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Nanophotonics with Plasmonic Nanorod Metamaterials

Diane J. Roth,* Alexey V. Krasavin, and Anatoly V. Zayats*

Taking advantage of their unique and tuneable electromagnetic properties,
plasmonic metamaterials constitute a versatile platform for a variety of
applications ranging from high-resolution imaging, sensing and spontaneous
emission engineering to ultrafast nonlinear optics and light polarization
control. Here, recent advances in the design and applications of plasmonic
metamaterials based on aligned metallic nanorod assemblies are reviewed,
and the fast-developing trends in their exploitation in nanophotonics are
outlined. The fabrication of the nanorod-based metamaterials is introduced
and their linear and nonlinear optical properties are presented from both
microscopic and phenomenological considerations. Multiscale structuring
allowing precise engineering of the electromagnetic modes supported by the
nanorod metamaterials, as well as nonlocal spatial dispersion effects and
their impact on nanophotonic performance are discussed. To illustrate the
developing field of practical applications of these metamaterials, some of their
main application domains in sensing, photochemistry and nonlinear optics
are overviewed and novel designs of anisotropic metamaterials directly

derived from the nanorod architecture are introduced.

1. Introduction

Optical metamaterials are commonly defined as nanostructured
materials with engineered enhanced electromagnetic properties
often going beyond those found in nature. They are typically
composed of subwavelength building blocks, or meta-atoms and,
similarly to how the properties of conventional materials at the
macroscopic scale are defined by the assemblies of atoms they
consist of, the electromagnetic properties of metamaterials arise
from the material properties of the meta-atoms, their spatial ar-
rangement and the optical interaction between them. Milestones
in the development of metamaterials include theoretical and ex-
perimental demonstrations of negative-index materials,'*] the
design of super- and hyper-lenses for diftfraction-unlimited high-
resolution imaging, cloaking and perfect absorption effects.!*
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Applications of metamaterials are now
realized over a broad frequency range,
from microwaves all the way to opti-
cal frequencies,®!?] taking advantage of
new fabrication techniques available to
achieve the required sizes of meta-atoms
and spacing between them. In the UV/vis
and NIR spectral ranges, metamaterials
can be made of a combination of di-
electric materials and metallic structures
supporting surface plasmon excitations,
which allow strong light-matter interac-
tions, enabling the precise control of the
electromagnetic response of the metama-
terial. Typical geometries include split-
rings resonators, fishnets or metallo-
dielectric multilayers. Among these, a
sub-class of metamaterials called plas-
monic nanorod metamaterials, has re-
ceived a lot of interest because of its
unique optical properties, related to the
realization of hyperbolic optical disper-
sion and an epsilon-near-zero regime.

Hyperbolic optical metamaterials are uniaxial anisotropic
metamaterials with dielectric permittivities along the major opti-
cal axes having different signs. As opposed to conventional ma-
terials showing closed elliptic isofrequency surfaces, hyperbolic
metamaterials, in a theoretical limit of negligible losses and in-
finitely small unit cells, exhibit open hyperbolic isofrequency
surfaces for extraordinary waves, thus supporting propagating
waves with high wavevectors in the directions close to the hy-
perbolic asymptotes, which otherwise would typically be evanes-
cent in conventional media. Practical realizations of hyperbolic
metamaterials include planar systems, such as metal-dielectric
multilayers!®!3-1¢] and plasmonic nanorod arrays.'”!8] The exten-
sion of these platforms to nanoparticle architectures by structur-
ing multilayer or nanorod metamaterials, or the creation of mul-
tishell nanoparticles has been also proposed.[1¢:19-21]

Due to their unique optical properties, tuneable from the
UV spectral range to the NIR by choosing appropriate ma-
terials and geometrical parameters,??2l hyperbolic metamate-
rials have so far been used in a variety of applications,
including subwavelength imaging,’! sensing!®}! and sponta-
neous emission engineering!?*l as well as ultrafast all-optical
switching!®®! and polarization control.?®! Hyperbolic metama-
terials operating in the radio-frequency spectral range have
also been demonstrated.[?”] Recently, naturally occurring hyper-
bolic materials!?®%] have attracted great interest, especially low-
dimensional (2D) materials.[*-32] Taking advantage of the hyper-
bolic dispersion, these materials support hyperbolic plasmon-
polaritons (HPP),33-%1 as, e.g., black phosphorus and tungsten
ditelluride, and hyperbolic phonon-polaritons (HPhP),[36-38] ag,
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Figure 1. a) Schematics of a nanorod metamaterial in an AAO matrix. b) SEM image of a plasmonic nanorod-based metamaterial tilted at 45°. Inset:
Photograph of a typical sample and a pound coin for scale. Reproduced with permission.[?>] Copyright 2011, Macmillan Publishers Limited. c) Near-field
intensity map (top panel) and the distribution of the E, component (normal to the nanorod axis) of the electric field (bottom panel) inside the nanorod
metamaterial in the hyperbolic dispersion regime, under excitation with TM-polarized light at oblique incidence, illustrating electromagnetic coupling

between the nanorods. Reproduced with permission.[®2] Copyright 2019 IOP Publishing Ltd.

e.g., hexagonal boron nitride and a-phase molybdenum trioxide,
to name but a few.

Plasmonic nanorod metamaterials can exhibit both hyperbolic
and elliptical dispersion depending on the operational wave-
length and light polarization. Particularly, for TM-polarized light
the change from one type of dispersion to the other happens ata
certain wavelength called the epsilon-near-zero (ENZ) point, at
which the sign of the metamaterial effective dielectric permit-
tivity along the nanorods changes from positive to negative. In
recent years, the behavior of materials (e.g., conducting oxides)
and metamaterials (e.g., with nanorod and multilayer designs) in
the ENZ regime has attracted increasing interest thanks to their
enhanced performance in all-opticall?>3*#] and electro-optical
modulation,[*=#] all-optical control of harmonic generation,**!
sensing,!*’] and light emission.[*¢]

In this review, we report on the optical properties and appli-
cations of plasmonic metamaterials based on aligned metallic
nanorod assemblies. After a brief description of their fabrication
process, based on a scalable self-assembly technique, the micro-
scopic and effective medium descriptions of the nanorod-based
metamaterials will be discussed, including both local and nonlo-
cal theories. The role of the nonlocal response of the metamate-
rial on its dispersion will be highlighted. We will then focus on
the multi-scale structuring of the nanorod-based metamaterials
into finite-size components such as photonic-crystal-like struc-
tures, resonators or waveguides, allowing for further control of
their optical response and additional functionalities. The nonlin-
ear properties of the plasmonic nanorod metamaterial will then
be discussed, together with how these nonlinearities can be ex-
ploited in novel applications. The great variety of applications of
nanorod-based metamaterials, ranging from sensing to sponta-
neous emission engineering, will then be described, and the de-
velopment of novel anisotropic plasmonic metamaterial designs,
derived from the nanorod-based architectures, will be presented.
Finally, the fast-developing trends in the exploitation of these
metamaterials in novel nanophotonic concepts will be outlined.

