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Near-zero refractive index photonics

Ifigo Liberal and Nader Engheta*

Structures with near-zero parameters (for example, media with near-zero relative permittivity and/or relative permeability,
and thus a near-zero refractive index) exhibit a number of unique features, such as the decoupling of spatial and temporal
field variations, which enable the exploration of qualitatively different wave dynamics. This Review summarizes the underlying
principles and salient features, physical realizations and technological potential of these structures. In doing so, we revisit
their distinctive impact on multiple optical processes, including scattering, guiding, trapping and emission of light. Their role in
emphasizing secondary responses of matter such as nonlinear, non-reciprocal and non-local effects is also discussed.

primary aim of nanophotonics — is of fundamental scientific

interest and plays a key role in telecommunication technologies
and energy management. Yet, because light-matter interactions are
usually weak and hard to confine, they often need to be assisted by
the use of suitably designed macroscopic media. For instance, the use
of carefully engineered metamaterial structures'* empowers a finer
control of light including bending, focusing, filtering, or even its trap-
ping and storage, as well as the realization of all-optical information
processing tasks.

Near-zero refractive index photonics — the study of light-matter
interactions in the presence of structures with near-zero parameters,
that is, continuous media or artificial electromagnetic materials in
which one or more of the constitutive parameters are near-zero**
(for example, relative permittivity or relative permeability) — exhibits
a number of unique features that differentiate it from other material-
inspired approaches. In turn, it enables not only unprecedented light—
matter interactions, but also the exploration of qualitatively different
wave dynamics. According to their predominant electromagnetic
response, structures with near-zero parameters at a given frequency
can be classified as epsilon-near-zero (ENZ), ¢ = 0, mu-near-zero
(MNZ), 4 = 0, and epsilon-and-mu-near-zero (EMNZ), y ~ 0 and
& = 0 media. All aforementioned classes exhibit a near-zero index of
refraction n = Ve =~ 0 at the frequency of interest and can be jointly
addressed as zero-index media. A representative sample of different
physical realizations of structures exhibiting near-zero parameters is
shown in Box. 1.

By simple inspection of time-harmonic source-free Maxwell curl
equations, V X E = iwyH and V x H = —iweE, for the electric, E, and
magnetic, H, fields at radian frequency w, it is clear that near-zero
constitutive parameters (¢ = 0 and/or g = 0) result in a decoupling
of electricity and magnetism, even at a non-zero frequency’*-. This
effect is also accompanied by an enlargement — that is, ‘stretch-
ing'— of the wavelength, schematically depicted in Fig. 1a, and thus
a decoupling of spatial (wavelength) and temporal (frequency) field
variations. Consequently, the phase distribution of electric and mag-
netic fields is necessarily nearly constant in a medium with near-zero
permittivity and/or permeability. We emphasize that, far from being
a theoretical peculiarity, the connection between wavelength and
frequency has a deep technological impact restricting, for example,
the size of a device operating at a given frequency and/or the maxi-
mal resolution of an imaging device. Thus, ‘loosening’ the connec-
tion between frequency and wavelength in structures with near-zero
parameters gives us access to field dynamics relevant from both a

_|_he control and manipulation of light on the nanoscale — the

fundamental perspective and the possibility of designing unconven-
tional devices.

Ziolkowski’s seminal work?, stimulated by Enoch’s proposal of a
highly directive antenna’, was probably the first in-depth analysis of
the field dynamics in structures with near-zero parameters. There,
it was shown that the fields’ spatial distributions in the region with
near-zero parameters exhibit a static-like character, even when they
continue to dynamically oscillate in time. Naturally, structures with
near-zero parameters, as any other physical system, are constrained
by causality, and the phase and group velocities associated with these
unusual field distributions are discussed in Box. 2. In the remainder
of this Review, we examine some of the phenomena originated by
the unusual wave dynamics in near-zero photonics, as well as their
fundamental and technological implications on different subfields of
optics and nanophotonics. We emphasize that although this Review
is restricted to photonic structures with a near-zero refractive index,
analogous concepts and techniques can be applied to other types of
waves, for example, acoustic®'' and matter'*'* waves.

Tunnelling through distorted channels
Arguably, the first theoretical prediction of an exotic wave phenom-
enon was the tunnelling of electromagnetic waves through a narrow
two-dimensional (2D) channel filled with an ENZ medium?®. As shown
in Fig. 1, when a monochromatic electromagnetic wave impinges on
a narrow channel filled with an ENZ medium, both the electric field
and the power flow are compressed into the channel, and the wave
is fully transmitted. It can also be recognized that the phase within
the channel is constant, and thus the steady-state transmitted wave
exhibits a zero phase advance. Quite remarkably, ENZ tunnelling
occurs independently of how sharply the channel is turned or bent; we
coined the term ‘supercoupling’ for this effect'® and it was first experi-
mentally verified at microwave frequencies by using a waveguide at
cut-off to emulate an ENZ medium'*"’ (Fig. 1d). Supercoupling basi-
cally emerges from the combination of a constant transverse mag-
netic field, produced by the enlargement of the wavelength in ENZ
media, and the associated reduction of the magnetic flux induced by
narrowing the channel, which, in turn, imposes a zero circulation of
the electric field and enforces full transmission®. Alternatively, one
can understand this effect more simply by noting that if a near-zero
permittivity dramatically increases the medium impedance (1 = M )
this action can be compensated structurally by narrowing the channel,
thus maintaining the impedance-matched device'.

