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ABSTRACT

Optical metasurfaces have recently emerged as the game changer in light manipulation and opened up new perspectives in many subfields of
optics and photonics. Recent developments in nonlocal metasurfaces, in which the nanoscale building blocks respond to the incoming light
collectively rather than as individual objects, are especially promising for enhancing and controlling the nonlinear optical phenomena. In
this article, we provide a brief overview of the basic principles of nonlocal metasurfaces in the context of their nonlinear optical
functionalities. We discuss the origin and the regimes of the nonlocal response, covering the aspects of multiple scattering, radiation
damping, quality factor, local-field enhancement, and temporal dynamics. Some important aspects are illustrated by computational examples.
We also give our personal viewpoint on the selected ideas and research directions in nonlocal and nonlinear metasurfaces, including the role
of spatial symmetry in nonlocal interactions, the effects of phase and momentum matching in frequency conversion, as well as the possibili-
ties offered by new material platforms and novel concepts, such as bound states in the continuum, parity–time symmetry, and time-variant
metasurfaces.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0140483

I. INTRODUCTION

In the past few decades, controlled use of light has revolutionized
science and technology, having a broad impact on our daily life, espe-
cially in connection with telecommunications and information tech-
nologies. However, continuous technological advancements have
created increasing demands for light manipulation at ever smaller spa-
tial and temporal scales.1 Nonlinear optical effects, such as frequency
conversion, all-optical modulation, and generation of non-classical
light, are highly desirable in many applications of optical science, but
they are very challenging to observe and use in miniaturized optical
devices. Since traditional optical materials have already reached their
limits in conventional applications, the need for innovation in materi-
als design, such as metamaterials, has emerged.2 Metamaterials can
exhibit optical properties not found in natural materials, such as opti-
cal magnetism3,4 and negative refraction.5,6 They are typically com-
posed of subwavelength building blocks—the so-called meta-atoms.
For the visible and near-infrared spectral ranges, the dimensions of
these structures are in the nanoscale, making it difficult to fabricate 3D
optical metamaterials. Therefore, the research has moved from 3D
toward more feasible 2D structures—metasurfaces.7

Currently, after nearly two decades of developments, optical
metasurfaces can provide essentially arbitrary control over the ampli-
tude, phase, and polarization of light, serving as ultracompact elements
for holographic devices, optical sources and detectors, sensors, imaging
systems, and components for optical communication and information
processing.8–14 In nonlinear optics, metasurfaces provide a platform
for frequency conversion, production of entangled photon pairs, all-
optical switching and modulation, phase conjugation, optical limiting,
saturable absorption, etc.15–20 However, despite numerous experimen-
tal demonstrations, nonlinear metasurfaces are still far from wide
commercial use, and many of their intriguing fundamental properties
and potential functions have not yet been fully explored.

Recent developments in the area of nonlocal metasurfaces are
particularly interesting. It has been shown that collective nonlinear
optical response of metasurfaces can be tailored by spatially extended
resonances. The nonlocal optical modes associated with these resonan-
ces enter an advanced level of sophistication and make use of the con-
cepts of parity–time (PT ) symmetry,21–23 bound states in the
continuum (BICs),24,25 and topological robustness.26,27 Nontrivial
engineering of collective resonances can also involve effects that are
unique to nonlinear optical interactions, such as nonlinear geometric
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phase,28 nonreciprocal parametric gain and loss,29 exotic symmetries of
nonlinear susceptibility tensors,30 bistability,31 and time-varying optical
properties.32 Combining them with novel material platforms, such as
multi-quantum well nanostructures,33 Dirac/Weyl semimetals,34 quan-
tum dot-2D material hybrid systems,35 and epsilon-near-zero materi-
als,36 could ultimately yield nonlinear metasurfaces of unprecedented
properties and superior performance. In this Perspective, we highlight
selected hot topics in the field of nonlinear metasurfaces related to their
possibly nonlocal optical responses. We provide a brief overview of the
basic concepts underlying the optical properties of such metasurfaces
and introduce their most important nonlinear functionalities. The dis-
cussions contain our personal viewpoints on the state of the art and the
most interesting current and future research directions in the realm of
nonlinear nonlocal metasurfaces.

II. METASURFACES—BASIC PRINCIPLES

The nonlinear optical functionalities of photonic structures are tai-
lored by the choice of the constituent materials determined by their
nonlinear susceptibilities. However, micro- and nanostructuring affects
both the linear and nonlinear optical properties such that the nonlinear
response can become largely governed by the linear response.37,38 In
periodic metasurfaces, the main factors that determine their optical
responses are the polarizabilities and spatial arrangement of the meta-
atoms. In this section, we provide a brief overview of the main concepts
underlying the nonlocal optical response of periodic metasurfaces.

A. General classification

In simple terms, metasurfaces can be classified as either diffrac-
tive or subdiffractive, depending on the distance between the meta-
atoms relative to the wavelength. On the other hand, their local or
nonlocal character is determined by the strength of multiple scattering
between nearby meta-atoms, which depends on the polarizability of
the meta-atoms and surface confinement of the scattered light. This
simplified classification is graphically summarized in Fig. 1. Similar
classifications of metasurfaces have been proposed also previously, e.g.,
in the recent review by Overvig and Al�u,39 where, in contrast to our
classification, diffractive metasurfaces that are local are not considered.
Here, we prefer to consider the nonlocality and the ability of the struc-
ture to diffract light as two independent degrees of freedom. For exam-
ple, nonlocal/collective excitations, such as Fourier lattice resonances,
can be realized in multipartite or even aperiodic structures,40 which at
least in the conventional sense are not diffractive. Moreover, some dif-
fractive structures can respond to the incident light either locally or
nonlocally depending on the excitation conditions, as we explain fur-
ther in the upcoming sections.

B. Polarizability of meta-atoms

In general, the optical polarizability of a particle, a, can be a com-
plex tensorial quantity, with possible contributions of magnetoelectric
coupling,41 higher-order multipolar terms,42 optical gain and loss,43 or
even temporal modulation.44 Among these contributions, the higher-
order multipoles have been a subject of extensive research related to
tailoring and enhancing of the nonlinear optical properties of nano-
structured materials through localized plasmonic45–47 and Mie
resonances.48–52

In the simplest case, a meta-atom can be considered as a point
electric dipole with a moment p ¼ a � Ein induced by an incoming
field (where we used a convention in which e0—required for the com-
pliance with the SI units—is already included in a). The dipole radiates
a secondary field Escðr0Þ ¼ Gðr; r0Þ � pðrÞ shaped by the dyadic
Green’s functionGðr; r0Þ. Since the energy is radiated away, a is always
complex, even if meta-atoms are made of a lossless dielectric (unless
the radiative loss is exactly compensated for by gain). This imposes
fundamental constraints on light manipulation by nanoscatterers, e.g.,
limiting their magnetoelectric response.53

In fact, higher-order multipoles are always excited in meta-atoms
either by near-fields of neighboring meta-atoms or due to phase delays
of the excitation field when it propagates through spatially extended
meta-atoms. Usually, however, higher-order multipoles only weakly
contribute to light scattering. The most significant of them are electric
quadrupoles and magnetic dipoles, of which the latter are excited
by the electric rather than magnetic field at optical frequencies. The
magnetic response of meta-atoms can formally be described by intro-
ducing their magnetic, magnetoelectric, and electromagnetic polariz-
abilities (amm; ame, and aem, respectively), as for bianisotropic
metamaterials and metasurfaces.54 The electric and magnetic dipole
moments p andm are in this case given by

FIG. 1. Different regimes of optical response of periodic metasurfaces, depending
on the mean distance (d) between meta-atoms (subdiffractive–diffractive) and the
range of multiple in-plane scattering between meta-atoms (local/nonlocal). In per-
fectly local metasurfaces, each meta-atom can be treated as an independent
source of scattered optical fields. Nonlocal metasurfaces are distinguished by the
presence of in-plane propagating modes that contribute to the far-field scattering.
The limit of full lateral coupling between the meta-atoms in an infinite lattice (maxi-
mum nonlocality) can be reached in metasurfaces with gain, e.g., in PT -symmetric
metasurfaces and plasmonic lattice lasers. Diffractive metasurfaces with the meta-
atomic separation on the order of k or larger can couple light to multiple diffraction
orders. In contrast, subdiffractive metasurfaces typically produce only one output
beam, the propagation direction of which can in general differ from that of the inci-
dent beam. We note that the period of the structure (K) can be larger than d. In
such cases, the metasurface contains more than just one meta-atom per unit cell
and may operate in either subdiffractive or diffractive regime, depending on the con-
ditions of light incidence. We provide some examples of metasurfaces correspond-
ing to the above regimes. Examples in gray are usually not called metasurfaces,
although they follow similar principles.
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p ¼ aee � Eþ aem �H;
m ¼ ame � Eþ amm �H;

