang et al. designed an

all-dielectric metasurface that provide wavefront shaping

and asymmetric transmission of circularly polarized light

[76]. They designed supercells containing four silicon pillars

arranged in an asymmetricmanner that results in asymmet-

ric polarization conversion and therefore asymmetric trans-

mission, Figure 9B. Furthermore, the authors implemented

the Pancharatnam–Berry design principles [199] where ori-

entation of ellipsoid pillars with respect to the polariza-

tion angle is used to introduce the required phase differ-

ence among different unit cells resulting in simultaneous

beam and wavefront shaping. A similar principle has been

applied to achieving AT for a linearly polarized light. AT

for linearly polarized light requires the transmission coeffi-

cient of x-polarization to y-polarization,
|||Txy|||, to be different

from
|||Tyx|||. Such asymmetry in the transmission matrix for

normal incident wave cannot be realized in single-layer

Figure 9: AT based on polarization conversion metasurfaces. (A) shows AT of circularly polarized light for excitation from opposite directions identified

with blue and red, and the inset shows the schematics of the plasmonic chiral metasurface (adopted with permission from [74]). Here subscripts+ and

− demonstrate opposite direction of the circular polarization and the superscript arrow demonstrate the direction of propagation. (B) shows the

matasurface designed based on a single layer metasurface containing silicon pillars with asymmetric distribution that creates AT for circularly

polarized light and the measurement data for transmission of circularly polarized light where R and L represent right handed and left handed circular

polarizations (adopted with permission from [76]). (C) and (D) shows the schematics of the metasurface for wideband AT of linearly polarized light in IR

wavelengths based on three layers of gold nanogratings separated with silica layers, and the simulated and measured transmission for excitation with

different linear polarizations (adopted with permission from [195]). (E) Three-layer metasurface for AT of linearly polarized light at Terahertz fabricated

with direct laser writing [197]. (F) Wide band AT for linearly polarized light based on optimized unit cell that are fabricated with projection lithography

method [198]. (E and F are adopted from [197] and [198]).
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metasurfaces, and twoormore layers are required to realize

this condition. Menzel et al. demonstrated AT for linearly

polarized light using a metallic double-layer metasurface

comprising nanowires on one layer and an L-shaped metal-

lic structure on the second layer [193], resulting in 25% per-

cent difference between forward and backward total trans-

mission. To enhance the asymmetry in the transmission and

decrease the sensitivity to the incident angle, Zhang et al.

implemented three layers of gold gratings stacked on top of

each other, separated by a silica spacer, Figure 9C and D, and

they demonstrated more than 80 percent asymmetry in the

transmission for a wide range of incident angles [195]. Sim-

ilarly, stack of three gratings with different orientation was

also used for creating AT of linearly polarized light for THz

frequencies [197], Figure 9E. Generalizing layered structures

to 3D unit cells with arbitrary shapes could further improve

the AT for a fixed linear polarization. For example, 3D unit

cells, Figure 9F, that are designed based on optimization

methods and fabricated with membrane projected lithog-

raphy, have been used to realize AT with wide bandwidth

[198]. We should note that polarization converting metasur-

faces and metamaterials are not necessary for creating AT

based on the polarization conversion and combination of

birefringent materials with polarizers can also create this

behavior [200].

3.2 AT based on higher diffraction orders

Scattering of EM waves into several diffraction orders is a

well-known behavior in periodic structures leading to the

ubiquitous usage of diffraction gratings in various applica-

tions. In conventional gratings, one has limited control over

how energy is distributed among various diffraction orders.

However, by engineering the arrangement of periodic pat-

terns on the subwavelength scale, one can design meta-

gratings for controlling the energy distribution among var-

ious diffraction orders. In metagrating, diffraction orders

arise from supercells containing subwavelength unit cells,

and one can manipulate the geometry of unit cells and

super cells to suppress or enhance the power coupled to the

desired diffraction orders. In a metagrating lacking mirror

symmetry, the energy distribution over multiple diffraction

orders could be different for excitation from opposite direc-

tions, which can be used for realizing AT. This can be best

understood in terms of the generalized scattering matrix

which represents the scattering parameters of all diffraction

orders. Consider the generalized scattering matrix to be

represented by:

 =
[


f


b


f


b

]
(11)

where f(b)and 
f(b)

are transmission and reflection block

matrices for two opposite sides of the metasurface, front

side (f) and back side (b). Themnth element
f(b)
mn (T

f(b)
mn ) des-

ignates the reflection (or transmission) to diffraction order

m when incident wave is a plane wave corresponding to

diffraction order n. In reciprocal strucures, the scattering

matrix is symmetric  b
mn

=  f
nm, however, the total transmis-

sion is a summation over all the transmitted propagating

diffraction orders. For example, when the incident wave is

a plane wave in the direction of Ith the total forward and

backward transmission are:

TF
I
=

∑
j

||| f
jI

|||2, TB
I
=

∑
j

||| b
jI

|||2 (12)

Therefore, one can achieve AT by designing the meta-

grating in a way that
||| b

jI

||| has small values for all diffraction
orders (j) while

||| f
jI

|||2 is as large as possible. One can see that
because of reciprocity  f

II
=  b

II
, which means suppression

of the zeroth order diffraction order is a necessary condition

for AT. Besides, metagratings that are symmetric along the

direction of transmission cannot create AT since in such

structures  f
jI
=  b

jI
.

