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ABSTRACT: The engineering of the spatial and temporal properties of both .
the electric permittivity and the refractive index of materials is at the core of Classical NZI
photonics. When vanishing to zero, those two variables provide efficient knobs optics photonics
to control light—matter interactions. This Perspective aims at providing an
overview of the state of the art and the challenges in emerging research areas
where the use of near-zero refractive index and hyperbolic metamaterials is
pivotal, in particular, light and thermal emission, nonlinear optics, sensing
applications, and time-varying photonics.
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Bl INTRODUCTION and future directions and challenges of these two correlated
topics, are at the core of this Perspective.

While a new range of fabrication techniques has enabled the
generation of a negative index, this is in principle possible only
over a restricted set of frequencies. As a result, the index
undergoes transitions between being positive and negative,
opening frequency windows where the index is “near-zero”. As
suggested by the provided definition of the refractive index in
terms of its electric and magnetic constituent, the frequency
range where the index has a near-zero response can be
retrieved in three different ways (Figure la). The refractive

Generating, manipulating, and detecting light are essential
actions in photonics that implicitly require interaction with
materials. Tracing back to Maxwell's equations, one can
identify two physical quantities that are responsible for the
interaction of electromagnetic waves with matter: the relative
electric permittivity &, acting on the electric properties of
matter, and its magnetic counterpart, the relative magnetic
permeability y,. Both quantities together give the material
refractive index n = /et Considering the wave-like nature of

light picture, only a few variables are available in the photonics’ index can reach zero by a vanishing electric permittivity,
toolbox. One can either act on the refractive index contrast creating the epsilon-near-zero class (ENZ, ¢ — 0); by a
between materials, as a direct consequence of boundary vanishing magnetic permeability, inducing the mu-near-zero
conditions, or on the time/frequency dispersion of the class (MNZ, 4 — 0), or finally, by simultaneously vanishing
refractive index. Therefore, over the past years, massive permittivity and permeability, the epsilon-and-mu-near-zero
advances in the engineering of e(7t), u(7t) and n(7t) have class (EMNZ, ¢ — 0 and u — 0).°7'% These three classes
been reported in photonics.'"”* From periodic spatial share common properties due to the vanishing index of
modulation of the index using photonic crystals3’5’6 and the refraction (Figure 1b), and we can refer to these materials as

simultaneous use of positive and negative permittivity in

plasmonics,” to the nanoscale engineering of the effective index Received: June 2, 2023 Phétonics
that enabled negative values to be reached,” control over Revised: ~ October 3, 2023
constituent materials has unlocked new regimes of light— Accepted: October 3, 2023
matter interactions. Here, we focus on near-zero refractive Published: October 23, 2023

index (NZI) photonics® ' and hyperbolic metamaterials
(HMM)."' =" The current evolution, as well as new frontiers
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Figure 1. (a) Classification of photonic materials according to their relative electric permittivity ¢, and relative magnetic permeability f,, exhibiting
three NZI classes: ENZ class, MNZ class, and EMNZ class, inspired by refs 24 and 25. (b) Uniform phase distribution and electrodynamical
quantities reaching extremes values in NZI media. (c) Isofrequency surfaces in HMMs. Reproduced with permission from ref 11. Copyright 2013

Nature.

near-zero-index (NZI) materials. On the one hand, a range of
physical quantities tend to infinity, such as the effective

4o

wavelength A inside a NZI medium, 1 = = o, Ao being the

vacuum wavelength, and the phase velocity v, = 5, with ¢

being the fundamental constant defined as the speed of light in
vacuum.'® On the other hand, some other quantities tend to
zero, such as the wavevector k or the phase difference Ag
inside the NZI material, leading to a uniform phase
distribution. Nevertheless, not all electrodynamical quantities
either tend to zero or infinity in a NZI medium. Some
quantities depend on the NZI class, i.e., the way one engineers
the near-zero index response. For example, the wave

impedance Z = \/g , the group velocity vy Or the related

group index n, = c/v, present drastically different values
according to the NZI class and their specific geometrical
implementation.'”*° The ability to push multiple key
parameters to the aforementioned extremes through NZI
engineering enabled novel optical phenomena such as perfect
transmission through distorted waveguides,19 cloelking,u’22
inhibited diffraction.”®

When investigating the transition of the relative permittivity
around NZI frequency points, a particularly interesting
situation led to the definition of hyperbolic metamaterials,
which can be explained as follows. As briefly mentioned above,

and
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plasmonics opened a whole branch of photonics. A surface
plasmon polariton (SPP) corresponds to a light-driven
collective oscillation of electrons localized at the interface
between materials with a dielectric (¢ > 0) and metallic (¢ < 0)
dispersion. If the interface is flat, as in a thin layer, propagating
SPP can propagate along the interface. Alternatively, if the
interface has a closed shape, such as in a nanoparticle or a
nanowire, the coherent electronic vibration is localized, and the
excitation is referred to as a localized surface plasmon (LSPs).
When multiple metal/dielectric interfaces supporting surface
plasmons occur within subwavelength separation, the asso-
ciated coupled electromagnetic field exhibits a collective
response, which can be modeled by an effective medium
approximation and the dispersion relation presents a unique
anisotropic dispersion. More precisely, an effective permittivity
tensor & can be derived such as

g 0 0
&= 0 & 0
0 0

g

with £, (g)) the perpendicular (parallel) component with
respect to the anisotropy axis, satisfying e,&; < 0.
Consequently, their isofrequency surface presents a hyperbolic
shape (Figure 1c).

