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BACKGROUND: The past 10 to 15 years have
witnessed substantial advances in our ability
to controllably adjust, slow down, or accelerate
the speed of light signals propagating through
dispersive optical media. In the fields of opto-
electronics and photonics, we have for decades
been accustomed to using propagating or
guided light waves with speeds only slightly less
than the speed of light in a vacuum, c—usually
by a factor of 2 to 4. We now know that the
group velocity of light waves entering a highly
dispersive medium can be reduced by a factor
of millions, down to the “human” scale, by ex-
ploiting judicious interference effects at the
atomic scale of the material. Light decelerations
by a factor of a few hundred, with low losses,
can be attained in periodic dielectric structures,
such as photonic crystal and coupled-resonator
optical waveguides. Enabled applications in-

clude all-optical tunable delays for routers and
data synchronization, optical buffers, enhanced
light-matter interaction and nonlinear effects,
and miniaturized photonic devices, such as
modulators and interferometers. However, such
atomic- or dielectric-media-based “slow light”
is still fundamentally limited by the wavelength
of light, A, to spatial dimensions larger than ~A/2
(~300 nm for visible light)—i.e., it is still diffrac-
tion limited and cannot reach true nanoscopic
dimensions (e.g., below ~30 nm). It is at this point
that media featuring negative electromagnetic
parameters, such as negative-permittivity plas-
monic media or negative-refractive index meta-
materials, come to the rescue.

ADVANCES: Light deceleration in these media
arises from the presence of a negative (real part
of) electric permittivity, €, or refractive index,

Broadband subdiffraction ultraslow and stopped light. (Left) Light beams incident (red
arrows) on a Si film bounded symmetrically by a negative-permittivity (plasmonic) medium
(er < 0) excite guided light pulses that can have zero group velocity, vg, decaying with time
(dashed arrows) exactly at their injection points rather than propagating along the Si film. (Right)
Surface plasmon polaritons propagating along an adiabatically tapered plasmonic nanoguide
(white prism) are slowed down over a broad range of frequencies (“colors”), accumulating at a
deep-subdiffraction spot (d << 1/2) at the tip of the guide and leading to large local field

enhancements.
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n, leading to antiparallel power flows in the
negative-parameter medium and the surround-
ing dielectric host—thereby giving rise to energy
and group velocities that can be reduced even
down to zero for a suitable choice of optogeo-

metric parameters. This
mechanism for slowing
Read the full article down light is thus non-
at http://dx.doi. resonant, and as such it

org/10.1126/ can be broadband, with typ-
science.aan5196 ical bandwidths being on
.................................................. the order of ~110.10 THy.

Most notably, these structures support ultra-
slow surface-plasmon or surface-phonon polar-
itons that can be concentrated tightly into the
nanoscale, at nanovolumes (at least) thousands
of times smaller than A, upon suitable adia-
batic tapering. This leads to large local field
enhancements, of the order of 10> to 10%, over
small nanovolumes that can be exploited for a
host of useful applications, including nano-
imaging, biosensing and nanoscale chemical
mapping, high-density magnetic data-storage
recording, light harvesting, nanolasing, and
nanoscale quantum and nonlinear optics. One
must be mindful, though, of targeting applica-
tions (such as the ones mentioned above) for
which dissipative losses, which are normally
higher in these media compared to their di-
electric counterparts, are not a prohibitive
factor—i.e., applications for which energy ef-
ficiency is not the key figure-of-merit.

