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Abstract: When light interacts with matter by means of
scattering and absorption, we observe the resulting color.
Light also probes the symmetry of matter and the result is
encoded in its polarization. In the special case of circularly-
polarized light, which is especially relevant in nonlinear
optics, quantum photonics, and physical chemistry, a criti-
cal dimension of symmetry is along the longitudinal direc-
tion. We examine recent advances in controlling circularly-
polarized light and reveal that the commonality in these
advances is in judicious control of longitudinal symmetry.
In particular, in the use of high quality-factor modes in
dielectric metasurfaces, the finite thickness can be used to
tune the modal profile. These symmetry considerations can
be applied in multiplexed optical communication schemes,
deterministic control of quantum emitters, and sensitive
detection of the asymmetry of small molecules.

Keywords: chirality; high-Q; metasurfaces; photonic crys-
tals; spin.

1 Introduction

Optical cavities trap light, akin to a mirrored box. As the
light bounces around the box, the probability that the pho-
tons interact with other particles inside the box is increased.
The increased interaction time allows otherwise weak
light-matter interactions to become appreciable, which
amplifies weak nonlinear optical processes (e.g., laser
cavities) and may aid in developing photon sources for
quantum calculations (“qubits”). Critical to controlling the
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light-matter interactions in an optical cavity is determining
both the wavelength (dictated by the size of the cavity) and
polarization (dictated by the symmetry of the cavity) of
trapped light.

Symmetry in two dimensions (i.e., a box with no lid)
is sufficient for controlling states of linearly-polarized light,
but the third dimension (the lid) plays a unique role in con-
trolling states of circularly-polarized light. We see this at the
macroscale with bulk polarization optics: a wire grid polar-
izer is sufficient to filter linearly-polarized light, but a wave
plate with finite thickness is required to filter circularly-
polarized light. This is because circularly-polarized light
passing through a filter (in the z-direction) possesses both
angular momentum (in x-y) and linear momentum (along
z). In optical cavities, light is not always propagating and
yet there is still angular momentum [1]. In these cases, it
is important to distinguish between the spin of light and
the chirality of light. Chirality is the temporal rotation (spin
angular momentum in x-y, or simply spin) projected along
the propagation direction (linear momentum in z); there-
fore, spin can be defined in two dimensions while chirality
requires all three dimensions [2-4].

The promise of photonic crystals as they were originally
described in 1987 was to confine light in all three spatial
dimensions, creating a complete bandgap (i.e., a span of
energies over which light is completely trapped) regardless
of polarization [5]. In practice, such photonic crystals have
been traditionally made of bulk crystals that are effectively
semi-infinite in their thickness, with periodically etched
holes introduced in the transverse direction (Figure 1a),
resulting in two-dimensional confinement [6]. Thereafter,
the development of plasmonic (i.e., metallic) arrays reduced
confinement in the longitudinal direction towards zero
(because of the finite “skin depth” penetration of light into
metals) [7-11]. The emergence of dielectric metasurfaces
introduces a finite degree of confinement in the longitudinal
direction while retaining the periodic confinement in the
transverse direction (Figure 1b), approaching quasi-three-
dimensional confinement [12].

Metasurfaces shape the amplitude and phase of light
in the transverse direction, but the longitudinal direction
can still be exploited to control states of circularly polarized
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Figure 1: Dimensions in the longitudinal () and transverse (a) directions for (a) a photonic crystal and (b) a dielectric metasurface. Here, a is the lattice
period, t is the thickness, and A is the effective wavelength of light. Electromagnetic dipole moments in (c) a Kerker metasurface with orthogonal but
overlapping electric and magnetic dipole moments (p, and p,,,), and (d) a chiral metasurface with coupled electric and magnetic dipole moments (p,,).