Following this simple intuition, one can anticipate that if the
2D channel is filled with a MNZ medium, then tunnelling will be
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Box 1| Structures exhibiting near-zero parameters.

Different realizations of structures with near-zero parameters are
shown in Fig. 4. To begin with, various continuous media exhibit
near-zero parameters at different frequency ranges (Fig. 4a). For
instance, an ENZ behaviour is observed at the plasma frequency of
different materials, including potassium'® (THz frequencies) and
polaritonic materials such as silicon carbide!'*'* (mid-infrared
frequencies). Doped semiconductors such as transparent conduct-
ing oxides (TCOs)'"*!'¢, for example, aluminium-doped zinc oxide
(AZO) and ITO, also exhibit a near-zero permittivity at near-infra-
red frequencies, around the telecom wavelengths (A =~ 1,550 nm),
with the additional advantages of being a CMOS-compatible and
tunable platform whose ENZ frequency can be adjusted by control-
ling the doping level. Topological insulators such as Bi, ;Sb, ; Te, ;Se, ,
(BSTS) exhibit an ENZ response at ultraviolet frequencies'”’.
Naturally, the performance of continuous ENZ media is ultimately
limited by their intrinsic losses'’s, although state-of-the-art mate-
rials feature relatively low losses such as &(w,) = i0.03-i0.1 for
SiC'"*'Pat A, ~ 10.3 um and &(w,) = i0.2-i0.3 for AZO"*"'¢ around
A, ~ 1,550 nm.

Another alternative is to develop metamaterials mimicking the
properties of continuous media with near-zero parameters (Fig. 4b).
Probably, the first efforts correspond to pioneering works in arti-
ficial dielectrics'*'*!, which aimed to simulate the properties of
plasmas, and were mostly carried out by using waveguides and wire
media at microwave frequencies. For example, the effective propa-
gation constant k¢ = k,\1-(1/2h and impedance Z = 1, /N1-(\/2h)*
of a TE,, mode propagating inside a parallel plate waveguide of
height & made of PEC walls, indicates that a waveguide at cut-
off (h = A/2) can be treated as an ENZ medium, at least in terms
of describing the propagation of this mode in the middle plane.
However, this concept has been further developed'”’, enabling the
simulation of complex scattering scenarios'??, D-dot wires* and
EMNZ media®®?'. Waveguide-based realizations offer structural
simplicity and they have even been scaled up to optical frequencies™.

Wire media''**?! also exhibit a Drude-like dispersion behaviour,
whose ENZ frequency can be tuned by adjusting the radius of and
separation between the wires. This structure was later independently

observed if the height of the channel is substantially increased'. As
shown in Fig. 1b,c (centre), this intuition is correct, as it has been
demonstrated in numerical simulations and experiments, where a
microwave waveguide is filled with split-ring resonators to emulate
an MNZ medium.

However, the most extreme forms of tunnelling take place in
EMNZ waveguides, that is, when both the relative permittivity and
the relative permeability of the material filling the 2D waveguide tend
to zero at a given frequency. In this case, a zero electric field circu-
lation is imposed by the zero permeability 4 ~ 0 and, therefore, the
incoming wave is tunnelled through independently of the geometry
of the deformation® (Fig. 1b,c, right). From a more simplistic per-
spective, it can be stated that the EMNZ section becomes an elec-
tromagnetic ‘point®, thus seemingly ‘directly connecting’ the input
and output ports and enabling full transmission. Several implementa-
tions of EMNZ tunnelling based on waveguides at cut-off filled with
dielectric rods*»* as well as photonic crystals* have been proposed
and experimentally verified.

Interestingly, these 2D tunnelling effects can still occur (or be
completely inhibited) in the presence of obstacles*»*?*. That is to say,
if the waveguide section under consideration is not only deformed
and sharply bent but also filled with foreign particles. Indeed, both
total transmission and total reflection are possible depending on the
characteristics of the obstacle”*. For example, ENZ tunnelling is
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rediscovered under the framework of metamaterials®7%, first
as an essential component of double-negative media'¥’, and then
as the precursor of strong non-local response®. However, many
other metamaterial approaches can also be adopted. For example,
stacked layers of two materials characterized by their permittivity
(&), &) and thickness (t;, £,) can be described by effective permittiv-
ity: e.5 = (1€, + 1,8,)/(t; + t,) for wave propagation with the electric
field parallel to the slabs. Therefore, for ¢, > 0 and ¢, < 0, by choosing
the ratio of thicknesses/permittivities, one can readily realize €.; = 0.
This methodology was successfully demonstrated in the visible by
using silicon nitride and silver layers'*.