OUTLOOK: Thus far, this method of nanoscale,
broadband slow light has relied on the use of
uniform or nanostructured metals (plasmonic
media), but continued advances in materials
design and synthesis have recently enabled a
transition to alternative media, such as doped
semiconductors, graphene, hexagonal boron
nitride, transition-metal dichalcogenides (such
as TaS,), van der Waals crystals, and hetero-
structures. There are important ongoing ef-
forts to push the response of these alternative
media, which is currently mainly in the mid-
and near-infrared regimes, into the visible re-
gion as they allow for considerably lower losses
and enhanced controllability (e.g., simply by
application of a gate voltage). With these new
material platforms, opportunities for new
applications emerge, too, particularly those
requiring nanoscale (and even atomic) con-
finements and ultrahigh field enhancements,
such as low-threshold single-photon nonlinear-
ities and applications relying on the genera-
tion and manipulation of nonclassical light, at
ambient conditions.
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There has recently been a surge of interest in the physics and applications of broadband
ultraslow waves in nanoscale structures operating below the diffraction limit. They range
from light waves or surface plasmons in nanoplasmonic devices to sound waves in
acoustic-metamaterial waveguides, as well as fermions and phonon polaritons in
graphene and van der Waals crystals and heterostructures. We review the underlying
physics of these structures, which upend traditional wave-slowing approaches based on
resonances or on periodic configurations above the diffraction limit. Light can now be
tightly focused on the nanoscale at intensities up to ~1000 times larger than the output of
incumbent near-field scanning optical microscopes, while exhibiting greatly boosted
density of states and strong wave-matter interactions. We elucidate the general
methodology by which broadband and, simultaneously, large wave decelerations, well
below the diffraction limit, can be obtained in the above interdisciplinary fields. We also
highlight a range of applications for renewable energy, biosensing, quantum optics,
high-density magnetic data storage, and nanoscale chemical mapping.

ore than 100 years ago, in 1914, Sommerfeld,

Brillouin, and Lorentz started investigat-

ing situations in which the group velocity

vg of light signals exceeds the vacuum

speed of light, ¢, leading to what they
initially thought were apparent inconsistencies
with Einstein’s special theory of relativity (Z-3).
The group velocity of a wave packet propagating
inside a dispersive medium of refractive index n
is given by vg = ¢/ng, where ng = n + w(dn/dw) is
the group refractive index of the medium, with ®
being the angular frequency, from which it is
seen that in the region of anomalous dispersion
in a normal absorbing medium, where dn/dw <
0, vz may exceed c—but with high losses (4-7).
More recently, experimental observations of super-
luminal group velocities have been reported in the
propagation of mode-locked pulse trains in reso-
nant absorbers (8) and in photon tunneling from
potential barriers (9, 10). Furthermore, distortion-
less superluminal pulse propagation with minimal
amplitude change has been observed in gain
doublets (11), together with evanescent-wave
superluminal group velocities at the cutoff of
microwave waveguides (12), and superluminal
effects arising solely from the nature of the
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propagating field, such as in the propagation
of Bessel beams (5, 13). None of these situations
violates relativistic causality as in all cases the
front velocity—the velocity with which a dis-
continuity in a waveform or one of its derivatives
propagates—is smaller than ¢ (5, 9).

The opposite phenomenon, in which the group
velocity of a light wave can become much smaller
than ¢, was also identified and studied (3-6, 14).
For instance, within a hollow waveguide, the
wave vector B along the guide is reduced below
the free-space value, leading to a phase velocity
v, = /B greater than ¢. But within such a struc-
ture, the product of the phase and the group
velocities is given as (15) v,vg = ¢?, thereby re-
sulting in a group velocity along the guide that
can become considerably smaller than c. A fur-
ther intuitive example is epsilon-near-zero media
(16), in which the electric permittivity £(wy)—0
at a frequency . In such media, the wave vector
k = (w/c)\/e(w)becomes zero at oo, hence the
phase velocity v,, becomes infinite, but the group ve-
locity vg = (d/dw) ™ = ¢[\/e(0) + 0/(2y/e(0))]
becomes zero at » = o, (17, 18)—a property that
can be exploited for boosting light-matter inter-
actions and nonlinear effects (16).