light (CPL). Such control of CPL has important implications
for nonlinear optics, quantum photonics, and beyond [13,
14]. For example, in the case of quantum emitters, these
metasurfaces can be used to control the amplitude, phase,
and spin of their emission while simultaneously optimiz-
ing their coherence. Metasurfaces can be interfaced with a
variety of media, including van der Waals two-dimensional
materials (e.g., 2D transition metal dichalcogenides) that
exhibit a valley degree of freedom for valleytronics, lattice
point defects with spin inherited from trapped electrons for
color centers, and chiral molecules with symmetry-selective
absorption for enantioselective photo-destruction [15-17].
Dielectric metasurfaces possess lower loss than their metal-
lic counterparts and can achieve stronger temporal con-
finement with high quality-factors (high-Qs) for stronger
interactions. In this perspective, we explore the longitudinal
degree of freedom in optical cavities, its role in controlling
circularly-polarized light in high-Q metasurfaces, and dis-
cuss opportunities in interfacing with quantum emitters.

2 Metasurface thickness allows
magnetic-type Mie modes

The number of communication channels for a given optical
element is equivalent to the number of orthogonal modes
that can be solved for in that element [18]. For photonic
crystals with semi-infinite thickness, these modes rely on
translational symmetry in the periodic direction (i.e., guided
modes). For dielectric metasurfaces with finite thickness,
there also exist modes without translational symmetry (i.e.,
cavity modes) in addition to the usual guided modes [19, 20].

Metasurface cavity modes exist for individual dielectric par-
ticles and are described using Mie theory, while the guided
modes result from the periodic potential and are described
using Bloch’s theorem. In terms of their energy-momentum
relationship, guided mode dispersion is approximately lin-
ear while cavity mode dispersion is approximately flat, and
cavity dispersion is trivial for a geometry lacking transla-
tional symmetry on the order of the wavelength (i.e., there
is no reciprocal lattice for a single particle). The disper-
sion of high-contrast gratings such as metasurfaces con-
volute the local (cavity) modes into a nonlocal (guided)
envelope, resulting in parabolic dispersion that is flat near
high-symmetry points and linear away from high-symmetry
points [21]. Typically, dispersion analysis is performed to
study guided modes, multipolar analysis is applied to cavity
modes, and both can be inspected by their near-field elec-
tromagnetic profiles [22]. Guided modes and cavity modes
are both modified by a finite longitudinal thickness.

Guided mode solutions exist below the light line as
continuous bands in the dispersion, meaning that they are
guided in the transverse direction and generally are not
accessible from light incident from the normal direction
(i.e., light from the longitudinal direction) [19]. They can be
classified as even or odd depending on how the phase of
light is distributed throughout the structure. Likewise, they
can be classified based on their incident polarization state:
transverse electric (TE) or transverse magnetic (TM). When
the slab is finite in the longitudinal direction, such as in
a thin slab photonic crystal or dielectric metasurface, the
thickness of the slab dictates the width of the bandgap. For a
slab of a given periodicity, there exists an optimal thickness
for which the bandgap is maximized [23].
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Cavity mode solutions can exist without translational
symmetry. An infinite potential well isolated from its
surroundings will produce solutions independent of any
neighboring structures. For the case of a sphere with a diam-
eter on the order of the effective wavelength, the solutions
for scattering follow the form of vector spherical harmonics
and can be classified as transverse electric (TE) or trans-
verse magnetic (TM), known as Mie modes [20]. However,
here TE and TM Mie modes are polarization degenerate
solutions that can be described as electric-type dipoles and
magnetic-type dipoles, respectively. The electric and mag-
netic multipole solutions provide a complete basis with
which to describe the radiation pattern of Mie scatterers.
In the case of a dielectric cylinder illuminated with light
normal to its top surface, the electric field is confined in
the transverse direction for the electric Mie mode but con-
fined in the longitudinal direction of the magnetic Mie mode
(Figure 1c) [24]. The electric and magnetic Mie modes are
orthogonal to one another, and the magnetic Mie mode is
more sensitive to changes in the metasurface thickness due
to its electric field distribution.