2. Fabrication Approaches

The nanorod-based metamaterials are typically fabricated by elec-
trochemical growth of metals (or semiconductors) into a porous
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anodized aluminum oxide template (AAO).['7#748] As depicted
in Figure 1a, the nanorod metamaterials are usually manufac-
tured on a supporting glass (with a thin tantalum pentoxide
layer for adhesion) or silicon substrate, with a thin gold film act-
ing as an electrode for the electrochemical deposition in either
case. An aluminum film with a thickness of several hundreds of
nanometers is then formed by magnetron sputtering and sub-
sequently anodized to produce the porous AAO template. The
pore diameter (denoted d), separation (denoted a) and ordering
can be controlled by the anodization conditions, including the
voltage applied and the type of acid used as the electrolyte, as
well as the post-chemical etching processes. This anodization
process results in a highly-ordered quasi-periodic hexagonal ar-
ray of pores. Nanopore diameters ranging from 20 to 80 nm
and inter-pore distances in the range of 40-100 nm can typically
be obtained. A perfect hexagonal lattice can be achieved with a
two-step anodization process or by prestructuring the aluminum
film with a “seed” indentation pattern using focused-ion-beam
or electron-beam lithography,*! which, however, is more time-
consuming and increases the cost of the final structure. The plas-
monic nanorod system is then finally fabricated by electrodepo-
sition of the nanorod material into the nanopores, with the time
of the electrodeposition determining the length of the nanorods
(denoted L). Any material suitable for electrodeposition includ-
ing but not limited to Au,['”] Ag,l>*! Cu,l?! Ni,[1752] or TiNPPY can
be used. Recent research has also shown the possibility of elec-
trodepositing semiconductors, e.g., zinc oxide.>3] The AAO tem-
plate can also be completely etched away in order to obtain free-
standing nanorods.

Figure 1b shows a SEM image of a nanorod metamaterial and a
photograph of a typical cm?-size sample. This self-assembly tech-
nique allows to fabricate uniformly nanostructured metamate-
rial layers over very large macroscopic areas. At least for some
materials (e.g., Cu in an ITO matrix), the nanorod metamate-
rial can also be prepared by solid-state mixing, followed by a
sintering process, which makes the fabrication cheaper but at
the cost of a decreased quality of the structure.’*] Inclined Al
and TiN nanorod metamaterials were obtained by an oblique de-
position technique.l>>®! Alternatively, traditional self-assembly
methods based on chemical functionalization can be used,*’=]
which are low-cost, but accompanied by somewhat lower quality.
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Oppositely, electron beam lithography can be employed to fab-
ricate high-quality/high-cost nanorod metamaterials with the re-
striction on critical sizes and overall metamaterial area.[®) Self-
assembly-mask etching was used to fabricate silicon hyperbolic
nanorod metamaterials.[%]

Structuring of the metamaterial to create multiscale struc-
tures combining sub-wavelength size nanorods and wavelength-
scale features can be achieved at various steps of the self-
assembly/electrodeposition fabrication process: before anodiza-
tion, using an imprinting procedure to define the spots of the
nanopore growth; after the anodization but before the electrode-
position, by controlling the AAO pores opening by a focused ion
beam; or after electrodeposition and removal of the AAO matrix,
by laser ablation.[®*] The inexpensive and relatively easy fabri-
cation process of plasmonic nanorod metamaterials, using the
above self-assembled approach combined with the ability to tune
their geometrical parameters, allows their electromagnetic prop-
erties to be tailored in a wide spectral range and over large areas.

3. Effective Medium Theory and Microscopic
Description of the Optical Properties

3.1. Local Effective Medium Theory

As the spacing between the meta-atoms is commonly subwave-
length or/and randomized, the diffraction effects are absent and
light propagates through the metamaterial as through a uniform
medium with effective optical properties (Figure 1c). The essence
of the metamaterial approach is that these optical properties are
designed through engineering the optical response of the indi-
vidual meta-atoms and electromagnetic coupling between them.
The effective permittivity and permeability of the metamaterial
are derived using effective medium theories (EMTs) based on
homogenization of the metamaterial optical behavior. In the case
of nanorod metamaterials, the homogenization can be done by
straightforward averaging of the displacement (D) and the elec-
tric (E) fields over the metamaterial volume, followed by taking
a ratio of the outcomes along the major metamaterial axes, as
(D) = .4(E).[* Generally, the nanorod metamaterial behaves
as a highly anisotropic uniaxial medium with the optical axis di-
rected along the nanorods and the effective dielectric permittivity
given by a diagonal tensor!®6+-6¢]

€off L 0 0
€g=] 0 €eff, L 0 1)
0 0 Eeff |

where

(L+f)em + (1 =fle

s = T fle, + (1 e @
and
eury = fem+ (1~ fea 6)

are the permittivity components perpendicular and parallel to the
optical axis, respectively, calculated using the EMT and defined by
the dielectric permittivities of the metal (¢,,,) and the surrounding
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dielectric (e,), together with the metal filling factor f. In the case
of a hexagonal nanorod arrangement f = zd?/(4a%sin(r/3)).

The spectral dependencies of the real and imaginary parts of
the dielectric permittivity components are plotted in Figure 2a.
The characteristic double-bending in the real part of e, to-
gether with the corresponding peak in its imaginary part are
related to the transverse plasmonic resonance of the nanorods
slightly spectrally shifted due to their electromagnetic coupling.
The real part of e, can be either positive throughout the spec-
trum, or, in the case of small losses, can reach negative values
near its minimum. The real part of €.¢, on the other hand rep-
resents a weighted sum of the permittivities of the metal and the
surrounding dielectric with coefficients defined by the metal fill-
ing factor f. It logically follows that at short wavelengths it is pos-
itive, while at long ones it becomes negative due to large negative
values of ¢, in this spectral range. The spectral interval around
the point where e.¢ | crosses zero is called the epsilon-near-zero
(ENZ) region. The effective permeability of the nanorod metama-
terial is equal to 1 because, by design, the metamaterial does not
produce any artificial magnetic response and its constituting ma-
terials (like all other materials considered here) are non-magnetic
at optical frequencies.

For the ordinary wave (excited by TE-polarization of the light
and experiencing only the ¢, component), the metamaterial
behaves as a lossy dielectric (or a metal if €., becomes nega-
tive) with a spherical dispersion. Here, TE-(TM-) polarization cor-
responds to the arrangement where the electric (magnetic) field
of the incident wave is perpendicular to the plane of incidence.
In the case of the extraordinary wave, excited by TM-polarized
light, the metamaterial behaves as a lossy dielectric with an ellip-
tic dispersion at shorter wavelengths than the ENZ point, located
at around 700 nm for the metamaterial parameters illustrated in
Figure 2a. Above the ENZ point, the dispersion of the extraor-
dinary wave becomes hyperbolic, giving the name for this type
of metamaterials. In the elliptic regime, the optical anisotropy
An, i.e., the difference between ordinary and extraordinary refrac-
tive indices, in the visible and NIR spectral ranges, is compara-
ble to the best natural anisotropic materials (An ~ 0.2), while in
the hyperbolic regime, (An ~ 1.5) far exceeds what is possible to
achieve in conventional materials.[®®! With another choice of ge-
ometrical and material parameters, the hyperbolicity can also oc-
cur when e.; | reaches negative values.*”) Natural hyperbolic ma-
terials also exist,[?#29] but they are fundamentally non-tuneable
and very rare in the vis/NIR spectral range.

In the limit of zero losses and an infinitely small unit cell,
the isofrequency dispersion of nanorod plasmonic metamaterial
is presented by a hyperbola infinitely extending in the k-space
(Figure 2a). For realistic losses, the dispersion surface evolves
into a hyperbola-like closed shape for which the wavevectors
above a certain value are cut off.”%! Another factor limiting the
magnitude of the allowed wavevectors is a breakdown of the EMT
atk ~ 1/a, when diffraction effects become important for finite-
size unit cells.