Much of the impetus for the contemporary
interest in such “slow” and “fast” light phenomena
was provided by the 1999 experiment by Hau
et al. (19), which demonstrated that the speed of
light in atomic electromagnetically induced trans-
parent (EIT) media could be reduced to the “hu-
man” scale of ~17 m/s—albeit over very narrow
bandwidths (20), typically of the order of a few
tens of kilohertz. Thereafter, a range of solid-
state systems were proposed and investigated for
slowing down the speed of guided light signals,
including photonic crystal (PhC) waveguides
(21, 22), coupled resonator optical waveguides
(CROWSs) (23), and standard optical fibers (24, 25).
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These slow-light structures exhibit fascinating
fundamental physics and have enabled a range
of useful applications underpinned by the strong
(and broadband) light-matter interactions that
they entail (26-28). However, they are funda-
mentally limited by the wavelength of light—i.e.,
they are diffraction limited, and cannot reach true
nanoscopic dimensions, e.g., scales less than ~30 nm.
More recently, media exhibiting negative electro-
magnetic or optical parameters (such as nega-
tive permittivity and/or refractive index) (29-31)
have emerged as a new means of allowing large
and broadband light decelerations—but, this
time, well below the diffraction limit, right at the
nanoscale, where a host of new material prop-
erties, functionalities, applications, and oppor-
tunities emerge. These media typically feature
higher losses compared with their dielectric
counterparts; thus, one has to be mindful of target-
ing applications that can be more loss tolerant
(32, 33). We will focus on wave-deceleration
methods that allow—on the basis of the same
underlying mechanisms in all cases—for simul-
taneously broadband operation and small group
velocities, below the diffraction limit, so that the
nanoscale can be reached, in nanophotonic media,
metamaterials, graphene, van der Waals crystals,
and heterostructures. We detail the broadband
mechanisms, not involving bulk-material param-
eter (permittivity, refractive index) resonances,
by which subdiffraction waves of various kinds
can be slowed down in the aforementioned struc-
tures, their unique characteristics, and how these
are exploited in a host of applications across the
fields of optics and photonics, acoustics, and two-
dimensional (2D) condensed matter.

Physics of subdiffraction slow and
stopped light waves

Almost all types of nanoscale guiding structures
inherently feature slow waves of some kind—
light/photons, guided Dirac fermions, surface
plasmon polaritons (SPPs), or surface phonon
polaritons. This section reviews the physical mech-
anisms by which extremely slow light or SPPs
can be obtained over broad spectral ranges
through use of suitably engineered and nano-
photonic media that confine the light field to
dimensions smaller than the conventional dif-
fraction limit (34-36).

Unlike atomic schemes (19, 37, 38) or periodic
dielectric structures (21-23, 26-28), which are
usually diffraction limited (34, 35), this route
does not entail bulk-material resonances, dis-
order, or periodic back reflections to slow or
stop light. The deceleration can occur even in
longitudinally uniform (nonperiodic) structures,
and away from intrinsic material resonances—e.g.,
in a regime where the real part of the permittivity,
€, of a heterostructure’s layer is negative, following
anonresonant Drude variation (39). Such struc-
tures can be either metamaterial or plasmonic
waveguides (36, 39-62) (Fig. 1, A to C). For transverse
magnetic (TM) polarization, the time-averaged
complex Poynting vector in the longitudinal =
direction of a metamaterial waveguide (Fig. 1A),
S, isgivenbyS, = 1Re{E x H'}, = b _\H,,

T 2wepg;
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where B is the longitudinal propagation con-
stant, €; is the layers’ dielectric permittivities,
and 7 is the core layer or cladding layer (43).
Thus, in the negative-permittivity (and negative-
refractive index) core layer of this symmetric,
lossless waveguide, Suo < 0, whereas in the
positive-permittivity dielectric cladding layers,
Sza > 0. Hence, the total time-averaged power

flow, P = I S.dz, in the +z direction will be re-

duced owing to the negative contribution from
S:.co. and can even become zero when [S; | =
25, 4. But in a lossless dispersive medium (or
waveguide), the energy velocity, vg, is equal to
the group velocity, v,, and is given by vy = P/U,
with U being the energy density (5, 6, 63). There-
fore, as a result of the antiparallel power flows in
the core and cladding layers of this waveguide,
both its energy and group velocities can be re-
duced to zero. As shown in Fig. 1A, the structure
of the instantaneous Poynting vector S on the a2z
plane of the guide takes on a vortex form at each
interface, with energy flowing back and forth
across each interface but, on average, with no net
energy being transported across each interface.
Indeed, a straightforward calculation shows that
the curl of S, which characterizes its vorticity,
isnonzero and is given by V x S = (p,/€0)Hy¥ o,
where p; is the surface polarization charge den-
sity. Thus, the curl of the Poynting vector field is
zero in both the negative-refractive index core
and dielectric cladding layers, and is nonzero (and
maximum) only at the two interfaces, as inferred
directly from Fig. 1A.