The description of electric-type and magnetic-type Mie
modes provides an alternative perspective on the commu-
nication channels available to use in finite-thickness meta-
surfaces. Recently, D. Miller showed that total thickness is
a limiting constraint in optics that functionally transform
information, such as lenses, when considering propagation
distance from input to output (or source to detector) [18].
Optics that manipulate orthogonal polarization states can
double the number of communication channels available
(i.e., polarization multiplexing). In photonic crystals, there
are orthogonal sets of channels for TE and TM polarization
states. In metasurfaces of finite thickness, there is also the
opportunity to manipulate circular polarization channels
due to the longitudinal degree of freedom, which is a con-
sequence of the orthogonality of electric Mie modes from
the transverse direction and magnetic Mie modes from the
longitudinal direction. This describes an opportunity for
metasurfaces to control twice the number of communica-
tion channels as their semi-infinite photonic crystal coun-
terparts. We can consider the longitudinal degree of free-
dom as a dimension for multiplexing similar to traditional
TE/TM polarization multiplexing [25].

3 High-Q resonances in Kerker
and chiral metasurfaces

The guided modes and cavity modes of a metasur-
face can be coupled through careful geometric design,
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resulting in symmetry-protected resonances with especially
long optical lifetimes (i.e., strong temporal confinement), as
described by the quality factor. As discussed in the previous
section, the periodicity of dielectric structures satisfies the
Bloch condition and opens a bandgap of forbidden frequen-
cies. However, small geometric perturbations can modify
the band structure and generate a new set of allowed fre-
quencies. With surprisingly small geometric perturbations,
specific frequencies of light begin to constructively interfere
within an otherwise forbidden bandgap, and because the
existence of these resonances is dependent on the strength
of the geometric perturbation, weak asymmetries result
in resonances with laser-sharp linewidths and correspond-
ingly long optical lifetimes. This phenomenon is known as
symmetry-protected quasi-bound states in the continuum
(g-BICs), and their emergence has been the subject of inves-
tigation in photonic crystals since at least 2008 [26—-28]. The
precise control of quality-factor enabled by g-BICs is espe-
cially advantageous in maximizing coupling to a material’s
transition energy (e.g., the linewidth of emission from a
photoluminescent material, such as a quantum emitter)
[29, 30].

Recently, the physics of g-BIC resonances has been
combined with chiral and achiral Kerker metasurfaces to
achieve high Q-factors while controlling the polarization
of CPL [13, 14, 31]. The magnetic Mie mode participates
in both of these phenomena. An achiral Kerker meta-
surface is described by orthogonal electric and magnetic
Mie modes that resonate simultaneously, mimicking the
requirements of the first Kerker condition (Figure 1c) [24].
A chiral metasurface is described by electric and magnetic
Mie modes that are coupled as a consequence of mirror
asymmetry (Figure 1d) [32]. We first describe the prop-
erties and constraints of symmetry-protected g-BIC reso-
nances, and then detail advances in q-BIC Kerker and chiral
metasurfaces.

3.1 High-Q resonances in metasurfaces
with finite extent

The mechanism of ¢-BIC modes is similar to that of guided
mode resonances and requires an extended optical path
length [21]. The guided mode solutions become coupled to
long-lived cavity mode solutions by means of a geometric
perturbation. This permits otherwise dark guided modes
(below the light-line) to become accessible from free space
(above the light-line). Assuming infinite periodicity in the
transverse direction, the quality-factor of resonances can
theoretically approach infinity as the asymmetry is reduced
towards zero [28]. Currently, quality factors up to 10* have
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been experimentally demonstrated [33, 34]. Although at
least one extended dimension (>100 um at optical frequen-
cies) is usually required to realize modes with such high
quality factors, dispersion engineering techniques can be
used to overcome the finite size limitations of g-BIC meta-
surfaces [33, 35]. So far, limitations owing to small-batch
fabrication with serial lithography are the primary source
of loss.