One may note that there is another homogenization approach
based on the derivation of the effective optical properties of a
metamaterial layer of a finite height from both transverse and
longitudinal resonances of the nanorods (having in this case a
finite length).l”!] Therefore, the homogenization should be re-
peated every time the nanorod length (thickness of the metama-
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Figure 2. a) Spectral dependences of the real and imaginary parts of the components of the effective permittivity tensor of the metamaterial produced
by a hexagonal array of gold nanorods (d = 30 nm, a =80 nm) in a dielectric matrix (n = 1.6). The regions of elliptic (yellow) and hyperbolic (orange)
dispersion of the extraordinary wave (excited by TM-polarized illumination) are indicated, together with the corresponding isofrequency dispersion plots
in the color-matched boxes. b,c) Extinction (—In(T), where T is the transmission) (b) and reflectivity (c) of a metamaterial layer with a thickness of
450 nm, described by the effective permittivity presented in (a), illuminated with TE- and TM-polarized waves at the incidence angle of 30°. Reproduced
with permission.[8] Copyright 2022, American Chemical Society. d—i) Isofrequency surfaces of TE (d,e) and TM (f-i) modes supported by the nanorod
metamaterial calculated using the nonlocal effective medium theory in (d,f,h) elliptic (denoted e) and (e,g,i) hyperbolic (denoted h) regimes for (d—g)
a metamaterial with d = 50 nm, a = 100 nm and (h,i) metamaterial with 50% decreased parameters (d = 25 nm, a = 50 nm). Such scaling does not
change the metamaterial optical properties calculated using the local effective medium but has a strong impact in the nonlocal case. Reproduced with

permission.[8’] Copyright 2017, Springer Nature.

terial layer) is changed. Although this approach predicts the exis-
tence of the ENZ point discussed above, it also stipulates the pres-
ence of a second one, after which e g | returns to positive values at
longer wavelengths. This is most probably due to essentially treat-
ing the assembly as a 3D system of oriented, but uniformly dis-
persed nanorods and, therefore, disregarding their side-to-side
arrangement in the derivation of this EMT. Overall, both hyper-
bolicity and ENZ effects, being very exotic characteristics, play a
very important role in the observed optical phenomena and re-
lated applications of nanorod-based metamaterials. Importantly,
these effects can be tuned throughout the visible and infrared

Laser Photonics Rev. 2024, 18, 2300886 2300886 (4 of 17)

spectral ranges by controlling the geometrical parameters of the
nanorods at the fabrication stage,”?! with possible extension to
the ultraviolet region with the use of high plasma frequency met-
als, such as aluminum.

For transmission, reflection and absorption, the optical re-
sponse of the metamaterial layer directly follows from its effective
permittivity and can be calculated, e.g., using the transfer matrix
method as for any other planar film geometry (Figure 2a). As was
explained above, ordinary waves excited by TE-polarization of the
incident light propagates through the metamaterial as through
a lossy dielectric with a spherical dispersion, while the extraor-
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dinary waves excited by TM-polarized light experience elliptic or
hyperbolic dispersion, depending on their frequency. For an in-
cident light with either TE- or TM-polarization states (i.e., the or-
dinary and extraordinary waves), either of which have an elec-
tric field component across the nanorod, the extinction spectrum
(Figure 2b) shows a peak at the wavelength of 520 nm (for the
chosen typical geometrical/material parameters). This peak cor-
responds to the excitation of the coupled transverse resonances of
the nanorods and matches the peak position in Im(e ¢, ). For the
extraordinary wave excited by TM-polarized illumination, there is
an electric field component along the nanorods (along the optical
axis of the metamaterial), experiencing €.z . As a consequence,
another extinction peak appears at the spectral position of the
ENZ point,/”3] related to the fact that at the ENZ condition, the
propagation of a TM-polarised wave inside the metamaterial is
significantly hindered by high attenuation, independently of the
angle of incidence.[®® The increase in the incidence angle, re-
sulting in an increase of electric field component parallel to the
nanorods, leads to a monotonic rise of the magnitude of the ENZ
extinction peak. Away from the regions of high extinction, Fabry—
Pérot effects or waveguided modes can be observed in reflection
(Figure 2¢) or transmission of a metamaterial slab (see Section 4
for further details).

3.2. Nonlocal Effective Medium Theory

The independence of the spectral position of the ENZ-related
extinction peak on the angle of incidence of the TM-polarized
wave and its monotonic increase with the increase of this angle,
predicted by the EMT discussed above, raises a question about
the limits of its validity, as it was experimentally shown that for
nanorods made of a plasmonic material with low losses, the be-
havior of the ENZ peak experiences an angle-dependent spectral
splitting.[®] This peculiar disagreement between the EMT and
the experiment was resolved by considering the microscopic
nature of the interaction of light with the metamaterial taking
into account nonlocal (spatial dispersion) effects induced by the
nanostructuring.l”*] These effects are not captured by the local
EMT described above, but automatically taken into account in
full vectorial numercal modelling. The nonlocal effects in the
EMT description are related to interacting cylindrical plasmons
supported by the nanorods and propagating along them. Due to
the symmetry of the modes, all the components of the electric
and magnetic fields are averaged out over the metamaterial unit
cell, apart from the E, one. Thus, macroscopically, the resulting
mode (a sum of 0-, 4-, 8-,.. order cylindrical plasmons in individ-
ual nanorods) presents a longitudinal plane wave propagating
along the z-direction. Within the EMT approach, this wave can be
readily taken into account introducing nonlocality into the €.z
component of the effective permittivity tensor. Particularly, the
nonlocality is introduced by the dependence of the permittivity
on the wavevector k,. The nonlocal expression for e.q is ob-
tained by matching the dispersion of the longitudinal wave in the
nonlocal EMT medium to the dispersion obtained from the mi-
croscopic description of the collective cylindrical plasmon mode,
via setting the proper asymptotic behavior at long-wavelengths
and also reproducing the local EMT expression in the limiting
case of small wavevectors. For the derived nonlocal permittivity
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tensor, the TE-polarized ordinary waves keep their behavior,
unaffected by the changes in €. |, but the TM-polarized extraor-
dinary waves, which have an electric field component along the
nanorods, upon coupling with the nonlocal longitudinal mode,
produce two hybridized TM-polarized waves. The dispersions of
these modes produce a typical anticrossing pattern, happening
in the ENZ region. The splitting of the modes becomes more
pronounced with the decrease of the losses in the nanorods,
which explains how the extinction of the metamaterial at the
ENZ is altered in the case of constituent materials with different
losses.

The impact of the nonlocality on the isofrequency disper-
sion surfaces is presented in Figure 2d—i. As expected, the TE-
polarized modes are unaffected by the nonlocality and keep
their elliptic dispersion. For the TM-polarized case, in the hyper-
bolic wavelength range (Figure 2g), the dispersion also keeps its
generic hyperbolic topology, while in the ENZ and elliptic wave-
length range (Figure 2f) the formation of the two TM modes is
clearly visible. The nonlocality significantly affects other optical
phenomena, including spontaneous emission inside the meta-
material, which will be discussed in detail below. The approach
described above can be reformulated through the k-dependence
of the effective susceptibility of the metamaterial.[®®7] An alter-
native nonlocal EMT, although taking into account essentially
the same physical phenomenon, is derived in ref. [76]. Finally,
one needs to stress that the nonlocality related to spatial disper-
sion in all the EMT theories considered here, is produced by the
nanostructuring of the metamaterial, but not by the nonlocality
of the optical properties of the materials constituting it. The role
of nonlocality and the need for microscopic description is espe-
cially important for consideration of effects associated with the
internal fields inside the metamaterial, such as related to spon-
taneous emission from molecules located inside it or nonlinear
effects in the nanorods, since the local EMT fails to take into ac-
count strong variation of the fields within the unit cell arising due
to the excitation of cylindrical surface plasmons. The influence of
nonlocal effects on Cherenkov radiation inside a hyperbolic lay-
ered metamaterial has been studied in ref. [77]. While numerical
simultions reproduce the optical properties of nonlocal metama-
terials, the consideration of the nonlocal EMT allows to under-
stand physical processes inside the metamaterial and its optical
mode structure.