Yet another successful approach is the use of all-dielectric meta-
materials. In short, the geometry of high-index dielectric particles
can be designed so that the antiresonances of electric and magnetic
dipoles (or electric monopole and magnetic dipole for 2D struc-
tures) cross zero almost simultaneously, yielding an effective EMNZ
media for an array of such particles'*'*. This effect can also be
understood from a photonic crystal perspective, where the EMNZ
point is characterized by a Dirac cone at the I point?>'*'. In either
interpretation, this realization provides a low-loss pathway to imple-
ment structures with near-zero parameters at optical frequencies,
and even integration into a chip™'. Other photonic crystals also
exhibit properties related to near-zero constitutive parameters. This
is the case of zero-71 gap structures'*'*, that is, a photonic crystal
with zero average refractive index, exhibiting a bandgap robust
against disorder, angle of incidence and scaling of the elements.

To finalize, it is perhaps the combination of both approaches,
continuous and synthetic media (Fig. 4c), which could provide the
best opportunities in the development of structures with near-zero
parameters. It was found initially that complementing continuous
ENZ media with dielectric rods provides the means for obtaining
EMNZ media within waveguides and periodic arrays***'. This is
part of a very general effect that we coin ‘photonic doping’ of ENZ
media (L.L., A. Mahmoud, Y. Li, B. Edwards and N.E., manuscript in
preparation), in which dielectric particles play the role of ‘dopants),
enabling the control of the effective permeability of an arbitrarily
shaped ENZ body, independently of their position in the host.

immune to the presence of perfect electric conducting (PEC) obsta-
cles®®. On the other hand, EMNZ tunnelling of transverse magnetic
(electric) modes is extinguished in the presence of perfect magnetic
(electric) conducting bodies, as the boundary conditions on these
ideal materials quash the constant magnetic (electric) field induc-
ing the tunnelling effect*. From a more practical point of view, it
is possible to switch from total transmission to total reflection by
using a single resonant dielectric inclusion with tunable permittiv-
ity*, thus providing active control of the transmission through a
deformed waveguide.

These and other related tunnelling effects are of fundamental
interest and have obvious applications in waveguide systems, particu-
larly those to be integrated in a complex environment. Furthermore,
and as is thoroughly discussed in this Review, many unique light-
matter interactions are triggered by the fields concentrated in such
distorted channels.

Emission into the near-zero region

From a historical perspective, the interest in media with near-zero
parameters was initially triggered by the possibility of developing
highly directive emitters*’. As noted in Enoch’s seminal work’, basic
antenna theory implies that the phase and magnitude uniformity
associated with an artificially enlarged wavelength directly leads to
highly directive beams. This effect is illustrated in Fig. 2a (left), which
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Figure 1| Tunnelling through distorted channels. a, Conceptual sketch of stretching the wavelength (left) and power flow concentration (right) in
waveguide channels filled with media with near-zero parameters. b,c, Power flow (real part of the Poynting vector field (b) normalized to its maximal
value S,.,) and snapshot of the magnetic field H, obtained via numerical simulations (c; see Methods) for ENZ (e = O, narrow channel, left), MNZ (u =0,
wide channel, centre) and EMNZ (e = 0 and u = O, arbitrarily shaped channel, right) supercoupling/tunnelling effects. d, Experimental demonstrations of
tunnelling, near-unity transmission coefficient T with zero phase advance, in waveguide set-ups. Left: ENZ tunnelling implemented by using a microwave
metallic waveguide supporting the TE,, mode with cut-off frequency f,, = 1.47 GHz for relative permittivity ¢, =1 (see Box ), and revealing full transmission
independently of the length of the channel L; centre: MNZ coupling implemented by using a waveguide filled with split-ring resonators; right: sketch of the
possible set-up for EMNZ coupling implemented by using a waveguide at cut-off filled with a dielectric rod (experimental results to be reported in a future
publication). Figure adapted with permission from: d (left), ref. 16, APS; d (centre), ref. 19, APS.

depicts the electric field component (E,) and the radiation pattern
excited by a z-oriented 2D current line immersed in an EMNZ cylin-
der with rectangular cross-section. The current line is insulated from
the EMNZ medium by a vacuum circular cylinder. The underlying
mechanism behind this highly directive emission can also be under-
stood as spatial filtering. In other words, if the phase is nearly uniform
across a straight boundary, only those plane-wave components with
near-zero tangential propagation constants will be excited externally
to the EMNZ body’, thus yielding highly directive emission normal
to its surface.

In addition to increasing the radiation/emission directivity, the
phase and magnitude uniformity can be used for beamforming
and beamsteering tasks, that is, for tailoring and reconfiguring the
phase and magnitude of the radiation pattern®. Indeed, the afore-
mentioned principle empowers a trivial beamshaping technique:
the longer one side of the emitter is, the higher the directivity of the
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beam pointing towards its normal direction. For example, Fig. 2a
(right) depicts the emission from an EMNZ cylinder of triangular
cross-section, resulting in three radiation lobes, whose directivity
scales up with the length of the side. Similarly, as the phase is almost
constant within the near-zero structure, an arbitrary phase pattern
can be constructed by corrugating its surface?. Similar principles
can be adopted to arbitrarily shape the phase and magnitude of the
scattering pattern and/or for lensing purposes®.