Satisfying these conditions requires designing asym-

metric structures that can couple energy to higher diffrac-

tion orders and show high transmission from one direc-

tion, while they reflect all the energy for illumination from

the opposite direction. AT based on diffraction orders was

demonstrated by Serebryannikov et al., for thick photonic

crystal slabs with asymmetric corrugations on two sides of

a slab [78–80, 83, 201], where it was shown that knowing

the equifrequency surfaces of a photonic crystal, one can

add corrugations with different periodicities on two sides

of the photonic crystal slab such that incident light could

couple to the propagating modes of the photonic crystal

slab from one side and scatter to higher order diffraction

orders from the other side. For thick photonic crystal slabs

one can design the gratings on two sides of the thick slab

independent fromeach other, since the gratings donot affect

the photonic crystal propagatingmodes, and one can design

these structures based on the equifrequency surfaces of a

photonic crystal and required condition for coupling a free

space wave to these bulk modes.

Later, optically thin structures such as double-layer

gratings and asymmetric gratings were suggested for
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realizing asymmetric transmission for optical and

microwave frequencies [81, 82, 84, 86–91, 202–205].

The main design principle for realizing AT with thin

asymmetric gratings, is suppressing transmission through

the zeroth diffraction order and utilizing leaky waves that

can propagate along the surface and leak energy through

higher diffraction orders. Furthermore, because of the

asymmetric geometry of such structures, leaky modes in

these thin structures can only be excited from one direction

whichmeans high transmission happens only for excitation

from one direction.

For example, Figure 10A and B shows the double-layer

structure in Ref. [82]where the grating fromone side creates

higher diffraction orders that can couple to leaky surface

plasmons in the second grating resulting in high transmis-

sion. However, excitation from the other direction will be

reflected since it cannot couple to the leaky waves. Further-

more, AT from an all-dielectric metagrating based on the

higher diffraction order is demonstrated, Figure 10C and D,

in [204] and the importance of the excitation of propagating

diffraction order is explained based on the scatteringmatrix

of all the existing modes, and it is demonstrated that plas-

monic modes are not necessary for AT in such structures.

Similarly, in [92] a combination of gradient metasurfaces

and nanogratings, Figure 10E, are used to couple the nor-

mal incident light to the surface plasmon waves that can

later leak out through the second grating through higher

diffraction orders while the normal incident light from the

opposite direction cannot excite the surface plasmon waves

resulting in negligible transmission as shown in Figure 10F.

In [201], it is theoretically shown that a periodic structure

on top of a metallic slab, Figure 10G, results in AT of higher

order diffraction because of asymmetric excitation of sur-

face plasmons in such structures, Figure 10H and I. Except

for a few 2D-metasurfaces reported for AT [88–90], most

of the literature showing AT based on diffraction orders

in metasurfaces has been limited to 1-D gratings, and they

provide asymmetric transmission for only TE (transverse

Figure 10: AT based on diffraction orders. (A) and (B) Using asymmetric silver gratings with different periodicities on two side of a thin silica layer and

the corresponding forward and backward transmission [82]. (C) schematics and (D) results of an all-dielectric metagrating that creates AT based on the

higher diffraction order (adopted with permission from [204]). (E) and (F) shows the metasurface comprising combination of a gradient metasurface

and gold grating to create AT utilizing asymmetric excitation of surface plasmon resonances, and the corresponding transmission response at visible

and IR [91]. (G) shows a sinusoidal dielectric grating and thin metallic on top of a thin metallic film used for AT based on higher order diffraction

orders, and (H) and (I) shows the transmission for multiple diffraction orders. Dotted yellow line represent total transmission and other colors

represent transmission through different diffraction orders [201].
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electric) or TM (transverse magnetic) polarization. The role

of higher diffraction orders in most of the demonstrations

is not clarified which could lead to confusion and results

that cannot be realized and measured. Several metasur-

faces proposed for AT in asymmetric structures are pro-

posed based on a substrate, and they showed AT results

in simulations. However, one should note that in various

scenarios, the diffraction orders are propagating only inside

the substrate because of its higher refractive index and such

higher diffraction orders can never transmit from substrate

to the air at the back side of the substrate. In asymmetric

metagratings, the transmitted light for eachwavelengthwill

propagate in a different direction as it is forced from the

physics of diffraction in periodic structures. Therefore, it

is important to identify the direction of propagation of the

output beam and one should consider this fact in scenarios

reporting wideband AT.