(1)

where aee is the electric polarizability denoted above by a.
Bianisotropy can result from a nonlocal response within each unit cell
of the structure or from the meta-atomic excitations by the fields of
neighboring meta-atoms, manifesting the phenomenon of spatial dis-
persion. Since usually, structural units of metamaterials and metasur-
faces have non-trivial geometries, and for example, are fabricated on a
substrate, spatial dispersion leads to the dependence of the response
on the light propagation direction.55–58 This type of nonlocality, how-
ever, is effectively localized, since contribution of neighboring meta-
atoms to the excitation weakens with the distance to them. In contrast,
metasurfaces that we call nonlocal in this work have an effectively
much larger range of nonlocality, because, in them, coupling between
meta-atoms is provided by optical modes that are guided or diffracted
along the metasurface. Higher-order multipoles can also be excited in
such a metasurface, but they are not required for nonlocality.
Furthermore, since higher-order multipoles are rather dark compared
to electric dipoles, we can ignore them for simplicity of the description.
In the next sections, multiple scattering of meta-atoms is described
using the electric-dipole approximation.

C. Local response

If multiple scattering between meta-atoms is negligible (e.g., due
to small scattering cross sections), then each meta-atom can be
regarded as an independent source of a secondary field Esc. In this
case, the optical response of the metasurface is governed by the far-
field interference of Esc (Huygens principle). This approximation is
commonly used in designing subdiffractive metasurfaces that behave
as homogeneous phase-shifting interfaces obeying a modified Snell’s
law.59

D. Diffractive and subdiffractive metasurfaces

In the diffractive regime, the periodicity of the structures enables
constructive interference of Esc in certain directions, which produces
diffraction orders. In the parameter space spanned by frequency x and
in-plane momentum kjj, the diffraction orders emerge at Rayleigh
anomalies governed by condition jkjj þ Kj ¼ nx=c, where K repre-
sents the reciprocal lattice vectors and n is the refractive index of the
embedding medium. This can be illustrated using the repeated zone
scheme (Fig. 2), in which the dispersion cones jkjjj ¼ nx=c are
repeated at the reciprocal lattice nodes K, forming the backbone of pho-
tonic band structure, known as the empty-lattice approximation.60,61

Rayleigh anomalies are associated with a resonant response due
to propagation of diffracted waves along the metasurface plane. Under
such conditions, it is impossible to neglect multiple scattering between
meta-atoms, which makes the optical response inherently nonlocal.39

However, diffractive optical elements (such as diffraction gratings)
may, in general, operate away from Rayleigh anomalies. In such a case,
local response and paraxial approximation are sufficient to describe
their optical properties.

In addition to Rayleigh anomalies, resonant response can result
from the propagation and multiple scattering of surface waves. A
well-known example is associated with excitation of surface plasmon
polaritons (SPPs) in periodic metal structures, which gives rise to the

so-called Wood anomalies.62 Resonant excitation of SPP standing
waves is responsible for the famous extraordinary optical transmission
through periodic arrays of holes in metal films.63 Due to the phase
contribution from the complex-valued SPP propagation constants,
Wood anomalies are often characterized by asymmetric spectra. They
can also be distinguished from Rayleigh anomalies by their distinct
polarization response: as opposed to waves scattered by nanoparticles
in a dielectric medium, SPPs are launched along the metal surface in
the direction parallel to the incident polarization.30,64

E. Multiple scattering and collective resonances

Multiple scattering may become significant if jaj is large. For
example, the scattering cross sections of resonant plasmonic nanopar-
ticles may extend beyond the unit cell even in diffractive lattices. The
coupling between meta-atoms can also be enhanced at Rayleigh anom-
alies, Wood anomalies, or through guided modes in waveguide struc-
tures.65,66 A nonlocal interaction between meta-atoms can be regarded
as an effective modification of their local electric-dipole response,67

pi ¼ ai � Ein þ ai �
X
j 6¼i

Gij � pj ¼ aeff ;i � Ein: (2)

In the above expression, the dipole moment of meta-atom i is induced
by Ein and by the fields scattered by all other particles j. These scat-
tered fields modify the polarizability of meta-atom i with respect to Ein

from ai to aeff ;i. In periodic metasurfaces, effective polarizabilities of
meta-atoms are the same (in accordance with Bloch’s theorem), but
they depend on the in-plane momentum kjj and the corresponding
phase difference between the neighboring unit cells,

FIG. 2. Empty lattice model—the backbone of photonic band structure of periodic
metasurfaces. The magenta square marks the first Brillouin zone—the unit cell of
the momentum space—spanning over jkx j; jky j � p=K. Black points represent the
reciprocal lattice nodes, while the cones represent the dispersion of plane waves in
the embedding medium. The rainbow cone is the light cone, while the gray cones
correspond to higher diffraction orders. Inside the light cone, the in-plane momen-
tum is smaller than the momentum of freely propagating waves, meaning that the
wave propagates at an angle to the plane of the metasurface. Some of the gray
cones intersect with the light cone, allowing to couple to higher diffraction orders, if
frequency x is sufficiently high.
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aeff ðkjjÞ ¼ a�1 � GlatticeðkjjÞ
h i�1

: (3)

In general, lattices may contain many (identical or different) meta-
atoms per unit cell, which turns Eq. (3) into a matrix equation. In such
a case, a and aeff are block-diagonal matrices, and Glattice—the so-
called lattice Green’s function—describes the interactions between
meta-atoms within the same sublattice (diagonal blocks) and between
different sublattices (off-diagonal blocks).43,68,69 Such complex meta-
surfaces can be designed to operate in either diffractive or subdiffrac-
tive regime, especially when the distance between meta-atoms d is
smaller than k, while the lattice period K is larger than k.

An important deviation from the description of nonlocal meta-
surfaces as perfectly periodic systems comes from the finite size effects,
which should be carefully considered in any practical implementation.
With any (finite) number of meta-atoms, the periodic boundary con-
ditions of the scattered fields break down. Thus, the overall amplitude
and phase of the field scattered by each meta-atom will become depen-
dent on its position in the lattice.70,71

In subdiffractive metasurfaces, multiple scattering between peri-
odically arranged meta-atoms may give rise to collective modes that
are confined within the metasurface due to a momentum mismatch
with freely propagating waves. The properties of such modes are
strongly dependent on the properties of a,72 which distinguishes them
from the conventional Bloch modes of photonic crystals resulting
from spatial modulation of the refractive index.

In the diffractive regime, the metasurface modes and the
Rayleigh anomalies appear in the light cone. As a result, the “empty
lattice” backbone (Fig. 2) is imprinted on the ðkjj; xÞ-distribution of
aeff . This gives rise to the dispersive surface lattice resonances (SLRs)

73

often characterized by asymmetric Fano-like spectral lineshapes.74,75

Near the intersections of Rayleigh anomalies, which occur at high-
symmetry points in the momentum space, SLRs form band edges—
standing waves, as in optical resonators, with enhanced density of
states (van Hove singularity).76 SPPs and Wood anomalies give rise to
analogous features.77 Such band edges serve as an efficient platform
for distributed feedback lasing,78 strong light–matter coupling,79 slow-
light-related phenomena,80,81 and nonlinear optical effects.30,82

F. Band folding—A computational example

The properties of SLRs and their interactions with external light
fields can be engineered by the symmetry of the lattice and meta-
atoms. This can be used for controlling the radiation loss and optimiz-
ing the Q factors or the local field enhancement, depending on the
desired purpose. One of the simplest approaches to engineer such
properties is the band folding.69,78,83

To give an illustrative example, we consider a subdiffractive lat-
tice of silver nanoparticles embedded in a slab waveguide (Fig. 3).
Initially, in the given frequency range, all high-Q eigenmodes of the
lattice are outside the light cone [Fig. 3(a)]. These modes can be
“folded” into the light cone [Fig. 3(b)] by distorting the lattice geome-
try along one of the lattice vectors, leading to doubling of the period
and rendering the lattice diffractive.