https://doi.org/10.1021/acsphotonics.3c00747
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Figure 2. (a) Schematic depiction of a two-level system {le),lg)} with transition frequency @, coupled to a continuum of photonic modes in a
virtual cavity model both in (left) vacuum and in (right) a near-zero-index (NZI) medium that suppresses the spatial density of modes. (b) Purcell
factor, PF = I',/T’,, in one-dimensional (1D, left), two-dimensional (2D, center), and three-dimensional (3D, right) systems, mimicking NZI media
with ENZ, MNZ, and EMNZ material properties. wyy; refers to the near-zero refractive index frequency crossing. Reproduced with permission
from ref 20. Copyright 2020 ACS. (c) (Left) SEM image of a rectangular metallic waveguide effectively implementing a 1D ENZ medium at optical
frequencies. (Center) Cathodoluminiscence (CL) intensity as a function of wavelength and emission point demonstrating position-independent
properties at the effective ENZ wavelength. (Right) CL intensity for different waveguide widths confirming the emission enhancement at the ENZ
wavelength. Reproduced with permission from ref 36. Copyright 2013 APS.

Those materials, once predominantly engineered artificially,
are referred to as hyperbolic metamaterials,'"!*'*!71¢
However, they may occur naturally, t00.”°">* It should be
noted that one can engineer the permeability tensor i in a
similar fashion, but this topic will not be covered in the present
Perspective, which is structured as follows. We first highlight
the impact NZI and HMM:s photonics have recently had and
are currently having on light and thermal emission. We then
move to analyze NZI materials for nonlinear optics and all-
optical switching, as well as sensing and magneto-optical
applications. We conclude by focusing on the emerging NZI-
based time-varying photonics. Overall, our aim is to provide a
broad insight into the capabilities and challenges of using these
engineered materials to manipulate light—matter interactions
in both the frequency and time domain.

B ENGINEERING OF LIGHT AND THERMAL
EMISSION IN NZI MEDIA

Quantum Radiative Transitions. NZI media have a
profound and nontrivial impact on quantum radiative
transitions, e.g., spontaneous emission, stimulated emission,
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and absorption. Intuitively, one can link the rate of a radiative
process with the local density of optical states (LDOS). Then,
since a NZI condition implies a depletion of the space of the
optical modes (Figure 2a), one would be tempted to conclude
that NZI media inhibits all radiative transitions, like in the
band gap in a photonic crystal. However, this intuitive picture
can be misleading. Because the coupling strength also scales
with the refractive index, it turns out that a variety of nontrivial
radiative phenomena can be observed in the zero-index limit,
both as a function of the class of NZI media (ENZ, MNZ,
EMNZ) and its effective dimensionality D (3D, 2D, 1D).
Specifically, the spontaneous emission decay rate I,
normalized to its free-space counterpart Iy, scales as follows’

PF = ; = Z(0)In” ()

0

This equation must be evaluated when the transition
frequency of the emitter @ lies in a propagating regime,
where both the medium impedance Z(®) and the refractive
index n(w) are real. It illustrates also how a variety of effects
can be observed as the refractive index approaches zero (Figure

https://doi.org/10.1021/acsphotonics.3c00747
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2b). For example, in three-dimensional media (D = 3), the
decay rate vanishes independently of the class of NZI media,
following the intuition that in NZI media the space of optical
modes is depleted. However, a finite decay rate is obtained for
2D ENZ media and 1D EMNZ media, and the decay rate
diverges in 1D ENZ media. The equation above assumes that
the emitters are directly coupled to NZI modes, which is an
accurate assumption only for some configurations. Nonethe-
less, when an emitter is immersed in a continuous medium,
one should be careful on accounting for the coupling to the
environment, e.g.,, with the inclusion of local cavity models.
The complex interaction of the quantum emitter with
surrounding boundaries can lead to further inhibition®* or
enhancement™ effects. Therefore, very rich emission phenom-
ena arise in NZI media as a function of the class of NZI
medium, dimensionality, and how the emitter is coupled to the
environment. At the same time, experimental studies of these
effects are still rising.

1D ENZ media have been experimentally demonstrated at
optical freq%uencies by using metallic rectangular metallic
waveguides.‘7’36 These experiments have also confirmed both
photoluminescence®” and cathodoluminescence®® enhance-
ments, exemplifying how 1D ENZ media enhances radiating
transitions, even in a photonic environment depleted of optical
modes. Interestingly, the experiment in ref 36 also demon-
strated position-independent emission, confirming how the
enlargement of the wavelength can reduce the accuracy
requirements in positioning quantum emitters (Figure 2c).

Engineering spontaneous emission also opens new oppor-
tunities for lasing. A photonic crystal laser with parameters
compatible with 2D EMNZ media presents a Dirac cone at the
[ point of the Brillouin zone.>® Their laser is single-mode and
remains so as the size of the cavity increases while usually
many-order modes appear with increasing size. They suggest
that the scale-invariant property of the cavity is related to the
uniform phase property of the NZI environment. The impact
of the NZI environment on light emission is thus an interesting
direction for the coming future, especially for designing low-
threshold lasers®” or superradiant lasers.*