As was mentioned above, the nonlocal effects are particularly
pronounced in the ENZ region. In this regime, the TM-polarized
light incident on the metamaterial efficiently couples to both TM
modes supported by the nonlocal metamaterial, despite these
modes having significantly different dispersion characteristics.
Thus, light transmitted through the metamaterial effectively per-
ceives it as a highly spectrally and spatially dispersive medium.
Furthermore, as the coupling coefficients to the TM modes are
highly angular-dependent, the resulting effective dispersion can
be controlled by simply changing the angle of incidence. Particu-
larly, using this approach it has been experimentally shown that
light propagation can be switched between backward, slow-light
and superluminal regimes.”?] It has been also shown that due
to the ENZ-related strong effective dispersion, the metamaterial
can be used as a dispersion management device with a THz band-
width, capable of producing both positive and negative chirps of
light pulses.
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Figure 3. a,b) Experimentally measured reflectance from a 340 nm thick metamaterial slab, showing the dispersion of guided plasmonic modes (nanorod
filling factor 0.32, period ~100 nm, and radius ~#32 nm) for (a) TE and (b) TM modes. The second and third order guided modes are marked with dashed
lines and the light lines in the silica substrate and the air superstrate are plotted in green and magenta, respectively. Reproduced with permission.%2]
Copyright 2015, Wiley-VCH. c¢) SEM image of a periodically structured nanorod metamaterial. d,e) Experimentally measured transmission through the
nanostructured metamaterial slab with a design presented in (c), showing the dispersion of the Bloch modes (nanostructuring period 700 nm, patch
size 300 nm) for: (d) TE and (e) TM modes. Reproduced with permission.[®] Copyright 2015, Wiley-VCH.

4. Metamaterial Waveguides and Polaritonic
Crystals

Metamaterials and metasurfaces have been attracting consider-
able attention for the manipulation of light in 2D and 1D waveg-
uided geometries.””8! Similarly, a nanorod metamaterial slab
may work as a resonator or a waveguide for optical modes prop-
agating inside it. For plasmonic nanorod metamaterials, these
modes are sometimes called bulk plasmonic modes or volume
plasmonic modes since, in the microscopic description, they are
related to the electron plasma oscillations in the nanorods. The
presence of these modes defines the metamaterial slab reflection
and transmission through the formation of Fabry—Pérot-type in-
terference patterns (Figure 2¢).82%] In extinction, though, their
presence is hidden by the two dominating peaks of the transverse
plasmonic resonance (short-wavelength peak) and the ENZ atten-
uation (long-wavelength peak). When the metamaterial slab is
illuminated in the attenuated total internal reflection geometry,
leaky waveguided modes can be excited.[¥2#3] True waveguided
modes are also supported by the metamaterial, but to match the
very long wavevector of these modes, their excitation from the far-
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field requires special arrangements, e.g., a diffraction grating, or
an emitter inside the metamaterial slab.

In a planar nanorod metamaterial slab waveguide, TE modes
(having their electric field in the waveguide plane and perpen-
dicular to the propagation direction), for which the components
of the nanorod metamaterial permittivity tensor are commonly
positive, can be viewed as typical modes in a lossy dielectric
waveguide. This also applies to the TM modes (having their
magnetic field in the waveguide plane and perpendicular to the
propagation direction) in the short-wavelength spectral range,
where the z-component of the metamaterial effective permit-
tivity is positive (Figure 2a). At the longer wavelengths, above
the point where the z-component of the effective permittivity
becomes negative (which can be viewed as a spectral point
defining an effective plasma frequency of the nanorod metama-
terial for this component), the TM modes take the form of bulk
plasmon—polaritons propagating in a hyperbolic anisotropic
medium/®! (Figure 3a,b). The TM modes show particularly
interesting properties. These modes may have a very low or
negative group velocity with high effective refractive indices
(up to 10), while their unusual high-frequency cut-off provides
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deep-subwavelength (4,/6 — 4,/8 waveguide thickness) single-
mode guiding.®? It is worth underlining that the guiding
properties of the nanorod slab metamaterial waveguides, and
particularly the dispersion of the modes, can be engineered at
the fabrication stage. Hyperbolic metamaterials can be further
exploited to achieve 3D waveguides with unusual properties.
While in the case of the slab waveguide the TE and TM modes are
independent, 2D confinement makes them coupled, which leads
to the formation of hybrid guided modes at the TE-TM crossing
points of the dispersion.** Such modes show very strong group
velocity dispersion with slow or stopped light behavior.

To achieve further control over the dispersion of the modes
supported by the metamaterial, one can adopt an approach in-
spired by photonic crystal geometries, in order to implement
hyperbolic polaritonic crystals (HPCs) by introducing periodic
structuring of the nanorod metamaterial at a wavelength scale
(Figure 3c).®%] In this way, the multiscale arrangement of the
nanorods is achieved with two distinct geometrical sizes: the sub-
wavelength distance between the nanorods and the periodicity
of nanorod patches. This gives the opportunity to engineer the
guided properties both intrinsically via the design of the meta-
material and extrinsically via the profile of the nanostructuring.
The TE HPC modes show the usual Bloch behavior conditioned
by the periodic nanostructuring with back-bending and splitting
at the edges of the Brillouin zones, while for the TM modes this
effect is less pronounced due to their almost dispersionless be-
havior (Figure 3d,e). Apart from allowing additional flexibility for
the control of the plasmonic modes behavior, the additional mo-
mentum provided by the nanostructuring enables optical access
to these modes. Such modes are normally unreachable via con-
ventional or attenuated total reflection methods due to their high
effective indices, while they are very important, e.g., for the engi-
neering of spontaneous emission.

5. Sensing Applications

Due to their high sensitivity to variations in the refractive index
of the surrounding environment, plasmonic nanorod metamate-
rials have been shown to be extremely useful in various types of
sensing applications, outperforming typical surface plasmon po-
lariton and localized surface plasmon based sensors.[®8687] Used
for biosensing and chemical compound identification as well as
active nanophotonic devices, the extreme sensitivity of this type
of systems is provided by a modification of the optical properties
of the metamaterial originating from the changes in the optical
response of individual nanorods and interaction between them,
which results in an alteration of the mode structure supported by
the metamaterial.