Using such a system for nonlinear optical applications requires
optimization of the local field enhancement under external illumina-
tion. A larger Q factor usually means a larger field enhancement.
However, coupling of the modes to external radiation causes theQ fac-
tor to decrease. In this case, a desired compromise can be achieved by
fine-tuning the lattice geometry [Fig. 3(c)]. Similar approaches are
used to engineer and study bound states in the continuum (BICs).
Perfect BICs are turned into quasi-BICs84,85 by controllable geometry
distortions, such that the coupling to the incident and outgoing waves
is adjusted not to reduce the Q factor significantly.86

G. Resonant response in time domain

Nonlocal resonant response of metasurfaces is often described
and tailored in the frequency domain. This approach has many advan-
tages, such as the inherent simplicity of implementing the periodic
boundary conditions, which we illustrated in the computational exam-
ple in Fig. 3. However, the physical picture can be more complicated,
especially when it comes to ultrafast nonlinear optical interactions.

In the time domain, the local fields ElocalðtÞ inside a resonant sys-
tem can be expressed as a convolution of the temporal impulse
response function of the system G(t) and the driving fields EdriveðtÞ,

ElocalðtÞ ¼ GðtÞ � EdriveðtÞ: (4)

FIG. 3. Simple example of radiation loss management through band folding. The approach is based on doubling the period of the structure, which, in the present case, is a
square array of silver nanoellipsoids (height 20 nm, diameter 80 nm) in a slab waveguide made of glass (ncore¼ 1.5, ncladding¼ 1, core thickness 200 nm). (a) and (b) Lattice
schematic (left) and photonic band structure (right) of the TE-polarized modes calculated using COMSOL Multiphysics (TM-polarized modes are not shown). The light cone is
indicated by the black dashed lines, and the Q factors are encoded in the colors of the photonic bands. (a) A subdiffractive array with a period of 250 nm. The band edges are
outside the light cone. (b) Diffractive array obtained by shifting every second column of the array by Dx¼ 10 nm. As a result, the band edges are “folded” into the center of the
light cone. (c) Spectral dependence of the average field enhancement inside the slab for the upper band edge under illumination by a normally incident plane wave. The high-
est field enhancement is obtained at Dx¼ 5 nm (red curve), showing a compromise between the coupling efficiency and the Q factor reduction.
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In the case of a simple underdamped harmonic oscillator, G(t) can be
expressed as87,88

GðtÞ / HðtÞe�ct sin ðx0tÞ; (5)

where H(t) is the Heaviside step function, c is the damping rate, and
x0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � c2

p
, where x is the resonance frequency. The Q factor of

such a resonance is equal to x=2c. To illustrate the resonant response,
we can assume that EdriveðtÞ is a Gaussian pulse,

EdriveðtÞ / e�t
2=s2 cos ðxtÞ; (6)

with pulse duration s and frequency equal to the resonant frequency
x. The frequency-domain description of such a system is useful only if
the pulse duration is much longer than the decay time. This scenario is
illustrated in Fig. 4(a). The local field amplitude builds up by construc-
tive interference with the driving field, and the peak local field
enhancement is directly proportional to the Q factor.

A different situation is shown in Fig. 4(b), where a high-Q reso-
nance is excited by a very short driving pulse. In this case, the local
field amplitude has a short time to accumulate before it starts to decay.
It is clear that further increase in the Q factor will only extend the
decay time, but it will not enhance the local field any further.

This tendency is summarized in Fig. 4(c) that shows the peak
amplitude of ElocalðtÞ as a function of the Q factor for a fixed duration
s of the driving pulse. After the initial linear increase, the curve flattens
as the excitation decay time becomes much longer than s. This trend
should be taken into account in designing high-Q resonant systems
for nonlinear optical applications using ultrashort pulses. The effi-
ciency of an nth-order nonlinear effect scales with the nth power of the
local field amplitude, but ultrashort pulses may be too short for suffi-
cient buildup of the electric field of a high-Q resonance. This is why
high-Q resonances often lead to surprisingly modest enhancements of
nonlinear effects when using ultrashort laser pulses. On the other

hand, high Q factors can be efficiently utilized for enhancing nonlinear
optical effects under continuous-wave excitation, e.g., in continuous-
wave SHG,89 surface enhanced Raman spectroscopy (SERS),90 and
non-instantaneous bistable optical systems.31

Tailoring the time-domain optical response of nanostructures is
one of the current challenges in the design of resonant systems for
nonlinear optical applications.91,92 In practice, the temporal response
may be much more complex than in Eqs. (4) and (5), for example, due
to the interference between different resonant modes,93,94 especially
when nonlocal interactions come into play.95,96 In the case of nonlocal
metasurfaces, the time-domain description must include the in-plane
retardation and finite-size-related effects. On top of that, the dynamics
of the material response (such as the electronic excitations in metals)
must be considered97 at the time scales that can be comparable to the
individual optical cycle.

III. NONLINEAR AND NONLOCAL METASURFACES

Conventionally, nonlinear effects have been realized in bulk
materials with non-negligible higher-order susceptibilities. Under
proper conditions, such as phase matching between pumping light
and its harmonics, intrinsically weak nonlinear effects can accumulate
over long propagation distances inside the material, resulting in strong
nonlinear signals.99

In addition to free-space optical systems, waveguiding platforms,
such as nonlinear fibers,100 resonant waveguide structures,101,102 and
(nano)waveguides103 have been utilized for nonlinear optics.104 The
main advantage of these platforms is that confinement of light in one
or two dimensions can enhance light–matter interaction and the asso-
ciated nonlinear effects. For the effects to become sufficiently strong,
light should propagate over a sufficiently long distance, which limits
the applicability of the approach, for instance, in flat optics.

FIG. 4. Resonant response in the time domain. (a) Excitation of a low-Q resonance (Q¼ 20) by a long pulse (s¼ 80 fs). (b) Excitation of a high-Q resonance (Q¼ 80) by a
short pulse (s¼ 20 fs). In both (a) and (b), the green curves represent the impulse response function, the red curves the temporal profile of the driving optical field, and the
blue curves the profile of the local fields. (c) Peak enhancement of the local field amplitude as a function of the Q factor for optical pulses with s equal to 10 fs (orange), 100 fs
(dark red), and 1000 fs (magenta). Excitation by longer pulses leads to more efficient buildup of the local field amplitude at a high-Q resonance. As the resonance decay time
extends beyond the incident pulse duration, the peak enhancement factor starts to deviate from the linear dependence on the Q factor (black dashed line). A perfect linear
dependence would only be seen under a continuous-wave excitation.
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One of the main interest toward metasurfaces in the context of
nonlinear optics is to establish a mechanism for strong light–matter
interactions in optically thin systems, wherein such effects would oth-
erwise be negligible. This can be achieved by coupling light to waves
that propagate in the plane perpendicular to its principal propagation
direction (see Fig. 5). Periodically structured materials have shown
enhanced and controllable nonlinear generation of light in exotic fre-
quency ranges, such as XUV105 and THz.106 On the other hand, there
is a growing interest in exploring and testing novel concepts related to
nonlocal resonant interactions in nonlinear metasurfaces, some of
which could potentially lead to superior functionalities of optical devi-
ces. Here, we provide an overview and Perspective of selected topics
from this broad and active research area.

A. Inversion symmetry breaking

Symmetry has always been a critical factor in nonlinear optics,
especially for even-order nonlinear effects, such as second-harmonic
generation (SHG), requiring the nonlinear media to be noncentrosym-
metric. Indeed, noncentrosymmetric dielectric and semiconductor
materials, such as GaAs, offer an efficient platform for nonlinear opti-
cal metasurfaces.52,108 On the other hand, efficient second-order non-
linear metasurfaces can be constructed from noncentrosymmetric
structures made of centrosymmetric materials, e.g., plasmonic metals
or high-index dielectrics suitable for supporting resonant optical
modes. In such cases, the inversion symmetry can be broken by the
shape of the meta-atoms, which is a common strategy to achieve

efficient SHG from plasmonic nanostructures.109,110 Similar artificial
second-order susceptibility has been achieved by noncentrosymmetric
stacking of different centrosymmetric materials into so-called ABC
nanolaminates.111

Among many ideas to be explored for breaking the inversion sym-
metry, nonlocal metasurfaces could be a platform of the so-called acci-
dental mode degeneracies, where two or more collective modes can be
simultaneously excited. If such degenerate modes have non-matching
symmetries, their simultaneous excitation can reshape the local fields
into highly asymmetric patterns, enhancing the buildup of an effective
second-order nonlinearity. This could also involve coupling between
local multipolar excitations, such as localized dark resonances,107 taking
advantage of strong local field gradients associated with the multipoles
to further enhance the effects of symmetry breaking.112,113

B. Matching mode symmetry and phase

Large enhancement of the frequency-conversion efficiency enabled
by the local and nonlocal resonances (see Fig. 6) allows the metasurfaces
to be much thinner than conventional nonlinear crystals. As a result,
the use of metasurfaces can largely circumvent the phase matching
requirements inherent to bulk nonlinear media. However, the phase
matching becomes an important factor when metasurfaces are stacked
into a multilayer structure.114 Another aspect to be considered is the
phase matching in the transverse (in-plane) direction (k-matching),
especially if the frequency conversion involves nonlocal resonances at
off-normal incidence angles. Both the transverse and longitudinal phase
matching could be facilitated by the phase gradients115 and band fold-
ing.78 The efficiency of the nonlinear frequency conversion in nano-
structured systems depends also on the spatiotemporal overlaps of the
optical modes at the input and output frequencies.38 In nonlocal meta-
surfaces, the overlaps are additionally affected by the symmetries of the
periodic lattice (e.g., odd/even modes and orthogonally polarized
modes116). In such cases, designs with controllable symmetry-breaking
perturbations could lead to improved mode overlap.