Applications in Quantum Technology. Describing
spontaneous emission through a decay rate intrinsically
assumes operating in the weak coupling regime and/or
under the Markovian approximation.” In the weak regime,
the emission dynamics follow a simple exponential decay,
which can be described by a single parameter, the decay rate or
lifetime. However, as NZI frequency points typically take place
at the edge of a band gap (or when a band gap is closed), a
wider collection of decay effects can be observed in the
nonperturbative regime.*' In this regime, the decay dynamics
can be arbitrarily complex, giving access to a wider range of
physical phenomena such as the saturation of the decay rate at
a band-edge, the excitation of long-lived bound states, and
fractional decay dynamics via the contribution of branch-cut
singularities.”’ The importance of these effects, and the
interference between them, can be tuned by the design of
the shape and size of NZI nanostructures. Interestingly, the
possibility of accessing different classes of decay and
interaction channels is a convenient tool for quantum
simulation, where different physical systems can be imple-
mented and tuned as a function of the dominant non-
perturbative decay mechanism.**

Beyond modifying the individual decay properties of a single
emitter, the enlargement of the wavelength in NZI media can

3808

trigger collective effects in ensembles of quantum emitters.
Thus, NZI media act as optical reservoirs for quantum
emitters, which could increase the interaction between optical
fields and quantum systems and exhibit enhanced energy
transfer and efficient inter-emitter interactions. Several
numerical studies have highlighted that NZI media can
facilitate the observation of collective effects, such as
superradiance,*** and provide new strategies for entangle-
ment generation.*~*

Moreover, the concept of entanglement, or nonseparability,
between qubits is important in various quantum processes such
as quantum cryptography and teleportation. While entangle-
ment has traditionally been observed in systems of atoms and
ions, it is becoming increasingly accessible in other areas of
quantum physics. Specifically, short-distance entanglement has
been observed in quantum dots, nanotubes, and molecules, but
long-range, i.e. for distances longer compared to the
wavelength of light,””*" qubit—qubit interactions are necessary
for long-distance information transfer. In this context, NZI
waveguides might represent a game changer due to their
aforementioned peculiar properties. As examples, numerical
studies**™*” showed that ENZ media outperform the
subwavelength distance limitations of qubits cooperative
emission in a homogeneous medium. These studies adopted
ENZ waveguides into quantum systems, which can be relevant
in generating distinctive optical sources, robust entangled
states, and other innovative optical applications in different
fields of study. It is worth mentioning here that typically
electron—phonon, ohmic, and inherent losses of the excited
ENZ mode, as well as propagation losses, contribute to the
transient nature of qubits entanglement mediated by an ENZ
medium. Also, the qubit—qubit dissipative coupling induces
modified collective decay rates, i.e., superradiant I' + I" |, and
subradiant states I' — I'|,, which exhibit pure superradiant
emission when the I" = '}, condition is satisfied.”> Here, I is
the decay rate of the individual emitters, while I'}, is the
modification of the decay rate due to coupling. In summary,
the long-range quantum entanglement between a pair of qubits
mediated by an ENZ waveguide persists over extended periods
and long distances. Thus, it is possible to obtain a robust
entanglement of qubits coupled to the ENZ waveguide
channel.

Similar to spontaneous emission, NZI media affects other
quantum radiative transitions and light—matter interactions.
This is particularly exciting for quantum technologies, since
achieving strong light—matter coupling in solid-state systems is
required for the design of scalable quantum devices. Along this
line it was recently found that dispersion engineering around
the ENZ frequency strengthens magnon—photon coupling.®>**
Strong opto-magnonic coupling would allow for quantum state
transfer in hybrid quantum systems. This is a recent and
promising direction for NZI materials, and both fundamental
and practical implementation advances will be needed to assess
the technological potential of NZI media for opto-magnonics.

Energy vs Momentum Considerations. Light—matter
interactions are usually described through energetic consid-
erations. However, as noted by Einstein in his seminal
work,”>*® momentum deserves equal theoretical attention
due to its conservation property. Examining light—matter
interactions inside NZI materials from a momentum
perspective,”’ therefore, offers a different picture. Closely
related to the Abraham—Minkowski debate,®*™¢° light
momentum is nontrivial to define. On one hand, Barnett®!

https://doi.org/10.1021/acsphotonics.3c00747
ACS Photonics 2023, 10, 3805—3820
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Figure 3. (a) Real part of the refractive index of a Drude-based material (blue) with £, = 4, 7= 6 fs, N = 8 X 10*° cm™, whose effective mass m* is
modulated via intraband nonlinear processes, resulting in a shift of the index curve (red), giving rise to a (b) change in refractive index. (c) Group
index of the unmodulated Drude-based film, as shown in (a). The ENZ region is shaded blue, with the crossover wavelength indicated as a vertical
line. (d) Strong index tuning in Al:ZnO films with ENZ near 1300 nm. Reproduced with permission from ref 94. Copyright 2016 APS. (e) Strong
modulation of transmission in effective ENZ materials with crossover at 509 nm. Reproduced with permission from ref 96. Copyright 2020 APS. (f)
Modulation of cavity reflection for the guided plasmonic mode, with a mode index near zero. Reproduced with permission from ref 97. Copyright