5.1. Biosensing

Improvement in biosensing technology has been demonstrated
using a gold nanorod-based metamaterial supporting leaky
waveguided modes.[?*! The guided mode of interest, excited by
TM-polarized illumination in the hyperbolic dispersion regime,
is represented by an angular-dependent dip in attenuated-
total-reflection intensity around the wavelength of 1200 nm
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(Figure 4a). The field of the mode is primarily located within the
metamaterial slab, where strong confinement of the electromag-
netic field is observed. Therefore, the mode is particularly sen-
sitive to the changes of the refractive index of an analyte filling
the space between the nanorods. The specific functionalization
of the nanorod surfaces with, for instance, antibodies of the bio-
species targeted for the detection links them to the nanorods,
where upon the consequent change of the refractive index in
the inter-rod area, they can be detected by a spectral shift of the
guided mode in the attenuated reflection spectrum of the meta-
material. Particularly, this metamaterial platform provides en-
hanced sensitivity to refractive index changes, leading to unprece-
dented sensitivities of 10000s nm per refractive index unit.!?388]
The nanorod metamaterial sensing platform can be further en-
hanced by creating sub-attoliter shells around the nanorods by
etching the AAO matrix for the introduction of analytes.[®] Im-
portantly, the nanorods provide large surface area for function-
alization. Nanorod-based metamaterials have also recently been
used as a platform to improve sensing and identification of chi-
ral molecules, via the enhancement of the circular dichroism re-
sponse of molecules placed in between the nanorods.*"]

5.2. Gas Sensing

The plasmonic nanorod metamaterial has widely been used
in the context of gas sensing, offering an all-optical platform
for hydrogen detection.®!l The design based on a hybrid gold-
core/palladium-shell structure has shown more than a 30%
change in both reflection and transmission of the metamaterial
layer in a 2% hydrogen in a nitrogen environment, observable
even by the naked eye (Figure 4b). The high sensitivity to the
presence of hydrogen stems from the formation of palladium hy-
dride, inducing both a change of the material properties of the
individual nanorods and a modification of the shell thickness,
which leads to a change of the effective permittivity of the meta-
material and, therefore, of the modes supported by the structure.
Reusability of the sensor is ensured by the fast reset of the sys-
tem, thanks to the reversible phase transition from palladium to
palladium hydride. This all-optical sensing device also constitutes
a safer option compared to its electric counterparts, eliminating
the presence of electric circuitry in hydrogen environments and
therefore minimizing the risk of explosion.

Sensing of oxygen and hydrogen gases has also been demon-
strated using the highly reactive tunnel junctions based on elec-
trically driven plasmonic nanorod metamaterials!®?! (Figure 4c).
The metamaterial provides an opportunity to achieve a very high
density (~10"'cm™2) of tunnel junctions with a top tip of each
nanorod acting as one of the contacts. In addition to the dominat-
ing process of elastic tunneling when electrons tunnel through
the gap without energy loss, upon inelastic tunneling electrons
excite the optical modes supported by the metamaterial and
metal-insulator-metal modes in the tuneling gaps of individual
nanorods, with the efficiency determined by the partial local den-
sity of optical states corresponding to each of these modes.!**%]
Due to the extreme sensitivity of the tunneling process to any
changes in the nanometer-scale tunneling gap, the introduction
of gas molecules in the active area inside the gap affects the
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Figure 4. a) Reflection spectra of a nanorod metamaterial in an aqueous environment (n = 1.33), obtained in an attenuated total reflection geometry for
various angles of incidence. The nanorod metamaterial parameters are 380 nm length, 25 nm diameter, and 60 nm center-to-center spacing. Reproduced
with permission.[23] Copyright 2009, Macmillan Publishers Limited. b) Variation of transmission (TM-polarized illumination, angle of incidence ~40°)
of the metamaterial on the exposure to 2% hydrogen gas in nitrogen. Inset: Transmitted intensity in the absence and the presence of hydrogen: the
brightness is significantly reduced on the hydrogen exposure. Reproduced with permission.[*!] Copyright 2014, Wiley-VCH. c) Schematic diagram of
a device configuration based on metal-polymer-metal tunnel junctions. The Al,O; matrix was first chemically etched to expose the Au nanorod tips.
The nanorod tips were then functionalized with a monolayer of poly-L-histidine (PLH) that works both as a tunnel barrier and a reactant. Finally, an
EGaln electrode was formed on the top of the structure. d) Integrated emission power from the metamaterial measured when the cell atmosphere
was dynamically changed between air, N, 2% H, in N, O,, and 2% H, in N, with 75% relative humidity. Reproduced with permission.l?2] Copyright
2018, Macmillan Publishers Limited. e) Dependence of the reflectivity on the acoustic pressure for metamaterial sensors (red and blue) and a reference
SPR-based sensor (green). The operational wavelength is 600 nm; the probe light is TM-polarized and incident at 45°. The SPR sensor is based on a
50 nm Au film. The noise limit of the detection system which determines the sensitivity is also indicated. Reproduced with permission.[®*] Copyright

2013, Wiley-VCH.

excitation of the above modes and, therefore, light radiated af-
ter their outcoupling , as well as the tunneling current. Particu-
larly, oxygen or hydrogen produces the corresponding oxidation
or reduction reactions in the gold and polymer, assisted by hot
electrons produced via elastic tunneling, which were detected
both electrically and optically by observing the light produced
by out-coupling of the excited modes at the opposite metama-
terial interface as well as the changes in the tunneling current
(Figure 4d). Even in a non-optimized case, the sensitivity for hy-
drogen molecule detection was about two times higher than the
one obtained with the gold-core/palladium shell structures, high-
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lighting the potential of such platforms for highly sensitive sens-
ing applications.

The sensitivity of the plasmonic nanorod metamaterial to the
changes in the environmental humidity can be explained by
the roughness-assisted formation of a nanoscale water layer on
the surface of the nanorods. On the one hand, this can be used
for optical sensing of relative humidity and on the other, it indi-
cates the importance of considering the humidity conditions for
optical characterization of plasmonic nanostructures and most
importantly for the design of sensors based on them.[®]
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5.3. Ultrasound Detection

Any kind of refractive index variations of the media between the
nanorods, not only related to the presence of an analyte substance
within the metamaterial slab, can be efficiently detected. This
was exploited for ultrasensitive detection of ultrasound.®*! In this
case, gold nanorods in a polymer matrix were subjected to the
pressure of an ultrasound pulse generated via a photo-acoustic ef-
fect. Acoustic waves could be sensed from the pressure-induced
variations of the refractive index of the polymer, leading to a fre-
quency shift of the ENZ point of the metamaterial. Together with
large bandwidth and a sub-nanosecond response time, sensitivity
levels of less than 500 Pa were achieved, corresponding to a de-
tection limit at least an order of magnitude better than piezoelec-
tric or surface plasmon resonance-based sensors (Figure 4e).[78]
The non-resonant and, therefore, significantly broadband charac-
ter of this sensing mechanism offers more flexibility in terms of
design and optimization of the sensors compared to their reso-
nant counterparts. This makes metamaterial-based acoustic sen-
sors a promising alternative to conventional sensors for photo-
acoustic imaging systems and related biomedical applications.