C. Nonlocal polarization effects

In the context of the required symmetry matching, nonlocal
interactions at the fundamental and nonlinearly generated frequencies
can be enabled by the symmetry of the local nonlinear susceptibility
tensor. In the case of SHG, every vð2Þ tensor can be decomposed into
the dipolar and octupolar contributions, which are related to the rota-
tional symmetry of the system.117 In the systems with threefold rota-
tional symmetry in the xy plane, the octupolar contribution becomes
dominant, with the vð2Þ-tensor symmetry governed by relation
vð2Þyyy ¼ �vð2Þyxx , (with subscript permutation). This leads to a peculiar
SHG polarization response, such as SHG having an orthogonal polari-
zation with respect to the fundamental beam. These polarization
effects have been demonstrated in triangular plasmonic nanostruc-
tures,110,118,119 suggesting the possibility to control the coupling and
nonlocal response of nanostructure assemblies and lattices.30,120,121

Another well-known SHG polarization effect is the giant nonlinear
chiroptical response,122 which can also be enabled by nonlocal interac-
tions.123 Moreover, engineering the polarization properties through
the effective vð2Þ can be very useful from the point of view of entangled
photon-pair generation via spontaneous parametric downconver-
sion.20 Future research directions in tailoring the polarization

FIG. 5. Illustration of the second-harmonic generation in a nonlinear crystal (top)
and a nonlinear nonlocal metasurface (bottom). In the first case, the phase match-
ing allows the power transfer from the fundamental (red) to the second-harmonic
beam (blue) to be accumulated during propagation through the nonlinear medium.
However, due to refractive index dispersion in solids, phase matching can be
achieved only in birefringent or periodically poled crystals, excluding many nonlin-
ear materials, e.g., those with zinc blende structure.98 In the metasurface, the non-
linear process is distributed in the transverse rather than the longitudinal direction,
enhancing the frequency conversion by collective resonances and circumventing
the phase-matching requirements.

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 122, 160502 (2023); doi: 10.1063/5.0140483 122, 160502-6

VC Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/5.0140483/16821363/160502_1_5.0140483.pdf

https://scitation.org/journal/apl


properties of nonlinear nonlocal metasurfaces may be based on the
connections between the polarization states of light and the topology
of optical modes,124,125 involving concepts such as BICs and non-
Hermitian photonic bands, which are discussed in the further sections
of this article.

D. Shaping the nonlinear emission

Engineering the metasurface geometry allows the nonlinear emis-
sion to be shaped in ways analogous to those used for linearly scattered
light,18 creating nonlinear versions of beam-deflecting metasurfaces,130

metalenses,115 meta-holograms,131 orbital-angular-momentum
(OAM) beams,132 etc., as well as controlling the nonlinear emission
processes themselves, e.g., for efficient generation of THz radiation.106

However, most of the current designs rely on the local response of the
meta-atoms, in particular, their localized plasmonic/Mie resonances.
In nonlocal metasurfaces, collective resonances could be used to engi-
neer phase gradients even in the absence of resonant meta-atoms. For
example, dispersive character of the collective resonances can be
employed for angular color separation in various frequency-mixing
schemes, similar to what has been achieved in local linear metasurfa-
ces.133 Nonlocal interactions could also be used to enhance more
sophisticated functionalities, including the aforementioned nonlinear
beam shaping, dynamically controllable generation of nonlinear holo-
grams and images,134 and enhancement of phase conjugation for non-
linear imaging beyond the diffraction limit.135 In the broader
perspective, metasurfaces with spatial and/or angular dispersion,136

such as diffraction-compensating meta-waveguides137 and compo-
nents adjusting the group velocity,138 could also be used to control the
directionality and propagation speed of nonlinear emission, especially
in integrated photonic systems.

E. Bound states in the continuum

In periodic scattering systems, the symmetry can lead to com-
plete elimination of radiation losses. This can happen through various
mechanisms, e.g., by forcing the outgoing radiation to interfere
destructively in the far field,139 or by creating a polarization vortex.140

The resulting optical states are known as the bound states in the con-
tinuum (BICs)24,25—highly nonlocal collective resonances that can be
efficiently confined within periodic scattering systems despite being
momentum-matched to freely propagating waves. Breaking the sym-
metry by small perturbation converts BICs into quasi-BICs, enabling
their controllable excitation84,85 and outcoupling.71,141,142 This makes
quasi-BICs highly promising for direct generation of THz waves,128

entangled photon-pair creation,129,143 as well as second- and higher-
order harmonics, which has recently been demonstrated using various
material platforms (see Fig. 7).89,126,127,144–146

However, direct frequency conversion schemes cannot fully
exploit the most unique properties of BICs resulting from their topo-
logical nature. By merging multiple BICs in momentum space, excep-
tionally robust cancelation of radiation can be manifested.26,142,147

Although in the regime of linear optical effects, such perfectly dark
merging BICs are completely inaccessible by external propagating
optical fields, they could be used to enhance cascaded frequency mix-
ing processes148,149 by providing resonant field enhancement at inter-
mediate frequencies.

F. Non-Hermitian and PT -symmetric metasurfaces

The concept of parity-time (PT ) symmetry is based on the fact
that the interaction between modes having different complex eigenval-
ues (encoded in a non-Hermitian Hamiltonian) can give rise to
supermodes whose eigenvalues are real.155 In optical systems, this may

FIG. 6. Examples of nonlocal interactions governing the resonant enhancement of second-harmonic generation in periodic lattices with broken symmetry. (a) Enhancement of
SHG due to SLR and Rayleigh anomalies near their anticrossing with a dark localized resonance.107 Reprinted with permission from Michaeli et al., Phys. Rev. Lett. 118(24),
243904 (2017). Copyright 2017 American Physical Society. (b) SHG enhancement using collective resonances excited along different lattice directions.82 Reprinted with per-
mission from Stolt et al., Opt. Express 30(3), 3620–3631 (2022). Copyright 2022 Optica Publishing Group. (c) SHG enhancement due to collective resonances in a surface-
plasmon-polaritonic (SPP) crystal at fundamental and second-harmonic frequencies, coupled through vð2Þ tensor constrained by the local threefold rotational symmetry. The
SPP bandgap and band edge standing-wave resonances are revealed by variation of the lattice periods (A and B) at a fixed fundamental frequency.30 Reprinted with permis-
sion from Kolkowski et al., Laser Photonics Rev. 10(2), 287–298 (2016). Copyright 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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correspond to coupling between resonances that differ in the imagi-
nary parts of their eigenfrequencies, e.g., exhibiting loss and gain, or
different losses. Due to unique optical effects associated with PT sym-
metry,156,157 it has recently emerged as a novel approach to tailor the
optical response of metasurfaces.22 In the field of periodic nonlocal
metasurfaces and other similar systems, such as photonic crystals, this
approach is established as non-Hermitian photonic band engineer-
ing.158 Here, the dispersion of collective resonances is shaped through
formation of exceptional points and flat bands in the photonic band
structure.23,43,159,160 Controlling the polarization properties of the scat-
tered light is one of the most natural functionalities of such metasurfaces
due to the inherent chirality enforced by the topological structure of the
exceptional points.69,161–163 Nonlocal metasurfaces based on resonant
scatterers (supporting either plasmonic or Mie resonances) constitute a
promising platform for non-Hermitian band engineering due to large
radiative damping that can be controlled by symmetry and used to pro-
vide large imaginary parts of the eigenfrequencies of nonlocal resonan-
ces. It is straightforward to apply the linear optical functionalities of
non-Hermitian metasurfaces in engineering their nonlinear optical
response. For example, exceptional points embedded in the photonic
band structure163 can be used to shape the polarization of nonlinear
emission, whereas BICs in the middle of non-Hermitian flat bands160

can be used as high-Q resonances to boost the nonlinear effects.