Several of these theoretical concepts have been implemented
in the microwave and millimetre wave frequency ranges. Starting
with the first demonstration by Enoch et al.?, involving a monopole
antenna radiating within a wire mesh’, included in Fig. 2b, several
metallic ENZ lens antennas have been realized based on extraordi-
nary transmission® and tunnelling??. In the latter, a metallic layer
is perforated with waveguides at cut-off. This enables the recon-
struction of a wavefront with properties similar to those of an ENZ
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Box 2 | Phase velocity and group velocity.

The phase velocity v, = c/\ue, where c is the speed of light, diverges
in media with near-zero parameters (¢ - 0 and/or y — 0), result-
ing in the excitation of static-like field distributions for mono-
chromatic steady-state time-varying fields. Naturally, this quantity
does not correspond to the velocity of either energy or information
transfer, and structures with near-zero parameters are constrained
by causality. Specifically, when a time-harmonic source is switched
on, it requires a certain transitory time to reach a steady-state solu-
tion for the excited fields. Then, it is in this steady-state regime
in which most exotic effects are observed, including, for example,
‘static-like’ spatial field distributions. Therefore, even if their phase
distribution might apparently suggest ‘instant’ propagation in the
steady-state scenarios, the time required to build up this solution
ensures that structures with near-zero parameters always comply
with causality, and thus the energy velocity is obviously always less
than the velocity of light in vacuum. Detailed time-domain analy-
ses of these transitory effects and the convergence towards station-
ary solutions can be found in the seminal papers***.

In other words, structures with near-zero parameters are nec-
essarily dispersive. Consequently, they always exhibit a finite,
sub-c, group velocity, v, = dw/dk, determined by the frequency
dispersion of their constitutive parameters. For example, let us
consider an ENZ medium characterized by the Drude dispersion

obstacle, enabling beamforming, beamsteering®~° (for example, see
Fig. 2¢) and a careful design of the phase front*-.
Interestingly, the stretching of the wavelength can also be exploited

model, &(w) = 1 - @} /w(w + iw,), and u(w) = 1. It is clear that in
the lossless limit (w, > 0), the phase velocity diverges at the plasma
frequency w,, but the group velocity does not. Quite on the con-
trary, it approaches zero v, > 0 (refs 80,135), a property of great
interest for slow light and nonlinear optics. At the same time, it
must be remarked that this result applies only to an unbounded
lossless ENZ medium. Therefore, finite-size structures, such as
ENZ narrow channels, feature a finite time delay, allowing for the
experimental observation of tunnelling effects and the transport of
energy through distorted channels.

As another case study, we consider a medium with
the same permittivity, e(w) = 1 - w}/w(w + iw,), but dispersive
permeability following the Lorentzian dispersion profile
) = (0 - w; + iyw)/(w* - wj + iyw). This model is representa-
tive of several realizations of EMNZ media**?'. In this case, the
phase velocity again diverges at the plasma frequency in the
lossless limit (w,, y > 0), but the group velocity is finite and can
be written as v, = $\1-w}/w? . Note that, in this case, the group
velocity is not necessarily small, and for w, << w, it quickly con-
verges to v, = ¢/2. This example illustrates that it is, in theory,
possible to realize ‘static-like” spatial field distributions support-
ing the propagation of energy and information at velocities com-
parable to (albeit always less than) the speed of light in vacuum.

that is, optical circuits on the nanoscale***!. In essence, if an air groove
is carved in an ENZ medium, the displacement current will be zero
everywhere except in the air groove, and it will be longitudinal along

to enhance collective effects between multiple emitters®*-**. For
example, let us consider the emission properties of a collection of
fluorescence molecules immersed in a narrow waveguide at cut-off,
emulating an ENZ channel. As studied in ref. 31, fluorescence/spon-
taneous emission is enhanced, even for randomly located molecules,
due to two main factors: first, large Purcell factors are induced by
the concentration of the electric field in the narrow channel; second,
collective in-phase radiation is obtained due to phase uniformity.
Indeed, enhanced and position-independent emission in ENZ wave-
guides was experimentally tested at optical frequencies by exciting
a silver waveguide with an electron beam™®. In passing, we note that
the same methodology has been used to propose matched radiofre-
quency antennas, independently of the position of the probe within
the narrow channel**.

Moreover, the highly non-local interactions and collective effects
within an ENZ narrow channel might facilitate the observation of
Dicke superradiance® and spontaneous entanglement generation®*.
In the future, we envision that the extreme non-local features and
associated collective interactions observed in structures with near-
zero parameters might find potential applications in quantum infor-
mation processing and quantum many-body physics. In addition,
the coherence effects associated with non-locality in structures with
near-zero parameters might also have implications in other emission
processes such as thermal radiation.

the boundary within the groove. Therefore, the air groove in the ENZ
media, usually referred to as a D-dot wire*>*, confines and guides
the displacement current in a similar way in which conducting wires
guide the flow of electrons in an electronic circuit. This simple ele-
ment could be the basis for constructing all-optical circuit boards on
the nanoscale®>. The operational principle of D-dot wires has been
experimentally verified at microwave frequencies with a waveguide
set-up*, and the design of complete waveguide-based displacement
current circuits has been proposed®. Just recently, an optical wire
inspired by D-dot wires was demonstrated in the mid-infrared by
using metal-semiconductor waveguides*.