6. Nonlinear Optical Properties

Nonlinear optical phenomena are proportional to the higher pow-
ers of the driving field, e.g., the second power for the second har-
monic generation (SHG) as it is a second-order process. Thus,
plasmonic nanostructures and metamaterials present a unique
platform for the enhancement of nonlinear processes, as they of-
fer a very large increase in the magnitude of local electromag-
netic fields. One of the approaches to enhance a generally weak
nonlinear response of conventional nonlinear materials is to hy-
bridize them with plasmonic nanostructures to exploit the field
enhancement effect.®>1%] An alternative approach utilizes the
fact that metals are themselves intrinsically nonlinear materials
offering one of the largest nonlinearities, in this case provided
by the free-electron gas.['% These nonlinearities can be further
enhanced by a particular design of plasmonic nanostructures or
metamaterials.[102-105]

6.1. Second-Harmonic Generation

The second-order nonlinear response of centrosymmetric mate-
rials, including metals, is forbidden due to symmetry consider-
ations, with only weak surface SHG allowed as the symmetry
breaks at the interface. However, surface SHG can be boosted
by the local field enhancement provided by plasmonic nanos-
tructures. Nanorod-based metamaterials, in this respect, repre-
sent an interesting system thanks to the large metal surface area
of the nanorods, while also providing significant field enhance-
ment between them, as was discussed above. The reshaping of
electromagnetic fields in plasmonic nanorod-based metamateri-
als results in a strong and tuneable effective bulk nonlinear re-
sponse, which can be engineered by changing the structural pa-
rameters of the metamaterial from the visible to the NIR spectral
ranges.l'%! Strong SHG enhancement for TM-polarized funda-
mental light was observed in the ENZ spectral region (Figure 5a).
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Additionally, the strong nonlinear response either to TM- or
TE- polarized fundamental light can be engineered through de-
signing Fabry—Pérot resonances or guided modes of the meta-
material slab.l!?”] Generally, SHG from the nanostructures can
be enhanced by implementing a ‘double-resonance’ condition,
with plasmonic enhancement at both fundamental and SHG
wavelengths.[12103] Tt can be easily done with a metamaterial
where both the incident light and the generated SHG waves are
resonantly coupled to the metamaterial-guided modes.['%”! The
estimated value of an effective second-order susceptibility for
the nanorod metamaterial of y? ~ 10=® ESU is comparable to
that of common nonlinear optical crystals.[1%1%] Similarly, nickel
nanorod metamaterials have been employed to demonstrate plas-
monic enhancement of both linear and nonlinear magneto-
optical responses.’?l SHG emission in nanorod metamaterials
can also be used for tracking the location of nanoparticles placed
inside them.!1%8]

6.2. Third-Order Nonlinear Effects

The other source of optical nonlinearity in metals is related to
optically-induced change in the energy distribution of the free-
electron gas in the conduction band, leading to the alteration of
the metal optical properties and thus to Kerr-type nonlinearity, in-
cluding nonlinear refraction and nonlinear absorption.l'®! Upon
absorption of an illuminating ultra-short laser pulse through
interband and/or intraband (phonon- and geometry-assisted)
transitions, high-energy ‘hot’ electrons are excited in the con-
duction band (Figure 5b), which reach a thermal equilibrium
among themselves at a 100-fs time scale upon electron-electron
scattering.[1') Before the excited hot electrons re-establish their
thermal distribution with the lattice temperature at a timescale
of a few picoseconds upon electron-phonon scattering, the per-
mittivity of the metal and, therefore, the optical properties of the
metamaterial are changed. This Kerr-type effect is usually weak,
but it can be enhanced in configurations sensitive to the permit-
tivity changes and/or providing field enhancement effects, both
of which happen in plasmonic nanorod metamaterials. Pump-
probe experiments showed ~ 70% modulation of light transmis-
sion through the nanorod metamaterial following femtosecond
pulse illumination!®! (Figure 5c). The metamaterial nonlinear-
ity describing this effect is extremely large, as the metamaterial
thickness is only a few hundred nm. The ultrafast response con-
firms the electron gas heating as the underlying mechanism.
The strongest nonlinearity was observed at the position of the
coupled nanorod transverse resonance (short-wavelength peak)
and in the ENZ spectral range, where nonlocal effects are im-
portant (long-wavelength peak). The large optical transmission
modulation was related to the electron-temperature-dependent
hybridization of the extraordinary wave in the metamaterial with
the additional electromagnetic wave supported due to the non-
locality discussed above. Such hybridization can be greatly en-
hanced by the reduction of the losses by annealing the samplel®°!
and/or by decreasing the operational temperature.l'!!]
Quantitative analysis of the Kerr-nonlinearity of the metama-
terials using a z-scan technique subsequently gave the nonlin-
ear refraction coefficient y % —2.4 x 10" cm? W~! and nonlin-
ear absorption coefficient f ~ 9967 cm GW (1] near the ENZ
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Figure 5. a) SHG signal from a nanorod metamaterial measured in reflection for s- (TE) and p- (TM) polarized illumination at 45°. The inset shows full-
wave numerical modeling of the SHG intensity based on the hydrodynamic model. Reproduced with permission.['%] Copyright 2018, Optica Publishing
Group. b) Schematics showing interband and intraband absorption mechanisms of the modification of gold permittivity. c) Light-induced change in
the optical density of the nanorod metamaterial at various times after a femtosecond pump pulse. Reproduced with permission.[2%] Copyright 2011,
Macmillan Publishers Limited. d) A change in a rotation angle of the probe polarization ellipse as a function of the delay between the probe and pump
pulses for various probe wavelengths. Reproduced with permission.!26] Copyright 2017, Macmillan Publishers Limited.

wavelength. Compared to those measured at the same wave-
length for a smooth Au film, |y| and |f| of the nanorod metama-
terial are approximately 20 and 100 times larger, respectively. The
nonlinear coefficients of the metamaterial can have both positive
and negative values, corresponding to optically induced focusing
or defocusing, and to induced absorption or transparency, which
can be pre-engineered at the metamaterial fabrication stage via
the design of the ENZ spectral position. Both transient relaxation
time and magnitude of the nonlinear response depend on the
spatial profile of the induced electron temperature, also defined
by the metamaterial geometry.'3]

Using strong anisotropy and high nonlinearity of the nanorod
metamaterials, ultrafast modulation of the polarization state of
the transmitted light can be achieved via dissimilar modulation
of propagation characteristics for TE- and TM-polarized modes.
Strong changes in the orientation of the polarization of the probe
beam up to 60° in the ENZ regime accompanied by its ellipti-
zation have been demonstrated(?*1*! (Figure 5d). Modulation of
light in integrated geometries by introducing the metamaterial
on the top of Si waveguides has also been shown.[!”]

7. Spontaneous Emission and Energy Transfer
7.1. Spontaneous Emission Enhancement

The process of spontaneous emission is strongly affected by the
electromagnetic environment in which the emitters are located,

Laser Photonics Rev. 2024, 18, 2300886 2300886 (10 of 17)

which is known as the Purcell effect.l''%] Particularly, the sponta-
neous emission rate I'(w) is directly proportional to the local den-
sity of optical states (LDOS), p(w, r), available for the radiation of
the excited emitters:

I'w) « p(w, ) (4)

In this respect, the possibility of controlling spontaneous emis-
sion by engineering the LDOS via the design of individual nanos-
tructures and nanostructured materials has been widely used.
Hyperbolic metamaterials have been shown to constitute an
interesting alternative to single resonant nanostructures in or-
der to achieve non-resonant broadband spontaneous emission
enhancement.''”118] Due to their extended isofrequency sur-
faces, as discussed in Section 3, hyperbolic metamaterials sup-
port unique high-wavevector propagating modes, evanescent in
conventional media, which leads to larger LDOS than that in
materials having isotropic or elliptic dispersion and ultimately
makes them perfect candidates for the control of spontaneous
emission over a large bandwidth. Related to the metamaterial
LDOS is also a giant self-torque experienced by the emitter in-
side a hyperbolic metamaterial in order to minimize its energy
in its own local radiation field.''?) More generally, the LDOS and
the related local-field distribution also make an important con-
tribution to the conventional optomechanical forces acting on an
object placed inside the metamaterial.[12%]
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Figure 6. a) Spectral dependence of the spontaneous emission rate enhancement in side a plasmonic nanorod metamaterial averaged over the dipole
orientations, obtained from (red) local EMT, (black) nonlocal EMT, (bars) experimental data obtained by applying the inverse Laplace transform to the
measured decay curves. Shaded area corresponds to the width of the simulated lifetime distribution after averaging over the dipole position within the
elementary cell of the metamaterial. Reproduced with permission.[8”! Copyright 2017, Springer Nature. b) Experimental dispersion of photoluminescence
(PL) enhancement measured for TM-polarized emission from dye-functionalized metamaterial layer. The position of the TM mode is marked with black
lines as a guide to the eye. The light line in air (gray dotted line) and the emission band of the dye (grey-shaded region) are also shown. Inset: schematics
of a nanorod metamaterial doped with dye molecules. Reproduced with permission.[?4] Copyright 2017, American Chemical Society.