4 Applications and outlook for

reciprocal and nonreciprocal AT

The main application for nonreciprocal AT is creating iso-

lators and circulators. Although bulky isolators based on

Faraday rotation are already commercialized, creating thin

surfaces that operate as isolators based on Faraday rotation

is quite challenging, as discussed in Section 2.2. Besides,

one of the main motivations for developing metasurfaces is

creating compact devices for real-life applications generally

on the micro and nanoscale. However, AT in metasurfaces

based on magneto-optic effect relies on large external mag-

netic field biases, which means they cannot be used in a

compact optical device unless magnetic field bias could also

be realized on a micro/nano scale. Engineering materials

with large Verdet constants could lead to more efficient

usage of these nonreciprocal structures in nanophoton-

ics. Nonreciprocal metasurfaces based on nonlinear mate-

rials are intensity-dependent and could only isolate high-

intensity lasers. Such metasurfaces have been studied theo-

retically, and the feasibility of fabrication andmeasurement

of such metasurfaces is still open for discussion. Another

limitation in nonreciprocal metasurfaces operating based

on the magneto-optic effect and nonlinear properties are

that they require resonances with very high Q-factors to

enhance the interaction between EM waves and the mate-

rial. Being dependent on high-Q resonances limits their per-

formance to a narrow band of frequencies and incident

angles.

Utilizing spatiotemporal modulation for achieving a

nonreciprocal metasurface has attracted a lot of attention

over the last decade as a magnetic-free approach for gen-

erating nonreciprocal metasurfaces. However, establishing

the required spatiotemporal modulation in the permittivity

is challenging as discussed in Section 2.4. New techniques

for providing fast time-modulation at optical behavior could

lead to more broad usage of these structures when nonre-

ciprocal behavior is required.

Furthermore, creating such modulations usually

requires adding more layers to the structure due to

which the nonreciprocal behavior of such metasurfaces is

usually demonstrated in the reflection mode where despite

showing a nonreciprocal behavior, they do not provide

AT. The other limitation in these structures is that because

of time modulation, the input and output waves have

different frequencies and direction of propagation, (see

Figure 8E and F) therefore they can be used in applications

where frequency of the input light is different with output

light.

On the other hand, reciprocal AT does not require any

external system for bias andmodulation, nor does it depend

on the intensity of the input power. However, in contrast

to nonreciprocal metasurfaces, reciprocal AT cannot cre-

ate complete isolation, meaning that if one puts an infinite

mirror in front of such a structure, eventually, all the light

will be reflected. Nonetheless, such structures could be use-

ful for decoupling two different paths of light or different

sources from each other, and they can still isolate some part

of the undesired light that could excite themetasurface from

a third direction. Metasurfaces with AT based on polariza-

tion are of interest for polarization conversion and circu-

lar dichroism applications, and they can be used in polar-

ization multiplexing for holography application since they

encode different information on polarization from opposite

directions.

Metasurfaces and metagratings that provide AT of EM

waves through control of higher diffraction orders are

attractive candidates to be used in communication appli-

cations by providing beam multiplexing, splitting and con-

vergence. For example, asymmetric metagratings can be

utilized in applications where wavelength multiplexing is

required, and they can be used in the transmission mode

for the light from one side and in the reflection mode for

the light coming from the opposite side without mixing the

lights that are coming fromopposite directions, which could

lead to more compact devices. Furthermore, since meta-

gratings with AT could act as a mirror from one side, they

can be used in designing laser integrated metagratings and

provide more control on the output beam of lasing systems.

Asymmetric metagratings can also be utilized for cloaking

and shielding at small scales since they transmit the EM
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waves only from one direction. Redirecting the propagation

direction of light could also benefit photovoltaic devices

by enhancing the absorption. New generations of flexible,

ultrathin solar cells containing subwavelength absorbing

layers naturally exhibit low efficiencies. Metagratings with

AT responses that are discussed here could be integrated

with various photovoltaic material platforms to enhance

absorption by redirecting light to higher diffraction orders

and steep angles by trapping a higher proportion of the

incoming light.

In general, most of the nonreciprocal systems discussed

in this review for AT using metasurfaces are sensitive to the

incident angles since either they rely on high-Q resonances

or surface waves to create spatiotemporal modulation and

therefore are sensitive to the incident angles. On the other

hand, reciprocal structures that create AT based on trans-

mitting light to other diffraction orders can theoretically

create AT for a wider range of incident angles, but they

are still limited to incident angles due to the Brag condi-

tion. Besides, in these structures, the incident angle of the

backward excitation is the same as the incident angle of the

forward excitation, and this angle is different from the angle

of transmitted light. The limitation to the incident angles for

AT in both reciprocal and nonreciprocal structures cause

challenges for applications where isolation for a large range

of incident angles is required, such as trapping light for solar

cell applications or creating EM shielding. Realizing a large,

pixelated area containing distinct metasurfaces designed

for different angles at each pixel could slightly improve this

sensitivity.

Therefore, it is clear that nanophotonic devices and

components exhibiting asymmetric transmission of light

will be of immense societal importance and impact going

forward in a myriad of industries, from telecommunica-

tion and computing to photovoltaics and laser sciences.

While the prevailing technology platforms in each indus-

try may not be clear for long-term future development,

the role that asymmetric transmission devices and con-

cepts will play within each platform to enhance relevant

performance metrics for each specific application type is

profound.
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