The inhibition of D and B vectors in ENZ and MNZ media,
respectively, is in a way a classical and high-frequency analogue of the
Meissner effect (complete expulsion of the magnetic field) observed
in superconductors. This analogy can be used to extrapolate into
optics different effects that are traditionally associated with super-
conductors. For instance, a scheme for electric levitation, inspired by
the levitation of magnets in superconductors, was recently proposed,
with the possibility of having repulsive forces more broadband and
robust against losses than those of resonant approaches®.

D and B vectors both simultaneously vanish within EMNZ media,
conforming the so-called DB boundaries**, that is, a boundary in
which both normal electric and magnetic fields vanish in the region
external to EMNZ media. Initially, the interest in this sophisticated
boundary condition was purely theoretical, aiming to develop electro-
magnetic equivalence principles, an alternative to the standard formal-
isms based on the tangential components of the fields. Later on, DB
boundaries attracted the attention of researchers in electromagnetic
theory due to their unusual scattering properties™. Under this perspec-
tive, the scattering of EMNZ bodies is of great interest, as they inherit
all features of abstract DB boundaries, plus those associated with zero
phase advance and ‘stretching’ of the wavelength within the body.

Another unique feature of structures with near-zero param-
eters is the possibility to trap and confine light in an open 3D
system, in analogy with bound states in the continuum®-** and/or

Boundary effects and light trapping

One could also anticipate that extreme effects appear at the bounda-
ries of structures with near-zero parameters. For example, note that
electric D = ¢E and magnetic B = yH flux densities vanish in ENZ
and MNZ media, respectively. Therefore, it is clear that the continuity
of their normal components at a boundary, that is, i- D and i - B,
induce strong discontinuities of the normal electric, E, and magnetic,
H, fields. A practical application connected to these boundary effects
is the possibility of guiding the displacement current, J; = —iwD, of
interest for the development of interconnects for optical metatronics,
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non-radiating modes®***. However, in contrast to other photonic
analogues of bound states in the continuum®**, a photonic state can
be bound to an open, 3D, finite-size body with near-zero param-
eters, and ideally (in the absence of dissipation losses) remain con-
fined within it for an infinite lifetime. An example of an ‘arbitrary’
body supporting a bound eigenmode and the associated electric and
magnetic field distributions is shown in Fig. 2d. This effect was first
identified when studying the emission properties of a small dipole
embedded in a spherical plasmonic shell, where zero radiation
was consistently observed at the ENZ frequency of the continuous
shell””. Subsequently, the existence of bound states or embedded
eigenvalues in spherical ENZ shells was explicitly derived®*® and
then generalized to arbitrary (non-spherical) boundaries®.

Ultimately, the confinement arises as a boundary effect associated
with the excitation of time-harmonic spatially ‘electrostatic’ fields in
ENZ media®. In short, a time-harmonic but spatially electrostatic
electric field E = —-VV (with zero magnetic field H) can be found as
the solution to Laplace’s equation V2V = 0, subject to the continuity of
the electric potential V and &(dV/dn). By inspecting these boundary
conditions, it is clear that the boundary between ENZ and conven-
tional dielectric media behaves as that of a dielectric with a perfect
conductor, respectively (note that this is true only for these spatially
electrostatic dynamic fields), enabling the existence of a state bound
within the ENZ region®. Quite remarkably, these bound states exist
independently of the geometry of the external boundary, leading to
the notion of geometry-invariant resonant cavities®, that is, resonant
cavities whose eigenfrequency is independent of the geometry of the
external boundary of the cavity, including changes on its size, shape
and topology.

It is important to remark that the physical mechanism underly-
ing this geometry invariance is the decoupling between temporal
and spatial field variations in structures with near-zero parameters®'.
In other words, the boundedness or non-radiating properties of the
modes are not essential to achieve geometry invariance. In fact, there
are other families of geometry-invariant eigemodes that do not cor-
respond to bound states. For example, it was also found that trans-
verse magnetic modes in 2D ENZ cavities containing a dielectric rod
support eigenmodes whose eigenfrequency is immune with respect
to equi-areal transformations of the ENZ region®. That is to say, the
external boundary of the resonator can be deformed, while preserv-
ing the overall area of the device, without changing its resonance
frequency®'. However, in this case, the transversal magnetic field in
the ENZ region is different from zero®. Consequently, these modes
are radiating, and they strongly interact with the environment if PEC
walls bounding the cavities are removed.