The first experimental investigations of the enhancement of
spontaneous emission with hyperbolic metamaterials were per-
formed using emitters deposited on top of a silver nanorod-based
metamaterial''’l and a metallo-dielectric multilayers,'?!] both
exhibiting hyperbolic dispersion. Time-resolved photolumines-
cence measurements, however, showed only a small reduction
of the lifetime of the emitters. Further investigations have how-
ever revealed higher enhancements of the decay rates for emit-
ters placed inside the hyperbolic metamaterial, where the high-
wavevector states are more easily accessible.l122123]

7.1.1. Influence of Nonlocality on Spontaneous Emission in Nanorod
Metamaterials

As discussed in Section 3, plasmonic hyperbolic nanorod-based
metamaterials can exhibit a highly nonlocal electromagnetic
response.[’] Although the nonlocal effects have been shown to
modify the linear transmission and reflection of the metamate-
rial only near the ENZ region and in the case of small losses, their
influence on the emission processes has been proven to be signif-
icant. Nonlocality, resulting in the presence of an additional prop-
agating mode in the material, fundamentally alters the LDOS in
both the elliptic and hyperbolic regimes of dispersion and leads
to a decrease of the LDOS compared to the one estimated using
the local EMT, espcially in the ENZ regime, therefore setting a
fundamental limit on the overall emission rate enhancement.
Experimental investigations of the spontaneous emission
process inside a nonlocal nanorod-based metamaterial re-
vealed almost wavelength-independent decay rate enhancement
across the elliptic, ENZ and hyperbolic regimes of dispersion
(Figure 6a).”] This is in strong contrast with decay rate calcu-
lations based on the local EMT, predicting extremely strong en-
hancement of the decay rate near the ENZ wavelength, but in
good agreement with the predicted wavelength dependence of
the decay rate given by the nonlocal EMT. The remaining dif-
ferences beetween the theoretical and experimental results stem
from the strong dependence of the LDOS on the position of
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the emitter within the unit cell, which is not taken into account
in the EMT-based calculation methods. Numerical modeling of
dipole emission within the exact nanorod metamaterial geome-
try confirmed the above dependence and is in agreement with
both the experimental data and the nonlocal EMT. The experi-
mentally measured distribution of the decay rate enhancement
in the range from 10 to 100, therefore, is attributed to various
positions of the molecules deposited inside the metamaterial.

Since the emission process is dominated not only by the topol-
ogy of the metamaterial dispersion given by the local EMT, but
mainly nonlocal effects, metamaterials with different geometric
parameters but the same local effective medium properties ex-
hibit different Purcell factors. This allows further engineering of
spontaneous emission processes by scaling the unit cell of the
metamaterial, keeping the properties of the metamaterial calcu-
lated using the local EMT the same, but controlling its geometry-
dependent LDOS.[¢7]

7.1.2. Spontaneous Emission Inside Structured Nanorod
Metamaterials

Another degree of freedom for the control of the spontaneous
emission properties of emitters located inside hyperbolic plas-
monic metamaterials can be achieved by structuring of the
metamaterial in order to achieve resonant effects as discussed
in Section 4. Most of the experimental and theoretical studies
are predominantly limited to essentially bulk metamaterials,
so that the effects related to waveguided or cavity modes are
either not present or suppressed. However, metamaterials of
finite sizes, such as waveguides, photonic-crystal-like structures,
or resonators, support a complex hierarchy of electromagnetic
modes, which play an important role in the spontaneous emis-
sion process.['?*] In the case of emission into resonant modes of
the structured metamaterials, the decay rate and the emission in-
tensity can be greatly enhanced. This was further demonstrated
in the case of emitters located inside a hyperbolic nanorod meta-
material slab, showing an enhancement of the fluorescence due

© 2024 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH

95U017 SUOWILLOD SAIT8ID 3|qeal|dde au Aq pausenob are sepiLe YO 8sn Jo SNl 10} Akeiqiauljuo A3[IA\ UO (SUONIPUOD-PUe-SLLR)W0D AB 1M ARelq 1 BulUO//Scl) SUONIPUOD pue SWie | 84} 89S *[720z/80/7T] uo Areldi auljuo Ae|iMm ‘1o L Ag 98800€20Z 1od|/200T 0T/10p/wod A3 |1 Areiqul|uo//sdny wolj pspeojumod ‘8 ‘¥Z0Z ‘6688£98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

to coupling of the emission to the waveguided plasmon-polariton
modes of the slab (Figure 6b).[2*] An almost 50-fold reduction of
the lifetime of the emitters inside the metamaterial waveguide
was observed, whereas a much smaller reduction is achievable
for emitters placed on top of the metamaterial, highlighting
the strong dependence of the decay rates on the position of the
emitters with regard to the metamaterial. The decay dynamics
of a theoretically forbidden singlet-triplet transition in a long
lifetime phosphorescent ruthenium-based complex (Ru(dpp))
was enhanced by more than 2500 times inside the hyperbolic
nanorod metamaterial, which is attributed to the interplay
between the local density of optical states and strongly inhomo-
geneous electromagnetic fields inside the metamaterial.[!’]

7.2. Forster Resonance Energy Transfer

While engineering the local density of optical states provides an
efficient control over the spontaneous emission rate, its influ-
ence on the Forster resonance energy transfer (FRET) process
has been a topic of an ongoing debate underlined by disparate
experimental and theoretical results. Many different structures
have been investigated in this context, such as plasmonic films,
microcavities, nanoparticles and nanoantennas, as well as mul-
tilayer hyperbolic metamaterials.'?®] Recently, a nanorod-based
hyperbolic metamaterial has also been considered for the control
of the FRET process.!'?’ Donor-acceptor pairs placed inside the
gold nanorod-based metamaterial, providing a 12-fold increase
in the LDOS, exhibited a 13-fold increase of the FRET rate along
with only slight variations in the FRET efficiency compared to
those located on glass. This geometry shows great potential for
the development of FRET-based applications such as biomedical
imaging, organic solar cells and light-emitting sources.

8. Recent Developments

The relatively easy fabrication technique of the nanorod-based
metamaterials and the possibility of electrodepositing different
materials into the porous AAO matrix has paved the way for
the development of novel structures with designed material and
optical properties for novel applications, including photocataly-
sis, enhanced magneto-optics, neuromorphic devices, and many
others.

The reactive tunnel junctions based on electrically driven plas-
monic nanorod metamaterials described in Section 5.2 have been
shown to be not only top-performing sensors but also efficient
nanoreactors allowing controllable activation of chemical reac-
tions at the nanoscale. These nanoreactors take advantage of the
generation of hot electrons in the gold nanorod tips, via elastic
tunneling of electrons, and can provide real-time monitoring of
chemical transformation of molecules introduced into the junc-
tions, by observing the changes in the light emission from the
metamaterial generated by the inelastic tunneling.!)