G. Metasurfaces with parametric gain

A combination of nonlinear optics and non-Hermitian physics
can lead to qualitatively new phenomena. One of the most intriguing
examples are metasurfaces in which gain and loss are provided by stim-
ulated parametric downconversion.29 Such a nonlinear process can be
considered as a type of temporal harmonic modulation of the scattering
properties of the medium153 (see Fig. 8). Its non-Hermitian character is
evident through the presence of momentum band gaps,171 which are
the temporal counterparts of the frequency band gaps.172 Here, the tem-
poral analogy of the band edges is represented by the exceptional points
connected by the flat bands that span across the momentum gaps.

Parametrically driven metasurfaces can be used to realize various
optical functions, such as negative refraction through nonlinear phase
conjugation,135 nonreciprocal propagation by emulating the Faraday
rotation,165,166 dynamically controlled coherent perfect absorption,173

and parametric oscillation.151 Future research directions could also
include shaping the nonlinear emission through the so-called super-
collimation and superprismatic effect, using the non-Hermitian flat
bands controlled by the pump beam.23 Nonlinear wavefront shaping
could also involve parametric-gain-induced phase singularities result-
ing from spectral intersection of Rayleigh anomalies with the gain
region in the frequency-momentum space.174

The presence of parametric gain could also enable realization of
nonreciprocal metasurfaces acting as parametric amplifiers or oscilla-
tors170,175 (see Fig. 9), similar to the recently demonstrated topological
insulator lasers.168,169,176 The nontrivial topological character of such
metasurfaces could result from the inherent nonreciprocity encoded in
the phase relation between the pump and the nonlinearly amplified
optical fields.167 The phase locking associated with stimulated para-
metric gain can also be used to create metasurfaces acting as parame-
trons,177 offering ultrafast all-optical modulation and switching, as
well as generation of phase-squeezed non-classical light by spontane-
ous downconversion.129,170

H. Actively driven time-variant metasurfaces

Parametrically driven metasurfaces described in the previous sec-
tion can be regarded as a part of a more general family of time-variant
metasurfaces (Fig. 8), in which the temporal change of optical proper-
ties may be anything from abrupt change to a gradual tuning that hap-
pens over many optical cycles. Abrupt changes can be considered as
“time interfaces,” playing the role of “temporal meta-atoms” that can
be coupled to each other by temporally nonlocal interactions.150 Such
systems can support temporal analogues of spatial phenomena, such as
reflection, refraction, and diffraction. This may enable formation of non-
trivial topological phases164,172,178 that are photonic counterparts of exter-
nally driven electronic Floquet systems.179,180 Similarly, time-variant

FIG. 7. Examples of nonlinear optical effects enhanced by quasi-bound states in the continuum in all-dielectric metasurfaces. (a) Second-harmonic generation enhancement
around BIC in the frequency-momentum space.126 Reprinted with permission from Zhang et al., Laser Photonics Rev. 16, 2200031 (2022). Copyright 2022 Wiley-VCH GmbH.
(b) Odd-order high-harmonic generation enhanced by a quasi-BIC.127 Reprinted with permission from Zograf et al., ACS Photonics 9(2), 567–574 (2022). Copyright 2022
American Chemical Society. (c) THz generation enhanced by a quasi-BIC.128 Reprinted with permission from Hu et al., Adv. Opt. Mater. 10, 2200193 (2022). Copyright 2022
Wiley-VCH GmbH. (d) Entangled photon-pair creation using spontaneous parametric downconversion in a nonlinear metasurface with a quasi-BIC.129 Reprinted with permis-
sion from Santiago-Cruz et al., Science 377(6609), 991–995 (2022). Copyright 2022 The American Association for the Advancement of Science.
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periodic systems can support artificial gauge fields for photons181 that
can effectively provide truly nonreciprocal response.165,166,182

Time-variant metasurfaces are inherently nonlinear, as their real-
ization requires fast modulation of the refractive index or meta-atom
polarizability,44,153 e.g., via the Kerr nonlinearity. These metasurfaces
are also a natural platform for supporting nonlinear optical functions
(see Fig. 8), such as ultrafast beam steering,173,183 nonlinearly enabled
optical isolation,154 parametric amplification,167,184 and dynamically
controllable frequency conversion,152,185,186 including frequency shift-
ing that occurs through Doppler or Raman-like mechanisms.32 Time-
variant metasurfaces are currently at the forefront of the research on
nonlinear nonlocal metasurfaces.

I. Efficiency optimization by coherent control

As discussed earlier, the efficiency of nonlinear optical processes,
such as frequency conversion, is strongly dependent on the temporal
overlap between the driving pulses and the excitation in the system.
This aspect of light–matter interaction is managed by coherent control
of the temporal profile of the incident pulses92,187,188 (to match the sys-
tem’s response) or by modification of the system parameters (to match
the incident pulses). The latter can be achieved by tailoring the overall
dynamics of the resonant response due to micro- and nanostructuring

FIG. 8. Examples of time-variant nonlocal nonlinear optical systems. (a) Nonlinear metasurfaces, in which phase conjugation is enhanced by SLRs, can be used to realize per-
fect volumetric imaging.135 Reprinted with permission from P.-Y. Chen and A. Al�u, Nano Lett. 11(12), 5514–5518 (2011). Copyright 2011 American Chemical Society. (b)
Illustration of the concept of a time interface in the case of a temporally nonlocal medium (a temporal analogue of the spatial nonlocality). Such a medium corresponds to a dis-
persive medium, in which the plasma frequency changes in time. The temporal scattering process (illustrated on the right-hand side) results in parametric generation of light at
new frequencies.150 (c) A spatiotemporal photonic crystal can support parametric amplification leading to parametric oscillation. This can occur inside momentum bandgaps—a
temporal analogy of the frequency band gaps of the usual (spatial) photonic crystals.151 Reprinted with permission from Lee et al., Photonics Res. 9(2), 142–150 (2021).
Copyright 2021 Chinese Laser Press. (d) A rapid change of the refractive index inside a high-Q resonant metasurface induces a spectral shift of the third-harmonic genera-
tion.152 Reprinted with permission from Zubyuk et al., ACS Photonics 9(2), 493–502 (2022). Copyright 2022 American Chemical Society. (e) Illustration of a Mie-resonant time-
variant scatterer whose directional scattering characteristics and parametric amplification can be dynamically controlled through the pump field.153 Reprinted with permission
from Asadchy et al., Phys. Rev. Appl. 18(5), 054065 (2022). Copyright 2022 American Physical Society. (f) Demonstration of nonreciprocal scattering by a time-variant meta-
surface154 Reprinted with permission from Guo et al., Light Sci. Appl. 8(1), 123 (2019). Copyright 2019 Nature.

FIG. 9. Illustration of the concept of a topological metasurface-based optical para-
metric oscillator (OPO). In this example, the cavity for parametric oscillation is
formed by unidirectional edge states164 (red arrows) resulting from a nonreciprocal
orbital angular momentum bias,165,166 which is induced by circularly polarized
pump beams (green and blue). At the same time, parametric pumping gives rise to
unidirectional gain along the edges.167 Such a parametric oscillator would be similar
to the kind of topological lasers realized in gyrotropic photonic crystals,168 except
that the nonreciprocal character of the cavity would be enabled by the source of
gain (i.e., the parametric pumping) itself. Similar to topological lasers,169 topological
metasurface OPOs could show superior performance and robustness against
defects, e.g., in their quantum phase-squeezing characteristics.170
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and the transient material-related effects (e.g., excitation of hot elec-
trons in metal nanoparticles).97 In metasurfaces, this strategy could
take advantage of the phase interplay between local and collective reso-
nances, exploring various types of hybrid temporal dynamics, which
have recently been studied in the case of interacting local
resonances.93–96

J. Nonlocal interactions mediated by exotic surface
waves

While collective resonances, such as SLRs, are inherently con-
fined to the metasurface plane, the nonlocal interactions between
meta-atoms can be mediated by waves that are confined by other
means. Such independent confinement mechanisms often enable a sig-
nificant increase in the Q factors by limiting the out-of-plane scatter-
ing losses. Regarding nonlinear metasurfaces, the most straightforward
optical states to be used as nonlocal interaction carriers are guided
modes of a slab waveguide65,66 and surface plasmon polaritons
(SPPs).30,120,121 Other types of confined waves, such as Dyakonov sur-
face waves,189,190 Bloch surface waves,191 or gain-loss surface waves,192

have, to date, received comparatively little attention in the context of
multiple scattering and nonlinear optical effects. This stems from their
elusive character and strong sensitivity to the environment, putting at
question their robustness against perturbations. On the other hand,
this type of limitation could be overcome by topologically robust sur-
face waves, such as those existing at the surface of 3D topological pho-
tonic crystals.193,194 The potential of exotic surface waves in tailoring
the nonlocal interactions and nonlinear effects remains to be explored.