In practice, the finite extent of metasurfaces in the
transverse direction imposes boundaries on the otherwise
infinitely periodic guided modes. The finite metasurface
area defines boundaries of a new cavity, which possesses
its own cavity solutions. Recently, R. Contractor et al. have
engineered the dispersion of this cavity with considera-
tion of how to maintain single mode dispersion across the
entire area [36]. They demonstrate lasing for a photonic
crystal mode with effectively zero refractive index, mak-
ing it immune to changes in the extent of the metasur-
face area. In the context of ¢-BIC metasurfaces, the modes
originate from introducing intentional asymmetry in the
in-plane (transverse) direction, and so they are also strongly
affected by the unintentional asymmetry in the in-plane
direction introduced by a finite area. Similar dispersion
engineering techniques can be envisioned to either protect
such modes from truncation (making them invariant to
scaling of the metasurface area), or otherwise exploit an
inhomogeneous spatial distribution for additional function-
ality (such as in so-called “nonlocal ¢-BIC metasurfaces”)
[37]. Here, the infinitely periodic guided mode solutions
are transformed into finite cavity mode solutions that
are slowly varying and locally homogeneous only when
the area is sufficiently large (>> wavelength) and geo-
metric differences across that area are slowly varying.
Relating this same concept to finite thickness, the effects
of longitudinal confinement can also only be neglected
in mode analysis when the thickness is sufficiently large
(>> wavelength).

3.2 High-Q Kerker metasurfaces

In a metasurface composed of dielectric cylinders, the spec-
tral location of its Mie modes can be precisely tuned by
the thickness (height) and diameter of the cylinders [24,
38]. In the case of increasing the diameter of the cylinder
while keeping its height fixed, there is a faster spectral red-
shift of the magnetic resonance frequency compared to that
of the electric resonance frequency, so that modifying the
height:diameter aspect ratio can be used to overlap other-
wise spectrally distinct electric and magnetic Mie modes

DE GRUYTER

(Figure 1c). When electric and magnetic Mie modes are spec-
trally overlapped, interference of the resonances causes
complete forward-scattering (and zero back-scattering) as a
consequence of their orthogonality; such a situation is also
said to satisfy the first Kerker condition, which describes
the case of electric and magnetic dipoles oscillating in
phase with equal magnitude [24, 39]. When Kerker metasur-
faces are illuminated with circularly-polarized light, they
also show enhancement of the local chiral density by sev-
eral orders of magnitude while preserving the sign of the
incident circularly-polarized light [40]. An analogous q-BIC
metasurface is designed by breaking in-plane symmetry
with a bi-periodic geometric asymmetry [41]. In this case,
anti-symmetric electric and magnetic dipole resonances
leak with a strength dictated by the magnitude of the
asymmetry. Spectrally overlapping such high-Q resonances
(again, by tuning the disk aspect ratio) leads to greater
sign-preserving chiral enhancement than in the symmetric,
low-Q case (Figure 2a—d) [31].

Kerker metasurface platforms can be valuable for
probing chiral molecules and other light—matter interac-
tions with chiral media [31, 40, 42, 43]. Molecular synthesis
for pharmaceuticals and agrochemicals often yields enan-
tiomers that may cause undesirable reactions in biolog-
ical systems. Circular dichroism (CD) describes how chi-
ral molecules of different handedness experience differen-
tial absorption between left and right circularly-polarized
light. Techniques such as CD spectroscopy are often used
to separate molecules of different handedness but require
high sample concentrations due to low signals. This weak
signal can be dramatically enhanced using metasurfaces
that exploit the Kerker condition for maximizing the local
chiral density, resulting in uniform enantiospecificity over
large volumes [2, 40]. Initial experimental demonstrations
have focused on enhancing fluorescence-detected circular
dichroism (FDCD), which measures the difference in fluores-
cence intensity between right and left circularly polarized
light [44]. Using a metasurface of Si nanodiscs resonant
at the Kerker condition, FDCD was enhanced significantly
compared to an unpatterned, nonresonant Si film which
showed negligible FDCD signal [42]. Although this experi-
ment focused on enhancing visible fluorescence, many chi-
ral molecules are highly absorbing in the UV range. Dia-
mond, being a high index, low loss material in the UV
range, is a more suitable material platform for metasurfaces
probing molecular chiral absorption. Leveraging g-BIC res-
onances that exhibit greater field enhancement than ordi-
nary Mie resonances, diamond Kerker metasurfaces can
enhance the local density of chirality by over three orders of
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Figure 2: Both Kerker metasurfaces (top) and instrinsically chiral metasurfaces (bottom) rely on tuning the longitudinal dimension (thickness). (Ha-d)