Both bound and radiating geometry-invariant eigenmodes are
the basis of truly exotic resonators, unique to structures with near-
zero parameters. We expect that their future development might find
applications in flexible and reconfigurable photonic systems, perhaps
opening the way to deformable optical resonant devices. Moreover,
unique light-matter interactions taking place while deforming the
cavity might lead to the observation of new dynamical light-mat-
ter bound states in cavity quantum electrodynamics and cavity
optomechanics.

Boosting nonlinear optics

Structures with near-zero parameters have a particular synergy with
nonlinear optical processes. In fact, near-zero parameters empower
two of the main requirements to boost the (usually weak) nonlinear
response of matter: phase matching and high field intensities.

On the one hand, phase matching is essential to prevent destruc-
tive interference in the fields generated by nonlinear polarization
sources. In practice, phase matching is attained with several tech-
niques including birefringent phase matching, angle phase match-
ing and quasi-phase matching®®. Each of these techniques has its
own advantages and limitations (see, for example, refs 62,63 for an
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Figure 2 | Highly directive emission and geometry-invariant phenomena.
a, Numerical simulations (see Methods) of the 2D electric field magnitude,
|E,|, and normalized radiation intensity, W,,,(¢) = %2Re{E x H*}, excited

by an insulated 2D current line source immersed in 2D EMNZ cylinders of
rectangular and triangular cross-sections. The current line is insulated from
the EMNZ medium by a vacuum circular cylinder. Highly directive beams
are generated perpendicular to the sides of the EMNZ body. b, Experimental
realization and measured radiation pattern based on a wire mesh fed by a
monopole antenna at GHz frequencies. ¢, ENZ metallic lens (implemented
as waveguides at cut-off) and measured electric field distribution, evidencing
high directivity (centred case, top) and beamforming (displaced case,
bottom). d, Sketch and numerical prediction (see Methods) of the electric
and magnetic field distributions for 3D ‘open’ ENZ cavities containing a
dielectric particle of relative permittivity e, and supporting a bound (non-
radiating or embedded) eigenmode, independently of the geometry of the
external boundary, which is touching the vacuum. Figure adapted with
permission from: b, ref. 7, APS; ¢, ref. 30, IEEE.

introduction to phase-matching techniques), but a common char-
acteristic is that they are all limited to provide phase matching in a
specific direction®. In contrast, the need of phase matching is elimi-
nated in structures with near-zero parameters. There, as schemati-
cally depicted in Fig. 3a, the lack of phase progression allows for the
fields to build up coherently®. This strategy has been demonstrated
by enhancing four-wave mixing (FWM) at near-infrared frequen-
cies using fishnet metamaterials featuring a zero-index response®.
As anticipated, the matching is direction independent, and the
generated FWM was successfully measured in both the forward
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Figure 3 | Nonlinear phenomena in structures with near-zero parameters. a, Phase matching in zero-index media leading to efficient four-wave mixing
(FWM) in both the forward and backward directions. DFWM, degenerate four-wave mixing. Sketch (left), geometry (centre) and measured data (right) of the
experimental realization with a fishnet metamaterial at near-infrared frequencies. The measured FWM signal in the forward (purple) and backward (blue)
directions are shown (right). b, Strong nonlinear response in ENZ thin films. Measured nonlinear effective refractive index, n,., and effective nonlinear
attenuation constant, B, of an ITO film of 310 nm thickness. The ENZ point ¢'(A,) = O occurs at A, = 1,240 nm, centre of the shaded region). ¢, Frozen light.
Self-sustained 3D confinement of light in an ENZ medium with Kerr nonlinearity. Electric field iso-surface (left) and intensity distribution (centre) as well as
dielectric permittivity profile (right) are shown. Blue plane (right) corresponds to the zero-permittivity points. All positions normalized with respect to the
inverse of the wavevector at the plasma frequency k. Figure adapted with permission from: a, ref. 64, AAAS; b, ref. 71, AAAS; c, ref. 85, under a

Creative Commons licence (http://creativecommons.org/licenses/by/4.0/).

and backward directions (Fig. 3a). Naturally, this concept is plat-
form independent and it can be easily adapted to other nonlinear
processes, and to other platforms with near-zero parameters. This
includes, for example, a proposal for phase matching and efficient
second-harmonic generation based on photonic crystals exhibiting
a near-zero response®.

However, nonlinear processes are observed only at high field
intensities, as the exciting electric fields have to compete with the
restoring forces of strong atomic fields. Typically, the field intensity
can be increased by concentrating it in a small region of space, for
example, by using nanoantennas. In stark contrast, structures with
near-zero parameters can provide large field intensity enhancements
over large regions, while simultaneously providing phase matching.
This is the case, for example, in narrow channels exhibiting ENZ
tunnelling. As shown in Fig. 1c, large field intensities (with the field
enhancement being proportional to the ratio between the waveguide
heights of the narrow channel and the input waveguide) are uni-
formly supported along the narrow channel, while exhibiting a zero
phase progression that empowers phase matching®. A planar optical
device exploiting this convenient field distribution could consist of a
metallic screen hosting waveguides at cut-oft carved with a nonlinear
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material®”®. Preliminary numerical studies suggest that this device
could exhibit enhanced Kerr nonlinearities, achieving switching and
a bistable response®, as well as giant second-harmonic generation®.