Electrical and optical memory effects in the metamaterial-
supported tunnel junctions emulating synaptic behavior have
also been recently investigated. Particularly, simultaneous mul-
tilevel switching of the resistance and the light emission of
the junctions was demonstrated, upon non-volatile program-
ming of the tunnel junctions, achieved via hot-electron-mediated
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chemical reactions controlled by the chemical environment.[128]
Tunneling-based metamaterial designs also provide an opportu-
nity for the realization of nanoscale, electrically-driven incoher-
entlight sources, tuneable by engineering the emission spectrum
defined by the metamaterial modes.®>! Such sources, due to a
small capacitance of nanorod tunnel junctions, may support very
high modulation rates. Broadband LDOS enhancement provided
by nanorod hyperbolic metamaterials!!'’! has been used to realize
metamaterial-assisted lasing (Figure 7a).11%]

In addition, new anisotropic metamaterial designs, such as ar-
rays of plasmonic nanotubes, coaxial structures and nanocones,
derived from the nanorod-based geometry, have also been re-
cently developed. Nanotube- and coaxial-based structures have
been shown to provide access to a wider range of plasmonic
modes, enhancing their capabilities in terms of tuneability of
their optical properties and operation at normal incidence.[132-134]
The latter is a crucial advantage since most interesting func-
tionalities described above require oblique illumination of the
nanorod-based metamaterial with the electric field of the incident
wave having a component along the nanorods. In this respect,
highly tuneable, angular independent absorption of light in nan-
otube plasmonic arrays has been demonstrated to be useful for
the design of sensors and colour filters.[3%] Such metamaterials
also exhibit an improved surface area, beneficial for biosens-
ing and catalysis applications. Derived architectures of nanorod
metamaterials made by electrodeposition of metal catalysts, such
as copper, have also become of increased interest to drive and
improve the efficiency of photocatalytic processes, in particular
for the reduction of carbon dioxide.>! Functionalization of the
nanorod metamaterial with TiO, also leads to photocatalytic
activity,[1**] while deposition of platinum nanoparticles has
been used to achieve water-splitting for green-energy hydrogen
production (Figure 7b).13% Besides nanotube-based structures,
transition metamaterials”®! based on atrrays of nanocones have
been recently developed. These gradient-index metamaterials
are fabricated using a scalable method utilizing ion-etching of
electrochemically grown nanorods. Arrays of closely packed
cones with ultrasharp apexes of < 2 nm were achieved to
provide strongly coupled plasmonic modes together with an
extremely high density of electromagnetic hot spots, useful for
surface-enhanced Raman spectroscopy, which has already been
demonstrated for the case of the nanorod metamaterial,[*’! as
well as hot-carrier plasmonics and photocatalysis.[®? Finally,
using the same electrodeposition technique, a layered nanorod
metamaterial has been realized. Particularly, a nanometer-thin
zinc oxide layer has been introduced inside each rod at a variable
height.[3] Under resonant excitation, these gaps produce high lo-
calization and enhancement of the field, which results in an array
of hot spots and can be used in a variety of applications including
nonlinear and memristive devices. Alternatively, nanometer-thin
gaps in the nanorod metamaterials can be fabricated using chem-
ical functionalization.['*®! Metamaterial-assisted near-field heat
transfer beyond the classic blackbody radiation limit has been
demonstrated with the use of silicon nanorod metamaterials.!%!]
Magneto-optical metamaterials exhibiting an enhanced Faraday
effect and nonreciprocal transmission have been demonstrated
introducing magnetic material (Ni) in the plasmonic (Au)
metamaterial structure.'*] Arrays of metallic nanohelixes have
shown very large circular dichroism and have been used for the
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Figure 7. a) Schematics of a nanorod hyperbolic metamaterial functionalized with Rhodamine 101 dye and its emission spectra for various pump
powers. Reproduced with permission.['2°] Copyright 2017, American Chemical Society. b) Water-splitting and production of H, using a gold nanorod
metamaterial functionalized with platinum nanoparticles. Reproduced with permission.['3%] Copyright 2013, Macmillan Publishers Limited. c¢) SEM
image of an array of gold nanohelixes (the scale bar is 1 pm) and its transmittance for left- (red) and right- (blue) circularly polarized light. Reproduced
with permission.[311 Copyright 2009, Association for the Advancement of Science. c¢) Numerical simulations of the photonic Hall effect using an Ag
nanorod metamaterial. Reproduced with permission.!'31 Copyright 2021, Optical Society of America.

realization of broadband circular polarisers (Figure 7c),[131:140]
chirality-assisted detection of hydrogen,*!) and for the studies
of chiroptical modes.'*”] Giant anisotropy of the plasmonic
nanorod metamaterial has been proposed as a means for the
realization of the photonic spin Hall effect (Figure 7d).['*
Metamaterial-assisted image reproduction beyond Abbe’s
diffraction limit has been experimentally demonstrated using
near-field optical microscopy.['**] Recent developments in the
area of structured light have also highlighted the potential of
nanorod-based metamaterials and their strong anisotropy and
nonlocality for the manipulation of polarization properties and
spin-orbit coupling in vector vortex beams, useful in a variety of
applications, including high-resolution imaging.[*+>14%]

9. Outlook

We have presented an overview of linear and nonlinear opti-
cal properties of plasmonic nanorod metamaterials and their
main application areas in nanophotonics. Particular attention
was given to the theoretical description of the metamaterials,
which is of paramount importance for the efficient design and
optimization of their optical mode structure for bespoke applica-
tions. Their nonlocal behavior, in particular, has been shown to
play a crucial role in nonlinear and quantum optical processes,

Laser Photonics Rev. 2024, 18, 2300886 2300886 (13 of 17)

for instance, by setting a fundamental limit on the possible emis-
sion rate enhancement. The benefits of additional nanostructur-
ing for the engineering of the modes of the metamaterial system
in order to achieve waveguides and photonic crystals with un-
usual properties have been explained. Nonlinearities in nanorod-
based metamaterials have also been discussed, highlighting their
potential for tailoring second harmonic generation, as well as
an enhanced Kerr-type optical response, useful for the design
of ultrafast all-optical switching devices, including those capable
of polarization control. Engineered epsilon-near-zero response,
where the nonlinear modulation of the refractive index is strongly
enhanced, may be useful for development of time-varying media.
Nanorod-based metamaterials have also been shown to provide
a highly attractive platform for the engineering of spontaneous
emission and Forster energy transfer, allowing broadband non-
resonant enhancement of the emission and energy transfer rates,
important for intergrated quantum photonic sources. A unique
potential of the nanorod-based metamaterials for a large vari-
ety of sensing applications was demonstrated, taking advantage
of the extremely high sensitivity of the metamaterial optical re-
sponse to the changes in the refractive index in the surround-
ings of the nanorods. Strong, optically controlled anisotropy of
the metamaterials opens a playground for the manipulation of
vectorial modes of light. Thanks to the high tuneability of such
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metamaterials in terms of their material constituents and geo-
metrical properties together with the constant improvement of
fabrication techniques, the development of novel structures de-
rived from nanorod-based metamaterials, such as nanocones,
nanotubes, coaxial, and nanogap arrays, offering novel or en-
hanced optical effects, has recently gained a lot of interest. Ad-
ditional incorporation of functional materials in this metamate-
rial platform paves the way toward exciting new applications of
nanorod plasmonic metamaterials in hot-electron-driven chem-
istry, photocatalysis and enhanced sensing.
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