A high-q Kerker metasurface (Reprinted in part with permission from ACS Photonics 2020, 7, 1, 36-42 [35]): (a) schematic of decorating the Kerker
metasurface with chiral biomolecules; (b) electric dipole Mie mode electric field vectors (left) and magnitude (right); (c) magnetic dipole Mie mode
electric field vectors (left) and magnetic field magnitude (right); (d) enhancement in density of chirality above the metasurface when at the Kerker
condition. (e-g) An intrinsically chiral high-q metasurface, where alpha is the in-plane asymmetry parameter and phi is the out-of-plane asymmetry
parameter (i.e., etch slant angle) (Reprinted in part with permission from Nature 2023, 613, 474-478 [13]): (e) SEM of intrinsically chiral metasurface
from top view (top) and cross section (bottom) showing a slanted etch; (f) electric (top) and magnetic (bottom) field vectors at the chiral resonance,
showing coupling between the electric and magnetic fields; (g) evolution of the polarization eigenstate as a function of the etch angle (phi).

magnitude (Figure 2d) [31]. This ability to control local den-
sity of chirality in a small form factor could be implemented
in a pixelated design to allow multiple measurements to be
made from a single, micron-scale device [35]. Additionally,
these design techniques can be scaled to other wavelength
ranges to enhance different spectroscopies, such as vibra-
tional circular dichroism [45].

In addition to decorating Kerker metasurfaces with
biomolecular markers, they can be interfaced with two-
dimensional materials for novel schemes in data stor-
age and transfer. For example, two-dimensional transition
metal dichalcogenides (TMDCs) emit sharp and bright pho-
toluminescence due to large exciton binding energy over
500 meV, and their broken inversion symmetry renders
their electronic dispersion asymmetric at opposite K and
K’ valleys, giving rise to valley-dependent circularly polar-
ized photoluminescence [46-50]. Such valley-dependent

photoluminescence can be quantified by the degree of valley
polarization (DVP), defined as DVP = [I(c+) — I(c—)]/I(c+)
+ I(c-)], where I(c+/—) are right and left circularly-
polarized photoluminescence intensities. The versatility of
selectively addressing exciton transitions at the two val-
ley points opens an avenue for valleytronics, spintron-
ics, and quantum information storage. However, the short
spin coherence time (a few picoseconds), due to inter-
valley scattering processes, results in negligible DVP at
room temperature, which prevents these materials from
being practically applied in opto-electronic devices. Enhanc-
ing the light-matter interactions in TMDCs is critical to
obtain high DVP at high or room temperatures. Metasur-
faces that strongly localize light temporally and spatially,
when interfaced with TMDCs, significantly suppress the
intervalley scattering processes and therefore yield strong
valley-polarized emission [51, 52]. A recent demonstration
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of an achiral Kerker metasurface has been proposed as a
new platform for enabling high DVPs for excitons (24 %)
and trions (32 %) in MoS2 monolayers at 100 K [53]. The Mie
modes featuring electric dipole-like and magnetic dipole-
like resonances enhance the transition rates in absorption
and photoluminescent emission. When both electric and
magnetic dipoles are spectrally and spatially overlapped
(i.e., the Kerker condition), the DVPs are maximized, paving
a route towards room-temperature control of TMDC quan-
tum emitters.