K. Emerging material platforms

Apart from structural engineering, one strategy to boost the effi-
ciency of nonlinear effects is to employ alternative and innovative
material platforms.195 Here, the most challenging aspect is often the
lack of established nanopatterning protocols, which hinders the use of
emerging materials directly as metasurface building blocks. However,
these limitations can be circumvented by combining them with meta-
surfaces fabricated using traditional materials, such as high-index
dielectrics and plasmonic metals. A well-known example of realizing
this strategy is a nonlinear metasurface that combines plasmonic
nanoparticle arrays with multi-quantum-well nanostructures support-
ing intersubband transitions. In this case, the coupling between pho-
tonic and electronic resonances has led to a record-high second-order
nonlinearity in the mid-IR spectral range.33

Other material platforms that have recently shown outstanding
second-order nonlinear optical properties are Dirac and Weyl semi-
metals34 (Fig. 10) and 2Dmaterials resonantly coupled to semiconduc-
tor quantum dots.35 Realization of nonlocal metasurfaces based on
these platforms is yet to be demonstrated. With high-Q collective reso-
nances, and possibly also with other concepts described in the previous
sections, one may expect further enhancement of the effective second-
order susceptibility and unprecedented performance of the related
nonlinear effects, such as SHG, optical rectification, THz generation,
and photon-pair creation.

In the field of all-optical switching, the nonlinear refractive index
modulation has greatly benefited from using epsilon-near-zero (ENZ)
materials.196,197 These materials have enabled the first implementation
of time-variant optical elements and their use for optical phase

conjugation.198 However, the nonlinear response of these materials is
not instantaneous, as it is related to the dynamics of the excitations in
the medium.36 Nevertheless, ENZ materials remain one of the hot
topics in nonlinear optics, especially in the context of tailoring the
nonlocal interactions and temporal characteristics of optical media.199

L. Hybrid structures

The nonlinear optical responses can be greatly enhanced by
combining metasurfaces with other photonic structures, such as wave-
guides and cavities. Diffractive incoupling and outcoupling of free-
space radiation to active waveguiding layers has been one of the major
achievements in the realm of light-emitting metasurfaces.13,200,201

Plasmonic lattices coupled to dielectric slab waveguides support a
unique type of hybrid modes known as waveguide–plasmon polari-
tons.65,66 Since the optical energy of such resonant excitations is shared
between dielectric and plasmonic entities, they can exhibit very high
Q-factors, as demonstrated in the example presented in Fig. 3. In slab
waveguides, light undergoes multiple total internal reflections, which
improves the light confinement. Replacing dielectric interfaces by
strongly reflecting mirrors is a straightforward extension to
Fabry–P�erot-cavity-embedded metasurfaces. In the form of metasur-
face etalons,202 these structures can provide additional degrees of free-
dom to engineering of the collective resonances.203 On the other hand,
metasurfaces combined with large open multipass-type cavities can be
useful in enhancing the overall nonlinear conversion efficiency, cir-
cumventing the challenges associated with 3D stacking and phase
matching of multiple metasurfaces.114 Incorporation of nonlinear
metasurfaces into integrated photonic devices204 is another promising
research direction.

IV. OPPORTUNITIES AND CHALLENGES

Figure 11 summarizes the ideas related to future development of
nonlinear nonlocal metasurfaces, including selected challenges and
opportunities. Some of these challenges are similar to those associated
with linear metasurfaces and their functions, which are discussed in
detail in the recent reviews.7,205,206

Among the desired properties of nonlinear nonlocal metasurfaces
(Fig. 11, green boxes on the left), frequency conversion is probably the

FIG. 10. Topological materials, such as Dirac and Weyl semimetals, exhibit the
highest second-order susceptibility for bulk media in the near-infrared spectral
range, resulting from their nontrivial electronic band structure.34 Dirac and Weyl
semimetals could be the future materials for highly nonlinear metasurfaces. Such
metasurfaces could be fabricated simply by depositing a usual plasmonic or dielec-
tric nanoparticle array on the surface of a high-quality semimetal crystal, as pro-
posed in the illustration.
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most investigated one. To achieve efficient frequency conversion,
researchers have explored many ideas, including those listed in Fig. 11
(yellow boxes in the middle). Indeed, limited conversion efficiency in
nonlinear metasurfaces is one of the biggest current challenges. The
highest so-far reported conversion efficiencies have been in the range
0.001%–0.01%.19,195 This leaves room and need for improvement, espe-
cially if one expects the metasurfaces to compete with conventional bulk
optical elements. We believe that combining new materials and uncon-
ventional architectures with some of the specific ideas presented here
will allow researchers to overcome this challenge, bringing frequency-
converting nonlinear nonlocal metasurfaces closer to their commercial
use. Among the possible alternative architectures, we consider open
multi-pass cavities, stacked metasurfaces,114 and hybrid metasurfaces
(with nonlocality enhanced by guided modes and surface waves) as the
most promising for enhancing the frequency conversion efficiency.

Some of the desired properties of nonlinear nonlocal metasurfa-
ces presented in Fig. 11 are linked more specifically to certain ideas.
For instance, nonlinear imaging and beam shaping can benefit mainly
from resonant enhancement, phase gradients, and parametric phe-
nomena. On the other hand, general approaches (yellow boxes at the
bottom), such as emerging materials, alternative architectures, and
novel design methods, can be used to achieve (or to improve) all
nonlinearity-based metasurface functionalities. Here, a notable two-
way connection (magenta arrows at the bottom left) is between the all-
optical information processing and the design of metasurfaces using
machine learning. This is because metasurfaces (and other photonic
structures in general) can be designed using artificial neural net-
works,205,207,208 while they can also be used to implement such net-
works.209 In such a case, nonlinear metasurfaces could hinge on their
capacity to perform massively parallel all-optical information process-
ing,210 while the nonlinearity could make them dynamically
reprogrammable.

From the main challenges listed in Fig. 11 (magenta boxes on
the right), probably the most critical are fundamental aspects of

nonlocality (real-space vs momentum-space and time-domain vs
frequency-domain engineering), as they determine the suitability of
nonlocal properties in all applications.206 For example, nonlinear opti-
cal functions requiring broadband and ultrafast operation may actually
not benefit at all from spatial nonlocality (see Fig. 4). Here, a careful
design is necessary to take advantage of the nonlocal properties, such
as high-Q collective resonances.211

Other major challenges are related to the feasibility of practical
realization of nonlinear nonlocal metasurfaces. This includes nanofab-
rication, which may be problematic for emerging nonlinear materials
due to the lack of well-established nanopatterning methods for some
of these materials. This is especially challenging in the case of second-
order nonlinear materials (e.g., Weyl and Dirac semimetals), which
require a high degree of crystallinity to maintain their nontrivial elec-
tronic properties and a high nonlinear optical susceptibility. Possible
solutions may involve hybrid architectures, as proposed in Fig. 10.
Another related challenge is the practical implementation of some
of the novel concepts, especially related to time-variant and PT -
symmetric metasurfaces.69 Whether unique optical properties enabled
by such novel concepts can be accompanied by a decent efficiency
remains an open question.

Finally, computational costs related to the design and optimiza-
tion are a well-known issue, especially in the case of engineering the
time-domain response and for large photonic structures. Here, it
seems very likely that the artificial intelligence may soon become the
game changer, replacing exact modeling in most of the practical design
tasks, not only in the field of nonlinear nonlocal metasurfaces, but in
optics and photonics in general.