In addition, recent experimental efforts have demonstrated that
nonlinear effects are strongly enhanced in simple ENZ thin films®*~">
(for example, see Fig. 3b). The reasons behind why such a simple
geometry can provide a strong nonlinear response are twofold: first,
it can be readily checked that the variation in the refractive index
for a given permittivity variation, An = Ae/(2Ve ), is maximized in
materials with near-zero permittivity”"’% second, the strong bound-
ary effects, related to the continuity of ii - D, ensure that a strong
longitudinal electric field (normal to the interface) is induced when
the film is illuminated from an oblique angle of incidence®”*7.
These works have demonstrated ultrafast and large-intensity refrac-
tive index modulation”2, as well as second”’- and third*-harmonic
generation, two orders of magnitude larger than crystalline silicon.
On top of that, the materials employed to provide an ENZ response
(for example, indium tin oxide, ITO) are complementary metal-
oxide-semiconductor (CMOS)-compatible. Therefore, these results
suggest that ENZ thin films might become a key element in nonlin-
ear flat optics in the near future.
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ENZ thin films are also receiving interest due to their ability to
support the so-called ENZ modes™ 7, that is, long-range surface
plasmon polaritons whose dispersion relation becomes ultraflat at the
ENZ point as the thickness of the thin-film tends to zero’. In turn,
ENZ modes allow for enhancing the interaction with metamaterial
and semiconductor structures, phonon excitation and thermal emis-
sion”777. It can thus be concluded that light-matter interactions in
ENZ thin films, albeit structurally simple, are significantly rich.

At the same time, nonlinear processes are also strengthened within
a bulk ENZ medium. These effects benefit from a low group velocity*
(see Box 2) and the fact that the nonlinear polarization becomes com-
parable to the linear polarization®. Quite intuitively, low group veloci-
ties increase interaction times, and are often accompanied by pulse
compression and enhanced field intensity. Therefore, they naturally
enhance light-matter and effective photon-photon interactions, which
can be exploited in a variety of nonlinear processes®*. Furthermore,
the ENZ point is at the transition between an opaque (¢ < 0) and
transparent (¢ > 0) medium, and it is arguably the optimal point to
investigate self-trapping and self-organization mechanisms. Indeed, it

Polaritonic materials (mid-infrared)

Doped semiconductors (near-infrared)

has been identified that ENZ media support the propagation of two-
peaked and flat-top solitons*. Moreover, Fig. 3¢ depicts a static but par-
ticularly extreme form of self-organization. In this case, the light does
not propagate within the nonlinear media as a soliton, but it is fully
confined (self-trapped) in a 3D region with a doughnut-like shape®.
Owing to the cubic nonlinearity of the medium, the field imprints its
own (& > 0) cavity, within an otherwise opaque (¢ < 0) medium.

Exploiting non-reciprocal and non-local responses of matter
Nullifying the predominant response of matter (that is, a linear
and isotropic polarization process described by scalar permittivity
and permeability) also serves to emphasize secondary responses
such as non-reciprocal and non-local effects. Moreover, not only
are these effects emphasized, but different wave dynamics appear
as permittivity and/or permeability tend to zero. For example,
if we consider chiral coupling, x, in EMNZ media, D = ik Ve, H
and B = —ix V&, E, usually referred to as chiral nihility*, results
in double refraction, that is, the excitation of two waves, exhibiting
positive and negative refraction.

Topological insulators (ultraviolet)
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Figure 4 | Different realizations of structures with near-zero parameters. a, Continuous media including polaritonic materials such as SiC at mid-
infrared frequencies (left), doped semiconductors such as transparent conducting oxides (TCOs) at near-infrared frequencies (centre) and topological
insulators such as Bi;sSb, sTe;sSe;, (BSTS) at ultraviolet frequencies (right). b, Synthetic implementations including waveguides at cut-off (i), wire
media (ii), multilayered structures (iii), arrays of dielectric rods (iv) and/or photonic crystals (v). ¢, Hybrid implementation of continuous and synthetic
media such as dielectric particles immersed in a continuous ENZ medium. Figure adapted with permission from: a (left and centre), ref. 113, OSA;

a (right), ref. 117, Macmillan Publishers Ltd.; b (i, SEM inset), ref. 36, APS; b (ii, SEM inset), ref. 95, APS; b (iii, SEM inset), ref. 128, Macmillan Publishers Ltd.;