3.3 High-Q chiral metasurfaces

In chiral g-BIC metasurfaces intrinsically maximize circu-
lar dichroism, which in lossless (lossy) media is measured
as the differential scattering (absorption) of left and right
circularly polarized light. In 2D chiral metasurfaces, only
mirror symmetry in the plane of the metasurface is bro-
ken. When designed into a g-BIC metasurface, inversion
symmetry is also broken, and the resulting structure lacks
rotational symmetry such that C, < 3 [54]. A consequence of
the reduced rotational symmetry is polarization conversion
in transmission (i.e., L(R)-CP transmits to R(L)-CP), and when
the metasurfaces are embedded in an index-symmetric
environment, the integrated chirality over the entire vol-
ume equals zero. Planar (2D) chiral metasurfaces are not
fully chiral because they still possess mirror symmetry in
the out-of-plane direction, although this does not exclude
their utility in controlling spin for specific applications.
Intrinsic chirality in three dimensions has recently
been explored, relying on breaking both in-plane and out-of-
plane mirror symmetries in the metasurface. In theory, pro-
posed structures rely on a preserved in-plane C, axis of rota-
tional symmetry, ensuring that the metasurface behaves
identically in the forward and backward directions [32, 55,
56]. In practice, 3D chirality has been achieved by etching
the slab along the longitudinal direction at a precise angle
(Figure 2e) and does not preserve the in-plane C, axis [13,
14]. Still, optimized structures with precise tuning of the
geometry (including its thickness) can minimize polariza-
tion conversion and result in near-unity circular dichroism.
Q-factors nearing 103 have recently been achieved experi-
mentally in metasurfaces etched at a slanted angle [13]. Tun-
ing the slant angle shifts one circularly polarized handed-
ness to the I' point while pushing the other handed polariza-
tion state away from I' point, like the angular dependence of
so-called extrinsically chiral metasurfaces (Figure 2f and g).
These metasurfaces exhibit a nonzero integrated chirality
over the volume, and intrinsically chiral photoemission has
been demonstrated, opening avenues in chiral nonlinear
optics. For example, combining the geometric asymmetry
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of a chiral metasurface with the broken time-reversal sym-
metry of chiral nonlinear bias imposes complete optical
isolation, resulting in a singularity of the scattering matrix
[32].

There is an accelerating trend in exploiting asymmetry
of the longitudinal direction, all geared towards manipulat-
ing states of circularly-polarized light. These achievements
may indicate a pivotal point in the design of optical cavi-
ties, where advancements in nanofabrication and materials
synthesis have combined to allow for precise engineering of
every dimension of a material. While most of these exam-
ples rely on a single metasurface layer, these surfaces can
be stacked for similar control of the longitudinal direction
[57, 58]. In comparison with the high-Q chiral metasurfaces
discussed above, layered devices may lack the resolution in
the longitudinal direction required for symmetry-protected
high-Q resonances, and they are often made of more amor-
phous materials that have greater loss. Fortunately, fabri-
cation advancements continue to make more complex and
precise metamaterials more attainable; layered metasur-
faces have already been demonstrated in low-Q and plas-
monic designs [8-11, 59, 60].

3.4 Interfacing metasurfaces with quantum
emitters

Metasurfaces have already proven to be a promising plat-
form for quantum photonics, enabling manipulation and
enhanced collection of the non-classical light [16, 61, 62]. In
particular, photoluminescence enhancement and enhanced
directional emission, tunable exciton-plasmon coupling,
routing exciton emission, and separating valley excitons
have been all achieved in TMDCs interfaced by metasur-
faces and photonic crystals [63—-67]. Integration of metasur-
faces with single photon emitters as a platform for modulat-
ing and tailoring the emission will pave the way for on-chip
quantum emitters en-route to designing efficient quantum
metadevices. Such integration presents new opportunities
in on-chip photonics and quantum information processing
including quantum computation and enhanced sensing and
imaging.