V. CONCLUSION

In this work, we have provided an overview of nonlinear nonlocal
metasurfaces, identifying various physical mechanisms that govern
their nonlinear response. We presented some of the most interesting
current trends in the field and discussed the possible future research

FIG. 11. Summary of the selected direc-
tions of current and future development of
nonlinear nonlocal metasurfaces, including
some of the specific ideas discussed
throughout this article, and the associated
challenges. Description is in the main text.
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directions. The collective nonlocal optical response enables strong
light–matter interactions to take place even in optically thin systems,
which is particularly promising for ever increasing number of applica-
tions where flat optical components are required. The ability to tailor
the system response at the individual meta-atom level enables unprec-
edented control over the amplitude, polarization, and phase response
of the nonlinear material. In addition, tailoring the collective meta-
atomic response offers entirely new degrees of freedom in nonlinear
manipulation of light. These degrees of freedom will likely lead to new
avenues to be taken in the realm of nonlinear optics. Examples include,
but are not limited to, topological effects, PT -symmetry, temporal
modulation, nonlinear geometric phases, and new nonlinear materials.
Thus, nonlinear nonlocal metasurfaces have the potential not only to
outperform their conventional counterparts but also to provide novel
functionalities and exhibit new light–matter interaction mechanisms.
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Joannopoulos, M. Soljačić, and B. Zhen, “Observation of bulk Fermi arc and
polarization half charge from paired exceptional points,” Science 359(6379),
1009–1012 (2018).

164L. He, Z. Addison, J. Jin, E. J. Mele, S. G. Johnson, and B. Zhen, “Floquet
Chern insulators of light,” Nat. Commun. 10(1), 4194 (2019).

165R. Duggan, D. Sounas, and A. Al�u, “Optically driven effective Faraday effect in
instantaneous nonlinear media,” Optica 6(9), 1152–1157 (2019).

166R. Duggan, S. A. Mann, and A. Al�u, “Nonreciprocal photonic topological
order driven by uniform optical pumping,” Phys. Rev. B 102(10), 100303
(2020).

167E. Galiffi, P. A. Huidobro, and J. B. Pendry, “Broadband nonreciprocal ampli-
fication in luminal metamaterials,” Phys. Rev. Lett. 123(20), 206101 (2019).

168B. Bahari, A. Ndao, F. Vallini, A. El Amili, Y. Fainman, and B. Kant�e,
“Nonreciprocal lasing in topological cavities of arbitrary geometries,” Science
358(6363), 636–640 (2017).

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 122, 160502 (2023); doi: 10.1063/5.0140483 122, 160502-15

VC Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/5.0140483/16821363/160502_1_5.0140483.pdf

https://doi.org/10.1002/adma.201401021
https://doi.org/10.1021/acsphotonics.5b00090
https://doi.org/10.1038/s41565-018-0324-7
https://doi.org/10.1063/1.5142397
https://doi.org/10.1002/lpor.202200031
https://doi.org/10.1021/acsphotonics.1c01511
https://doi.org/10.1002/adom.202200193
https://doi.org/10.1002/adom.202200193
https://doi.org/10.1126/science.abq8684
https://doi.org/10.1038/nphoton.2015.17
https://doi.org/10.1038/ncomms12533
https://doi.org/10.1021/acs.nanolett.7b04451
https://doi.org/10.1038/lsa.2017.17
https://doi.org/10.1002/advs.201802119
https://doi.org/10.1002/advs.201802119
https://doi.org/10.1021/nl203354b
https://doi.org/10.1103/PhysRevA.95.043802
https://doi.org/10.1364/OE.26.009134
https://doi.org/10.1088/1367-2630/ac5aef
https://doi.org/10.1103/PhysRevX.12.021042
https://doi.org/10.1038/s41566-018-0177-5
https://doi.org/10.1021/acsphotonics.1c01416
https://doi.org/10.1002/lpor.202100574
https://doi.org/10.1126/sciadv.abq4240
https://doi.org/10.1021/acsphotonics.9b00700
https://doi.org/10.1021/acs.nanolett.0c01603
https://doi.org/10.1088/1367-2630/ac55b2
https://doi.org/10.1038/s41467-021-24502-0
https://doi.org/10.1364/JOSAB.36.000E71
https://doi.org/10.1103/PhysRevResearch.1.023016
https://doi.org/10.1186/s43593-022-00015-1
https://doi.org/10.1364/PRJ.406215
https://doi.org/10.1021/acsphotonics.1c01222
https://doi.org/10.1021/acsphotonics.1c01222
https://doi.org/10.1103/PhysRevApplied.18.054065
https://doi.org/10.1038/s41377-019-0225-z
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1038/nature14889
https://doi.org/10.1002/lpor.202100617
https://doi.org/10.1088/2040-8978/13/11/115701
https://doi.org/10.1103/PhysRevA.94.033834
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1038/s41467-019-12231-4
https://doi.org/10.1364/OPTICA.6.001152
https://doi.org/10.1103/PhysRevB.102.100303
https://doi.org/10.1103/PhysRevLett.123.206101
https://doi.org/10.1126/science.aao4551
https://scitation.org/journal/apl


169M. A. Bandres, S. Wittek, G. Harari, M. Parto, J. Ren, M. Segev, D. N.
Christodoulides, and M. Khajavikhan, “Topological insulator laser:
Experiments,” Science 359(6381), eaar4005 (2018).

170A. Roy, M. Parto, R. Nehra, C. Leefmans, and A. Marandi, “Topological opti-
cal parametric oscillation,” Nanophotonics 11(8), 1611–1618 (2022).

171J. Park, H. Cho, S. Lee, K. Lee, K. Lee, H. C. Park, J.-W. Ryu, N. Park, S. Jeon,
and B. Min, “Revealing non-Hermitian band structure of photonic Floquet
media,” Sci. Adv. 8(40), eabo6220 (2022).

172E. Lustig, Y. Sharabi, and M. Segev, “Topological aspects of photonic time
crystals,” Optica 5(11), 1390–1395 (2018).

173M. Mostafa, A. D. Rubio, M. Mirmoosa, and S. Tretyakov, “Coherently time-
varying metasurfaces,” Phys. Rev. Appl. 17, 064048 (2022).

174R. Kolkowski and A. F. Koenderink, “Gain-induced scattering anomalies of
diffractive metasurfaces,” Nanophotonics 9(14), 4273–4285 (2020).

175G. Marty, S. Combri�e, F. Raineri, and A. De Rossi, “Photonic crystal optical
parametric oscillator,” Nat. Photonics 15(1), 53–58 (2021).

176Y. Zeng, U. Chattopadhyay, B. Zhu, B. Qiang, J. Li, Y. Jin, L. Li, A. G. Davies,
E. H. Linfield, B. Zhang et al., “Electrically pumped topological laser with val-
ley edge modes,” Nature 578(7794), 246–250 (2020).

177G. A. May, “Optical parametrons,” U.S. Patent 4405869 (1982).
178Y. Sharabi, A. Dikopoltsev, E. Lustig, Y. Lumer, and M. Segev,

“Spatiotemporal photonic crystals,” Optica 9(6), 585–592 (2022).
179N. H. Lindner, G. Refael, and V. Galitski, “Floquet topological insulator in

semiconductor quantum wells,” Nat. Phys. 7(6), 490–495 (2011).
180M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D. Podolsky, F.

Dreisow, S. Nolte, M. Segev, and A. Szameit, “Photonic Floquet topological
insulators,” Nature 496(7444), 196–200 (2013).

181K. Fang, Z. Yu, and S. Fan, “Realizing effective magnetic field for photons by
controlling the phase of dynamic modulation,” Nat. Photonics 6(11), 782–787
(2012).

182D. L. Sounas and A. Al�u, “Non-reciprocal photonics based on time modu-
lation,” Nat. Photonics 11(12), 774–783 (2017).

183Y. Hu, M. Tong, S. Hu, W. He, T. Jiang et al., “Multidimensional engineered
metasurface for ultrafast terahertz switching at frequency-agile channels,”
Nanophotonics 11(7), 1367–1378 (2022).

184M. R. Shcherbakov, R. Lemasters, Z. Fan, J. Song, T. Lian, H. Harutyunyan,
and G. Shvets, “Time-variant metasurfaces enable tunable spectral bands of
negative extinction,” Optica 6(11), 1441–1442 (2019).

185K. Lee, J. Son, J. Park, B. Kang, W. Jeon, F. Rotermund, and B. Min, “Linear
frequency conversion via sudden merging of meta-atoms in time-variant
metasurfaces,” Nat. Photonics 12(12), 765–773 (2018).

186N. Karl, P. P. Vabishchevich, M. R. Shcherbakov, S. Liu, M. B. Sinclair, G.
Shvets, and I. Brener, “Frequency conversion in a time-variant dielectric meta-
surface,” Nano Lett. 20(10), 7052–7058 (2020).