b (iv), ref. 22, Macmillan Publishers Ltd.; b (v), ref. 131, Macmillan Publishers Ltd.
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For magneto-optical media, for example, £ = ¢,,(X% + §¥) -
ia(Xy- ¥%) + €,2Z, with a being the off-diagonal element associated
with the magneto-optical activity of the media, the use of struc-
tures with near-zero parameters (in this case, ¢, > 0) enables the
exploration of new regimes in which |a/e,,| > 1, by contrast with
the usual |a/e,, | << 1 limit that results from the inherent weakness
of magneto-optical activity®’. In turn, this empowers alternative
propagation schemes, including Hall transparency (-|a| < €, < 0)
and Hall opacity (0 < ¢, < |a|) for transverse magnetic waves in the
Voigt configuration®”. When applied to surface waves, these regimes
enable the excitation of one-way surface waves that are protected
against backscattering from obstacles®, with properties similar to
configurations based on topological photonics®=*2. Another inter-
esting feature appears in the case of waves propagating along the
magnetization direction. In this configuration, it is found that cir-
cularly polarized waves of the same handedness, but opposite direc-
tions of propagation, feel the medium as opaque and transparent,
with evident applications in the development of compact optical iso-
lators®. These results indicate the potential of structures with near-
zero parameters in emphasizing and exploiting the non-reciprocal
and bianisotropic responses of matter, which are usually hidden
behind the predominant polarization process.

An analogous effect occurs with the non-local properties of mat-
ter, that is, the induction of polarization that depends on the fields at
a different point of space (albeit satisfying causality). For time-har-
monic fields decomposed into a basis of plane-waves, this response
can be described via constitutive parameters depending on the
wavevector, € = g, + £,(k), and media with a substantial non-local
response is said to be spatially dispersive. Typically, this response is
inherently weak, |e, (k)| << |, but the impact on the overall wave
dynamics can be emphasized in the limit in which the local response
vanishes g, > 0 (refs 94,95). Even more importantly, different struc-
tures exhibiting near-zero parameters, for example, wire media and
multilayered metamaterials (see Box 1), are also known to exhibit a
particularly strong non-local response and are inherently anisotropic.
These result in exotic effects such as optical topological transitions
at the ENZ frequency, where the isofrequency surface evolves from
a closed ellipsoid to an open hyperboloid®. These and other related
phenomena, often referred to as hyperbolic metamaterials®®, repre-
sent an interesting field in their own right and lie out of the scope of
this Review. Here, we would simply remark that while anisotropy and
enhanced spatial dispersion were traditionally considered constraints
in the development of artificial electromagnetic media, they can also
be exploited in numerous applications, including all-angle negative
refraction”” and imaging with subwavelength resolution'®%
Indeed, this strategy has led to several innovations, including hyper-
lenses'”*"1% and canalization'”'*® approaches.

In summary, non-reciprocal, anisotropic, bianisotropic and non-
local responses of matter are exceptionally strong and wealthy in
structures with near-zero parameters. While previous works convey
a number of effects of exceptional character, it can also be concluded
that a complete and systematic study of all possible combinations
of non-reciprocal, bianisotropic and non-local responses with struc-
tures with near-zero parameters has not yet been fully carried out
and explored.

Outlook

Structures with near-zero parameters first attracted the attention
of researchers as pathological cases in the field of metamaterials.
Subsequent research discovered a number of unusual wave phe-
nomena that challenged our understanding of light-matter interac-
tions. Examples presented here have shown that near-zero refractive
index photonics exhibits very distinctive features in basic light—
matter interaction processes including the propagation, scattering,
emission and confinement of light. Even more importantly, near-
zero refractive index photonics also enables wave phenomena, such
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as tunnelling/supercoupling and geometry-invariant eigenmodes,
which are exclusive to structures with near-zero parameters.

Over the next years, we expect that work on near-zero consti-
tutive parameters may lead to innovative devices and trigger fun-
damental research in different subfields of optics. At this point,
nonlinear optics, flexible photonics, quantum information process-
ing and heat management seem to be some of the most promising
areas. Ultimately, their technological impact will be determined by
our ability to develop high-quality and, in particular, low-loss struc-
tures with near-zero parameters. In this quest, three major platforms
may be the basis of a promising future: (1) the relatively low-loss
polaritonic materials with an ENZ response in the thermal infrared;
(2) CMOS-compatible and tunable semiconductor-based ENZ mate-
rials at near-infrared frequencies; and (3) low-loss all-dielectric met-
amaterial-based EMNZ media at optical frequencies. Together, they
provide a basis from which to explore the technological and scientific
potential of structures with near-zero parameters.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods frequency domain solver. In this case, the system was excited with an out-of-

All numerical simulations were carried out using the commercially available plane (z-oriented) current line, and the system was terminated with a circular
solver COMSOL Multiphysics and a tetrahedral mesh. Simulations of tunnelling scattering boundary condition to emulate the emission into an unbounded
effects in Fig. 1b,c were performed in a 2D geometry and with the frequency space. The analysis of the cavities studied in Fig. 2d was carried out by using the
domain solver. The waveguides were enclosed within a PEC boundary condition eigenfrequency solver. In particular, a 3D open cavity was immersed in a vacuum
and then excited via transverse electromagnetic (TEM) waveguide ports. The space, which is itself terminated into a spherical PEC layer to enable the eigenfre-
emission simulations in Fig. 2a were performed in a 2D geometry and with the quency analysis of a closed system.
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Owing to technical problems, this Review Article was published online later than the date given in the print version. The published
date should read ‘1 March 2017, and is correct in the online versions.
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