2020 Nature.

associated Minkowski’s momentum to the canonical momen-
tum, which is closely correlated to the wave-like nature of light
and to the phase refractive index.”> On the other hand, the
Abraham momentum is connected to the kinetic momentum
and a particle description of light, represented in equations by
the group index. Due to the vanishing index of refraction, NZI
induces a vanishing Minkowski momentum. Inhibition of
fundamental radiative processes inside 3D NZI can be
understood as the impossibility to exchange momentum inside
such media.”” Similarly, diffraction by a slit, which can be seen
as a momentum transfer in the direction orthogonal to light
propagation is also inhibited.”> It would be an interesting
perspective to generalize these momentum intuitions to other
dimensionalities of NZI materials,* especially in the case of
the enhanced light—matter interactions in 1D ENZ as
described above. Moreover, as pointed out by Kinsey,*® the
developed momentum framework could be applied to space—
time nonlinear interactions presenting strong spatial and
temporal changes. The intriguing regime of these nonlinear
responses could benefit from momentum considerations.
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Thermal Emission in NZI and HMM Media. Thermal
emission is another radiative process of fundamental relevance,
which historically was the first to motivate a quantum theory of
light. Moreover, thermal emission is also a key process in
multiple technologies such as heat and energy management,
sensing and communications. However, thermal emission is
broadband, temporally incoherent, isotropic, and unpolarized,
which makes it difficult to control and manipulate. Therefore,
different nanophotonic technologies attempt to change these
properties by using nanostructured gratings, resonators and/or
complex metamaterials.”*”*® Again, because the wavelength is
effectively stretched in a NZI medium, it was theoretically
demonstrated that the spatial coherence of thermal fields is
intrinsically enhanced in NZI media.” This interesting result
poses a new perspective in engineering thermal emission,
where one can enhance the spatial coherence of thermal fields,
without the need to resorting to complex nanofabrication
processes.’” In fact, the intrinsic enhancement of thermal
emission in ENZ and epsilon-near-pole (ENP) substrates was
highlighted by early works in the field of HMM.®® Hyperbolic

https://doi.org/10.1021/acsphotonics.3c00747
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Table 1. Epsilon-near-Zero n, . Coefficients with Associated Experimental Parameters”

material 1y o (cm® GW )b relaxation (ps)
Si”? 45 %107 n/r 1540
GaAs'® 3x 107 n/r 1680
AZO™ 3.5 x 107 ~0.8 785
ITO™"! 1.80 X 1073 ~1 1100
GZz0'* 5% 1073 ~1 1620
Au-TiO,” 12 % 1072 ~8 470
Ant.-ITO'* -37 ~1 1240

“Variations between AZO, GZO, and ITO

excitation 4 (nm)

probe 4 (nm) crossover A (nm) pulse width (fs) technique

130 Z-scan

111 Z-scan
1258 ~1300 100 R/T
1250 ~1200 150 B.D.
1700 1710 60 R/T
610 605 120 R/T

1240 140 Z-scan

are largely due to experimental parameter selection (e.g., pump/probe wavelengths) rather than

differences in the underlying material. “Note all the values are taken for near normal incidence beams. “Note that nonlinear index coefficients are
functions of the excitation-probe wavelengths, pulse width, sample thickness, irradiance, and angle of incidence. Care should be taken when
attempting to use the values outside of the experimental conditions used.

media adds a layer of complexity around the ENZ frequency
points, resulting in optical topological transitions, where
thermal emission can be selectively enhanced or suppressed.®’

Since the medium impedance is enlarged as the permittivity
approaches zero, ENZ media naturally acts as high-impedance
surface”’ or artificial magnetic conductor.”’ As the tangential
electric fields double their strength near a high-impedance
surface, ENZ substrates intrinsically enhance the interaction
with ultrathin metallic films. Several prototypes of ultrathin
metallic film thermal emitters have been demonstrated using
this principle.”””> Moreover, since extreme boundaries are an
intrinsic property of NZI media, these emitters have the
technological advantage of not requiring from complex
nanofabrication processes, and presenting narrowband but
spectrally stable emission lines.””"*

Bl NONLINEAR PROPERTIES OF NZI MEDIA AND
THEIR APPLICATION TO ALL-OPTICAL
SWITCHING

Optical switching via nonlinear index modulation has long
been a goal of the field, driven by the promise of all-optical
devices that are exceptionally fast and operate in environments
where electrical control may not be feasible. Through
advancements in materials, applications such as saturable
mirrors for passive mode-locl{in§,74_76 laser protective eye-
wear,”””® and bistable devices’”*° just to name a few, have
been realized, alongside the continual quest to pursue all-
optical logic devices.*'~** For these operations to perform
well, devices must effectively modify reflection/transmission/
absorption and demonstrate either a latching temporal
response or an ultrafast (ideally THz) response, depending
on the use case. Bearing in mind these considerations, we can
turn our attention to the recent developments in ENZ
materials and nonlinear optical interactions to consider the
advantages and challenges of using ENZ in this context.

For homogeneous materials, ENZ effects are generally
achieved by introducing free carriers, for example, by
degenerately doping a semiconductor (e.g., Al:ZnO,
In:Sn,0;). In this case, the ENZ condition significantly
modifies the dispersion of the material, facilitating strong
changes in index even when far from a material resonance
(Figure 3a,b) where there may otherwise be minimal
dispersion. In this view, ENZ falls into the class of slow-light
enhancement schemes for nonlinear optics®*~* (ng~2—10 for
popular ENZ oxides,*® see Figure 3c), where adding dispersion
is used to generate increased light—matter interaction. The
nonlinearity in ENZ arises from the modification of the index
dispersion either through free-carrier generation (interband
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effect, blue-shift of index curve) and free-carrier redistribution
(intraband effect, red-shift of index curve, see the following for
more information).” "> ENZ simultaneously improves the
absorption of the excitation and provides a steep change in
index at a given frequency, which has been shown to facilitate
large index modulation on the scale of 0.1—1 with ~1 ps
relaxation times (Figure 3d—f 23798