187S. G. Rodrigo, H. Harutyunyan, and L. Novotny, “Coherent control of light
scattering from nanostructured materials by second-harmonic generation,”
Phys. Rev. Lett. 110(17), 177405 (2013).

188A. Di Francescantonio, A. Locatelli, X. Wu, A. Zilli, T. Feichtner, P. Biagioni,
L. Du�o, D. Rocco, C. De Angelis, M. Celebrano et al., “Coherent control of the
nonlinear emission of single plasmonic nanoantennas by dual-beam
pumping,” Adv. Opt. Mater. 10, 2200757 (2022).

189O. Takayama, L. Crasovan, D. Artigas, and L. Torner, “Observation of
Dyakonov surface waves,” Phys. Rev. Lett. 102(4), 043903 (2009).

190D. A. Chermoshentsev, E. V. Anikin, S. A. Dyakov, and N. A. Gippius,
“Dimensional confinement and waveguide effect of Dyakonov surface waves
in twisted confined media,” Nanophotonics 9(16), 4785–4797 (2020).

191D. Aurelio and M. Liscidini, “Electromagnetic field enhancement in Bloch sur-
face waves,” Phys. Rev. B 96(4), 045308 (2017).

192S. Savoia, G. Castaldi, V. Galdi, A. Al�u, and N. Engheta, “PT-symmetry-
induced wave confinement and guiding in e-near-zero metamaterials,” Phys.
Rev. B 91(11), 115114 (2015).

193B. Yang, Q. Guo, B. Tremain, L. E. Barr, W. Gao, H. Liu, B. B�eri, Y. Xiang, D.
Fan, A. P. Hibbins et al., “Direct observation of topological surface-state arcs
in photonic metamaterials,” Nat. Commun. 8(1), 97 (2017).

194Y. Yang, Z. Gao, H. Xue, L. Zhang, M. He, Z. Yang, R. Singh, Y. Chong, B.
Zhang, and H. Chen, “Realization of a three-dimensional photonic topological
insulator,” Nature 565(7741), 622–626 (2019).

195N. Vermeulen, D. Espinosa, A. Ball, J. M. Ballato, P. Boucaud, G. Boudebs, C.
L. A. V. Campos, P. D. Dragic, A. Gomes, M. J. Huttunen, N. Kinsey, R. P.
Mildren, D. Neshev, L. Padilha, M. Pu, R. Secondo, E. Tokunaga, D.
Turchinovich, J. Yan, K. Yvind, K. Dolgaleva, and E. van Stryland, “Post-2000
nonlinear optical materials and measurements: Data tables and best practices,”
J. Phys. (to be published).

196M. Zahirul Alam, I. De Leon, and R. W. Boyd, “Large optical nonlinearity of
indium tin oxide in its epsilon-near-zero region,” Science 352(6287), 795–797
(2016).

197M. Z. Alam, S. A. Schulz, J. Upham, I. De Leon, and R. W. Boyd, “Large opti-
cal nonlinearity of nanoantennas coupled to an epsilon-near-zero material,”
Nat. Photonics 12(2), 79–83 (2018).

198S. Vezzoli, V. Bruno, C. DeVault, T. Roger, V. M. Shalaev, A. Boltasseva, M.
Ferrera, M. Clerici, A. Dubietis, and D. Faccio, “Optical time reversal from time-
dependent epsilon-near-zero media,” Phys. Rev. Lett. 120(4), 043902 (2018).

199T. Stefaniuk, L. H. Nicholls, R. M. C�ordova-Castro, M. E. Nasir, and A. V.
Zayats, “Nonlocality-enabled pulse management in epsilon-near-zero meta-
materials,” Adv. Mater. 2022, 2107023.

200G. Lozano, D. J. Louwers, S. R. Rodr�ıguez, S. Murai, O. T. Jansen, M. A.
Verschuuren, and J. G�omez Rivas, “Plasmonics for solid-state lighting:
Enhanced excitation and directional emission of highly efficient light
sources,” Light 2(5), e66 (2013).

201G. Lozano, S. R. Rodriguez, M. A. Verschuuren, and J. G. Rivas, “Metallic
nanostructures for efficient LED lighting,” Light 5(6), e16080–e16080 (2016).

202A. Berkhout and A. F. Koenderink, “Perfect absorption and phase singularities
in plasmon antenna array etalons,” ACS Photonics 6(11), 2917–2925 (2019).

203C.-R. Mann, T. J. Sturges, G. Weick, W. L. Barnes, and E. Mariani,
“Manipulating type-I and type-II Dirac polaritons in cavity-embedded honey-
comb metasurfaces,” Nat. Commun. 9(1), 2194 (2018).

204C. Wang, Z. Li, M.-H. Kim, X. Xiong, X.-F. Ren, G.-C. Guo, N. Yu, and M.
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tion and inverse design using artificial neural networks,” Sci. Adv. 4(6),
eaar4206 (2018).

208Y. Deng, S. Ren, K. Fan, J. M. Malof, and W. J. Padilla, “Neural-adjoint
method for the inverse design of all-dielectric metasurfaces,” Opt. Express
29(5), 7526–7534 (2021).

209C. Liu, Q. Ma, Z. J. Luo, Q. R. Hong, Q. Xiao, H. C. Zhang, L. Miao, W. M. Yu,
Q. Cheng, L. Li et al., “A programmable diffractive deep neural network based
on a digital-coding metasurface array,” Nat. Electron. 5(2), 113–122 (2022).

210A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Al�u, and N. Engheta,
“Performing mathematical operations with metamaterials,” Science
343(6167), 160–163 (2014).

211T. Stolt and M. J. Huttunen, “Broadband frequency conversion of ultrashort
pulses using high-Q metasurface resonators,” New J. Phys. 24(2), 025004
(2022).

212R. Kolkowski (2023). Replication package for “Nonlinear nonlocal meta-
surfaces” Appl. Phys. Lett., Fairdata https://doi.org/10.23729/a049df84-20ef-
4ac7-a0d2-ed9f42958125

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 122, 160502 (2023); doi: 10.1063/5.0140483 122, 160502-16

VC Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/5.0140483/16821363/160502_1_5.0140483.pdf

https://doi.org/10.1126/science.aar4005
https://doi.org/10.1515/nanoph-2021-0765
https://doi.org/10.1126/sciadv.abo6220
https://doi.org/10.1364/OPTICA.5.001390
https://doi.org/10.1103/PhysRevApplied.17.064048
https://doi.org/10.1515/nanoph-2020-0253
https://doi.org/10.1038/s41566-020-00737-z
https://doi.org/10.1038/s41586-020-1981-x
https://doi.org/10.1364/OPTICA.455672
https://doi.org/10.1038/nphys1926
https://doi.org/10.1038/nature12066
https://doi.org/10.1038/nphoton.2012.236
https://doi.org/10.1038/s41566-017-0051-x
https://doi.org/10.1515/nanoph-2021-0774
https://doi.org/10.1364/OPTICA.6.001441
https://doi.org/10.1038/s41566-018-0259-4
https://doi.org/10.1021/acs.nanolett.0c02113
https://doi.org/10.1103/PhysRevLett.110.177405
https://doi.org/10.1002/adom.202200757
https://doi.org/10.1103/PhysRevLett.102.043903
https://doi.org/10.1515/nanoph-2020-0459
https://doi.org/10.1103/PhysRevB.96.045308
https://doi.org/10.1103/PhysRevB.91.115114
https://doi.org/10.1103/PhysRevB.91.115114
https://doi.org/10.1038/s41467-017-00134-1
https://doi.org/10.1038/s41586-018-0829-0
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1038/s41566-017-0089-9
https://doi.org/10.1103/PhysRevLett.120.043902
https://doi.org/10.1002/adma.202107023
https://doi.org/10.1038/lsa.2013.22
https://doi.org/10.1038/lsa.2016.80
https://doi.org/10.1021/acsphotonics.9b01019
https://doi.org/10.1038/s41467-018-03982-7
https://doi.org/10.1038/s41467-017-02189-6
https://doi.org/10.1038/s41566-022-01126-4
https://doi.org/10.1038/s41566-022-01098-5
https://doi.org/10.1126/sciadv.aar4206
https://doi.org/10.1364/OE.419138
https://doi.org/10.1038/s41928-022-00719-9
https://doi.org/10.1126/science.1242818
https://doi.org/10.1088/1367-2630/ac4a14
https://doi.org/10.23729/a049df84-20ef-4ac7-a0d2-ed9f42958125
https://doi.org/10.23729/a049df84-20ef-4ac7-a0d2-ed9f42958125
https://scitation.org/journal/apl