One direction that may be enabled by chiral or oth-
erwise circularly birefringent metasurfaces is to achieve
“spin-locking” of a quantum emitter. In general, quan-
tum emitters can be excited by either left- or right-
circularly-polarized light, and a fully symmetric optical cav-
ity strengthens coupling of either handedness. A metasur-
face cavity that is selectively resonant with one handed-
ness coupled to a quantum emitter could “lock” emission
to only that handedness [68, 69]. Combined with the flexi-
bility of metasurface design, specific areas of a free-space
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optical coupler could filter spin signals selectively, or store
spin information selectively. Alternatively, the information
could be directed to different regions of a detector in free-
space. Additionally, pixelated metasurfaces would enable
hyperspectral operation that compensates for the narrow
bandwidth operation of high-Q resonators, drawing on
work in achromatic metasurfaces [35, 70-74]. Analog opti-
cal computing architectures may be applied in quantum
computing, and recent advances in these two fields simul-
taneously may yield multiplicative advancements towards
optical quantum computers.

When integrating single photon emitters with meta-
surfaces, the selection rules of their coupling depend on
the symmetry of their environment. Introducing intentional
asymmetry can be a powerful tuning knob [75, 76]. For
instance, the broken out-of-plane mirror symmetry in 2D
heterolayers (e.g., Janus transition metal dichalcogenides,
and Moire superlattices) has resulted in extended exciton
coherence times in the nanosecond regime [77, 78]. Con-
versely, unintentional asymmetry can also degrade emis-
sion from quantum materials, such as through coupling
with the substrate [79, 80]. As we continue to develop optical
cavities for spin and chirality, both the symmetry of the
cavity and the symmetry of the interacting matter should
be considered simultaneously. When considered carefully,
the longitudinal degree of freedom is a tool for controlling
emission properties.

4 Conclusions and Outlook

Quantum materials can be described by strongly correlated
interactions of their lattice, charge, spin, and atomic orbitals
[81]. Somewhat analogously, “quantum metasurfaces” may
be described by their lattice, refractive index, spin angu-
lar momentum, and orbital angular momentum [16, 82].
An emerging platform in quantum metasurfaces may come
from metasurfaces designed with their own strongly cor-
related properties, such as between their spin and orbital
angular momentum. Just as the origin of photonic crystals
was inspired by mimicking the nature of naturally occur-
ring crystals, the next generation of quantum metamaterials
may seek to mimic more recent developments in the sym-
metry of synthesized 2D crystals and their “twistronics”. In
addition, there is a plethora of opportunity in fabricating
metasurfaces directly from these new materials, providing
a pathway for coupling intrinsic electronic dispersion with
a nanophotonic engineered environment.

In this perspective, we have shown that the lon-
gitudinal dimension, characterized by a metasurface’s
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thickness, is a critical parameter in determining its interac-
tion with circularly-polarized light. Beyond quantum optics,
dielectric metasurfaces have roles in many other chiral-
and spin-dependent light—matter interactions. Lorentz reci-
procity, a fundamental constraint in electronics and pho-
tonics, is directly related to chiral symmetry and can be
manipulated in nonlinear or time-varying metasurfaces
[32, 83-86]. In communications, the dispersion of metasur-
faces can be carefully engineered to design infinitely scal-
able lasers, or light sources that are impervious to defects
(topologically protected) [36, 87, 88]. Additionally, the spin-
dependent fingerprint of molecules can be enhanced for
detection at low concentrations in mixtures of otherwise
similar molecules, applicable across multiple spectroscopy
techniques across physical chemistry and biomedicine
[89-93]. The longitudinal thickness presents a degree of
freedom and a dimension of symmetry often overlooked.
Every dimension of an optical cavity matters, but we cannot
forget its thickness.
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