To place the performance of ENZ in context, we can
compare the nonlinear coeflicients to other materials. But
before beginning to make this comparison, it is important to
note that variations in the fundamental material and
experimental conditions make absolute comparisons a great
challenge. As a result, the following is intended to provide a
general view on the order of magnitude of responses and trade-
offs rather than the specific performance of any given material.
Additionally, because nonlinearities in ENZ are non-instanta-
neous and involve real states (so-called “slow” processes), they
should not be compared to instantaneous nonlinearities
involving virtual states (so-called “fast” processes), as is
common, as they are well-known to be much larger.*””® A
more appropriate comparison is to similar non-instantaneous
process materials, such as semiconductors and metals. Finally,
while it is common to quantify nonlinearities via )((3), 1y, O Oy,
these terms imply properties such as linearity with respect to
applied irradiance and an instantaneous response. Such
properties are not valid assumptions for the “slow” non-
linearities in ENZ materials. Thus, we denote the quantities as
P My efy OF Oy o, Where subscript “eft” denotes an effective
Kerr-like modulation to the optical properties, to highlight that
these coefficients do not obey the same rules and depend
greatly on properties such as pulse width, applied irradiance,
angle of incidence, film thickness, etc.

Now, for ENZ oxides such as Al:ZnO, Ga:ZnO, and
In:Sn, 03, 1y . = An/I ~ 0.1-5 X 10> cm*/GW (see Table 1)
for 1100—1700 nm with relaxation on the order of ~1 ps,
depending on the wavelength(s) employed.'””'** This can be
compared to free-carrier nonlinearities in the same spectral
region for the GaAs platform where 1, ~ 0.1-0.3 X 107>
cm?/GW (see Table 1) with response times of ~1 ns
(crystalline GaAs)'® that can be reduced to ~1 ps for low-
temperature grown GaAs.'® Thus, under optimal excitation
conditions, nonlinearities in ENZ oxides provide up to an
order of magnitude increase in the strength of the nonlinearity
at normal incidence while improving upon the speed. For more
information on nonlinear coefficients of various ENZ materials,
see ref 106. It is important to note here that a comparison with
virtual processes (for example, in semiconductors, off-
resonance or dielectrics like SiO,) are not appropriate, as the
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Figure 4. (a) Schematic of a conventional Kretschmann-like setup for plasmonic nanorod HMM biosensors and (b) their corresponding
reflectance curves for different incident angles. Reproduced with permission from ref 144. Copyright 2009 Nature. The inset in (a) shows the
electromagnetic field confinement in the volume of the nanorod array. Reproduced with permission from ref 14S. Copyright 2022 OPG. (c)
Ilustration of a grating-coupler-based multilayer HMM biosensor with a fully integrated fluid flow channel. The inset shows a scanning electron
microscopy image of the subwavelength gold diffraction grating on top of the HMM. (d) The reflectance spectra for the grating-coupler-HMM at
different angles of incidence. Reproduced with permission from ref 146. Copyright 2016 Nature. The blue shift of resonance angles in (b) and (d)
with increasing angle of incidence demonstrate that the VPP modes are guided modes. (e) Pictorial view of a MO-HMM comprising dielectric MO
layers of bismuth—iron garnet (BIG) and Ag. (f) Fano-like TMOKE curves for the magnetoplasmonic structure in (e) when varying the superstrate
refractive index from 1.333 to 1.337. Reproduced with permission from ref 149. Copyright 2022 ACS.

mechanisms of the nonlinearity are different, and real effects
are known to be much larger than their virtual counterparts.

While a useful gain, the introduction of ENZ to modify the
dispersion of thin films, does not result in a radical
performance jump when compared to existing platforms.
Additionally, optical loss (due to free carriers) was introduced.
As a result, ENZ devices suffer a limited size and must contend
with thermal build-up/dissipation that must be addressed to
realize a high-frequency operation.'”’ ="'

Although the fundamental gains in nonlinearity may not
have been extreme, it is important to point out that the
primary price paid is loss. In scenarios where devices are small,
such loss may not be a large factor in performance (although
thermal dissipation remains a concern). As a result, the use of
the ENZ region to tailor the dispersion of a material is able to
provide an order of magnitude increase in the nonlinearity over
competing materials while maintaining a fast operation, a quite
large bandwidth (~400 nm) in the highly relevant tele-
communications spectrum, and with readily available materials
whose properties can be easily tuned during growth.’
Additionally, a key benefit of the ENZ oxides is their
impressive damage threshold. Routinely, experiments utilize
irradiance levels of 10 to 1000 GW/cm” without permanent
damage to the film.”"**?>'% This allows ENZ to achieve large
absolute changes in the refractive index (An ~ 0.1—1), despite
only a marginally improved n, ¢ value and, consequently, the
large absolute changes to reflection, transmission, and
absorption at normal incidence that have been observed.
With this view, the question becomes how can we push the
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strength of the base nonlinearity (1, .¢) further to mitigate the
need for such high irradiance levels? While gains are predicted
when shifting ENZ to the mid infrared using lower-bandgap
materials with lower doping levels,*”''" the tried-and-true
method of adding structure is one avenue to continue to
engineer the dispersion and improve nonlinear interac-
tions.''>~'"* This can be done by structuring the base material
(such as forming nanoresonators, i.e., meta antennas), coupling
the material with a structured layer (such as plasmonic
antennas)''®~"*” or by mixing multiple materials to achieve an
effective ENZ property.”®'*'~'>* In general, these approaches
allow additional freedom to control the dispersion of the
device by introducing resonance(s), anisotropy, or both.
Recent efforts include coupling to ENZ/Berreman/plasmonic
modes within thin layer(s),"*""**"*® incorporating resonant
metallic nanoantennas on top of an ENZ layer,'>"**'** and
utilizing layered metal-dielectric stacks to produce an effective
ENZ condition.””"*" These approaches have been successful in
reducing the irradiance required to achieve strong control over
nonlinear interactions to ~1—10 GW/cm? (a 10—100x
reduction), as well as transitioning ENZ into the visible region
where natural ENZ materials, such as the doped oxides, are
unable to reach. However, these gains are not free. From our
view of dispersion engineering, the introduction of structure
incurs an additional price of reduced bandwidth (10—100 nm),
may also require specific excitation conditions (e.g., specific
angles of incidence or wavelengths), can lengthen the
relaxation time due to nonlinear processes in the added
material (e.g, 5—10 ps recovery in metals'**), and add overall
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Figure S. (a, b) All-optical switching of an ENZ plasmon resonance in ITO, showing subpicosecond amplitude modulation of a reflected signal

produced by an ultrafast shift in its plasma frequency. Reproduced with permission from ref 192. Copyright 2021 Nature. (c, d) Ilustration of a
broadband frequency translation through time refraction in an ENZ material, and (e) its measurement in ITO for increasing pump intensities.

177

(f) Experimental measurement (red) and theoretical prediction (blue) of double-slit time diffraction, produced by shining two pump pulses
separated by a delay of (left) 800 fs and (right) SO0 fs, resulting in different diffraction fringes. Reproduced with permission from ref 178. Copyright
2023 Nature. (g) Experimental (left) and theoretical (right) field intensities from a double-slit time diffraction as a function of frequency and slit
separation, quantitatively compared in panel (h). (i) Time-dependence of (left) the electron temperature, (middle) real and (right) imaginary parts
of the ITO permittivity under optical pumping via (purple) a 220 fs pulse at an intensity of 22 GW/cm?, (orange) a 20 fs pulse at 161 GW/cm? and
(magenta) 30 fs at 22 GW/cm? clearly predicting femtosecond-scale responses in ITO. Reproduced with permission from ref 190. Copyright 2023

APS.

complexity. In total, these undercut some of the key strengths
of the ENZ condition, whose ultimate practicality depends on
the constraints of a particular application.

In summary, the ENZ condition provides several unique
benefits to the nonlinear space founded in the control over
material dispersion and also brings baggage in the form of
optical loss and only a moderate enhancement. As such, it is
not a straightforward solution to the challenges facing
nonlinear applications and must be employed appropriately.
The primary question facing the community is whether the
benefit of ENZ can overcome its limitations and impact an
application of relevance. While recent efforts have suggested
avenues in pulse characterization, 133 frequency shift-
ing,**'3*7 13 bistable devices,"*”"** and THz generation,'**'*’
the work is ongoing. We see potential benefits in areas where
control over high irradiances is needed or in scenarios where
narrow operating bandwidths are utilized, as well as in the use
of weakly resonant structures, such as plasmonic antennas, to
provide a middle ground wherein the operational spectral
bandwidth can remain reasonably broad (~100 nm) while
gaining additional improvement to the nonlinearity.

B HMM AND ENZ FOR SENSING APPLICATIONS

The unusual optical properties of HMM have proven to be
useful for optical biosensors with unprecedented levels of
sensitivity and resolution."*'~'* Two prototypical HMM
systems, comprising plasmonic nanorod arrays'**'** and
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plasmonic/dielectric multilayers,'*® are illustrated in Figure
4a and c, respectively. These nanostructures support the so-
called volume plasmon polariton (VPP) resonances, which are
guided modes resulting from collective excitations of
plasmonic resonances in the constituent multilayers'*”'** or
nanorods."**'*> In contrast to conventional surface plasmon
polaritons (SPPs), VPPs have their associated electromagnetic
fields largely concentrated in the volume of the metamaterial
slab and decay exponentially in the superstrate region,'*#'#>'#¢
The latter is demonstrated for the nanorod array in the inset of
Figure 4a, where simulations of the near-field profile (under
VPP resonance) around a single nanorod are shown. This
unique feature has inspired two different mechanisms for
biosensing applications. First, instead of using continuous flat
films, the surfaces of the nanorods can be functionalized with
bioreceptors to greatly increase the surface area in contact with
the analyte region, producing sensitivity (S = AA/An) values
even higher than 40000 nm/RIU (refractive index unit).'*#'*

Nevertheless, the detection mechanism of plasmonic
nanorod metamaterials requires the use of a Kretschmann-
like setup, hindering miniaturization due to the need to use
bulky prism couplers. Furthermore, plasmonic nanorod
metamaterials exhibit a single and relatively broad VPP
resonance in the infrared region, as can be observed from
Figure 4b, which also limits the resolution levels. The second
biosensing approach considers highly integrable grating-
couplers for the excitation of VPPs in plasmonic/dielectric
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multilayer HMM."* Figure 4d shows that various VPP
resonances, ranging from infrared to visible wavelengths, are
allowed in the multilayer HMM. Some of these resonance dips
are narrower than the ones for nanorod metamaterials, yielding

. . AL 1
higher values for the figure-of-merit FOM = (H)(Tw)
(where A, An, and Aw are the resonance shift, refractive
index change, and full-width of the resonant dip at half-
maximum), but with lower sensitivity (S < 30000 nm/RIU)."**
A recent proposal combined the advantages of both HMM
biosensor configurations into a single structure (by using
nanocavities in a multilayer HMM,'** achieving detection
limits down to the zeptomole range (ie, a few tens of
molecules).

Despite these breakthroughs, there are still challenges that
need to be overcome. For example, the intrinsic ohmic losses
of metallic inclusions induce wide resonance curves with large
overlaps, which limits resolution when working with ultralow
molecular weight analytes. In addition, biodetection is limited
to achiral analytes, making it necessary to use fluorescence-
enhanced biosensing techniques for the detection of chiral
biomolecules.”” Attempts to surpass these drawbacks include
HMMs interfaced with chiral metasurfaces,">' new concepts
for manufacturing hyperbolic,''®***'** and ENZ metamate-
rials,"** as well as the fabrication of magneto-optical (MO)
and/or magnetically-active HMMs."'*'**~"% In MO-HMMs
one can take advantage of the transverse MO Kerr effect
(TMOKE), with sharp Fano-like curves, to enhance the
resolution levels of HMM-based biosensors,"* following a
similar approach greviously introduced using magnetic
nanostructures.'®* ™' To illustrate the last mechanism, we
consider the grating coupled MO-HMM in Figure 4e,
composed by alternating layers of dielectric MO material
(BIG in this case) and Ag. Instead of using the reflectance
curves (as in conventional non-MO HMM), we may use the
TMOKE (as seen from Figure 4f) to reach FOM values as high
as 840. In comparison to conventional HMM, achieving FOM
up to 590, the use of MO-HMM enables a way to obtain highly
enhanced resolution for biosensing applications. Furthermore,
computer-aided optimization of the sensor design can be
performed with artificial intelligence algorithms, which may
not only improve resolution, but also the sensitivity of MO-
HMM nanostructures. ¢’

B ENZ MEDIA FOR TIME-VARYING PHOTONICS

The possibility of temporally modulating the optical properties
of matter via ultrafast optical pumpin% is establishing a new
paradigm for enhanced wave control.'®® While static nano-
photonic platforms obey energy conservation and reciprocity,
time-modulated systems can overcome these bounds, enabling
new functionalities such as nonreci7procity,169_174 frequency
generation175 and translation,'”®'”” time-diffraction,'”® the
engineering of photonic gauge fields,'”” and synthetic
frequency dimensions,'®® as well as photonic Floquet
matter, 815 among others. While the field has witnessed
dramatic progress at low frequencies, leadin§ to, e.g, the first
observation of photonic time-reflection'® and temporal
coherent wave control,'** the prospect of unlocking this new
wave-control paradigm at near-visible frequencies represents a
unique opportunity to broaden and deepen the im;)act horizon
amidst the current rise of photonic technology."®

Following the pioneering demonstration of the unmatched
strength of their nonlinearities,”””> ENZ media, especially
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ITO, have gained a spotlight in the quest to implement giant,
ultrafast permittivity modulations at near-optical frequencies.
Early explorations led to the observation of giant sub-ps
amplitude modulation via ultrafast shifts of the ENZ frequency
of ITO, both by exploiting the coupling to leaky modes'*® and
to evanescent ones'>*'®” (Figure Sa,b).

Currently, efforts are shifting toward using ENZ media as
efficient platforms for time-varying wave physics at near-optical
frequencies to establish new paradigms for spectral control.
Crucially, this endeavor necessarily entails probing the intrinsic
modulation speeds available in these materials. A pioneering
study demonstrated the temporal analogue of refraction at the
interface between two media, a process whereby a change in
the refractive index of one of them induces a change in the
frequency of light while conserving its momentum.'”” By
inducing a large change in the optical properties of a 620 nm
ITO film, an extremely broadband and controllable frequency
translation of up to 14.9 THz was observed in a copropagating
probe (Figure Sc—e). At the quantum level, time-varying ITO
in combination with gold nanoantennas has been exploited to
spontaneously generate photon pairs from the quantum
More recently, the temporal analogue of Young’s
double slit diffraction experiment in photonics was reported' "
(Figure 5f—h) more than 50 years after its prediction.'® Most
remarkably, this experiment revealed the unexpectedly fast
nonlinear response of ITO,'”® estimating rise times of less than
10 fs, which sparked ongoing theoretical investigations on the
nature of such unprecedented response times and the search
for new materials exhibiting ultrafast responses of similar time
scales. These studies are currently unveiling the key role of
momentum conservation in the electron—phonon interaction
in such low-electron-density Drude materials, which leads
them to support 8-fold electron temperatures compared to
standard plasmonic materials under analogous illumination
conditions (Figure 5i)."%""!

Advances in the quest to achieve single-cycle modulation
time scales at near-optical frequencies are further stimulating
new theoretical developments toward the efficient modeling of
time-varying media. Time-varying effects in subwavelength
nanostructures introduce unique challenges,193 as the spatial
and temporal scales involved can span several orders of
magnitude, and their resolution needs to be comparable in
finite-differencing schemes to ensure numerical stability. In
order to overcome adiabatic approximations,'’”**

188
vacuum.

more
efficient scattering paradigms and techniques are being steadily
developed, including novel approaches to deal with the
interplay between temporal dependence and frequency
dispersion.w“’195 At the heart of this, however, are fundamental
theoretical challenges concerning boundary conditions and
conservation laws for electromagnetic fields at temporal
inhomogeneities, a field of intense on§0ing investigation for
basic electromagnetics research,' 819177

In turn, all these advances in the ultrafast, giant temporal
modulation of ENZ media promise a plethora of exciting ideas
to be tested in time-varying photonic platforms. Importantly,
the possibility of strong modulations at single-cycle time scales
may lead to the realization of temporal photonic crystals.'”®
Furthermore, other exotic ideas may soon be realized, such as
implementing szpatiotemporal modulations'” and non-para-
metric gain,” """ chiral pulse amplification,”” or Floquet
topological modes.””” Further possibilities include enhanced
emission and mirrorless lasing,198 subdiffractional-mode
excitation on non-structured surfaces,””* the spontaneous
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generation of polariton pairs from the quantum vacuum
through the dynamic Casimir effect,”” 2% the control over all
entanglement degrees of freedom of single photons,”® and the
enhancement and tailoring of spontaneous emission of free
electrons.””

Finally, in the context of the topic treated in this section, it is
worth closing the circle by making a connection with a topic
treated in the section Engineering of Light and Thermal
Emission in NZI Media. In fact, new opportunities for the
engineering of thermal emission are opened when NZI
materials are modulated in time.*'® Time-modulation of the
refractive index breaks key assumptions in the usual form of
the fluctuation dissipation theorem”'" and Kirchhoff’s law,*"
which form the basis of thermal emitters. Therefore, while
thermal fluctuating currents are typically uncorrelated in
frequency and space for conventional thermal emitters, time
modulation leads to secondary currents that are correlated in
frequency and space, opening the door to thermal emission
with enhanced coherence and nontrivial photon correla-
tions.”"? Furthermore, energy can be either pumped into a
material or retracted from it as it is modulated in time,
enabling “active” thermal emitters radiating outside the
blackbody spectrum,”” and acting as heat engines.”'* Thermal
emission from NZI bodies is particularly sensitive to time
modulation. For example, since the near-field of a fluctuating
current scale as Exp ~ 1/(4rmer’), ENZ bodies support very
strong thermal fields within them. Temporal modulation is
capable of releasing these fields, forming the dual of a spatial
grating, which consists of a narrowband peak fixed at a given
frequency, but whose radiation scans all wave-vectors, from
near to far fields.*"?

B CONCLUSIONS

We highlighted the tremendous activity of a vibrant research
community demonstrating the capabilities of NZI systems and
HMM metamaterials to manipulate light-matter interactions in
both the frequency and time domain. Engineering of &(#t),
and consequently n(7t), around their near-zero value broadens
the horizons in several areas, including light and thermal
emission, nonlinear optics, and all-optical switching, as well as
sensing and quantum applications. NZI materials are also a
promising platform for exploring the emerging field of time-
varying photonics.

Nevertheless, while providing several unique benefits and
demonstrating the aforementioned breakthroughs, NZI and
HMM research field still face challenges that need to be
overcome such as intrinsic ohmic losses of metallic inclusions,
reducing its applicability, for instance in sensing. Routes to
boost performance of HMM biosensors include the use of
nanocavities in multilayer metamaterials (to increase the
sensitivity through enhanced electromagnetic field—analyte
interactions) or MO effects (to improve resolution). Based on
recent developments mentioned in this Perspective, we may
foresee the use of plasmonic nanocavities in MO multilayer
HMM for future ultrasensitive and ultrahigh resolution
biosensors. Moreover, optical forces due to the highly confined
electromagnetic fields into deep subwavelength plasmonic
nanocavities can provide a way to beat the need to use binding
tethers or labeling (e.g, fluorophores),”’*~*'” improving
device recyclability in future developments. Further exciting
possibilities might also come from the field of ultrafast
magnetism, as recently it has been shown the potential of
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using ENZ materials for manipulating functional properties of
solids.”"®

In addition, as we discussed in the last section, ENZ media
are also being employed as one of the main platforms for
exploring photonics in time-varying media. The underlying
reason is their unique capability to provide ultrafast and strong
changes of their optical response in the near infrared through
nonlinear effects rooted in nonequilibrium electron dynamics.
Thus, ENZ materials provide a ground breaking platform for
exploring new regimes of light-matter interactions. Amidst the
quest for translating the growing, rich phenomenology of time-
varying media toward the visible range, mounting experimental
and theoretical evidence points at the prime role that ENZ
media will play over the coming years, in turn feeding back
new insights into their nontrivial nonequilibrium dynamics.

Finally, ENZ conditions provide several benefits to nonlinear
optics thanks to the versatile control over material dispersion.
Nevertheless, such a condition implies optical loss and
moderate enhancement. We see potential benefits in areas
where control over high irradiances is needed or in scenarios
where narrow operating bandwidths are utilized, as well as in
the use of weakly resonant structures, such as plasmonic
antennas, to provide a middle ground wherein the operational
spectral bandwidth can remain reasonably broad (~100 nm)
while gaining additional improvement to the nonlinearity. To
conclude, the fundamental question facing the community is
whether the benefit of ENZ condition and hyperbolic
dispersion can overcome their limitations to provide relevant
applications. Nevertheless, we should look at the future with
optimism, as the current advances in the field, in particular in
engineering HMM structures for improving sensing capabilities
or exploiting ohmic losses in the context of light and thermal
emission modulation, as well as recent experimental break-
throughs in the field of time-varying media, make us confident
that this field is thriving and will be full of surprises in the
upcoming years.
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