Figure 1B illustrates a further example of light
slowing down at the nanoscale, this time in an
adiabatically tapered plasmonic nanoguide (41, 42).
SPPs guided along this nanocone are progressively
decelerated until their group velocity becomes zero
at the structure’s tip, where they accumulate (41).
The SPPs are longitudinally and laterally com-
pressed as they reach the tip, with the electric
field being largely enhanced in that region, deep
below the diffraction limit. Both of these nano-
scale slow-light mechanisms—the double-vortex
structure in the power flux vector and the use of
a tapered structure to accumulate light in a sub-
diffraction spot—underpin many of the under-
lying physics and applications that this type of
light-deceleration features.

Slow light in these media is typically broad-
band, with Fig. 1C illustrating a tapered negative-
index metamaterial waveguide capable of halting
a “rainbow” of light wavelengths at predefined
critical points (43). Here, a light ray is forced by
the negative electromagnetic “environment” that
it experiences in the core layer of the guide to
make, in each half period, a forward “step” fol-
lowed by a negative phase-shift step. At the zero-
group-velocity point, the negative Goos-Hanchen
phase shifts bring the light ray precisely back
to its initial position. The Goos-Hénchen phase
shift arises when a finite-width beam (i.e., not a
laterally infinitely extended plane wave) is totally
internally reflected at the interface of two media
(e.g., from a high-, negative-permittivity € medium
“1” to a lower-, positive-permittivity medium “2,”
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Fig. 1. Broadband ultraslow light in metamaterials and nanoplasmonics. (A) Structure of the
Poynting vector field in a symmetric waveguide made of a negative—refractive-index core layer and
positive-index claddings, showing the opposite directions of the power flux in the core (P, < 0) and
cladding (P, > 0) layers. Owing to the characteristic double-vortex structure of the power flux, the total
time-averaged power flow in the +z direction (Piot = Peo + Pq) is reduced, leading to correspondingly
reduced energy and group velocities (40). (B) Adiabatic nanofocusing of surface plasmon polaritons
(SPPs) guided along a tapered plasmonic nanoguide. The group velocity of the SPPs progressively
reduces as they propagate, becoming zero at the nanostructure’s tip, thereby leading to substantial
spatial compression in the longitudinal direction and to a correspondingly large local field enhancement
(here, of the order of ~10%) (41). (C) Snapshot of the propagation of a monochromatic light wave along
an adiabatically tapered waveguide with negative—refractive-index core and positive—refractive-index
claddings. The light wave progressively slows down until it stops at a “critical” thickness, where the electric
field builds up. The top-right and top-left insets associate the wave propagation with the corresponding
zigzag ray picture at different guide widths. Note the negative Goos-Hanchen phase shifts (denoted

with dotted white arrows) each time the ray hits an interface (43). (D) (Lower panel) A near-infrared
(NIR, ~800 nm) SPP propagating along a tapered conical plasmonic nanoguide after being excited

by a NIR laser pulse. The SPP slows down while propagating toward the exit aperture, where it eventually
converges to a subwavelength high-intensity local spot. The hollow plasmonic (Ag) nanoguide is filled
with xenon atoms, which are ionized by the high-intensity local field, producing high-harmonic extreme
ultraviolet (EUV) pulses that are radiated through the exit aperture. The upper panel shows the measured
high—harmonic-generation spectrum, spanning from the 15th to the 43rd harmonic (68). (E) Slow

SPPs propagating azimuthally (in the 6 direction) toward the singular (“kissing”) point of the crescent
nanostructure shown in the inset, after being excited by a plane wave. Shown is the amplitude of the x
component of the electric field at an arbitrary 2D cross section of the nanocrescent. Note that the field-
enhancement peaks at an angle other than 180° The upper inset shows a cross-sectional plot of the
amplitude of the x component of the electric field normalized by the incident field (polarized along x).
The color scale in this inset is linear and restricted to [-5, 5], but the field magnitude is notably much larger
around the singularity (“kissing point™) of the two touching cylinders, as shown in the main figure (64).
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Fig. 2. Robust stopped light in the presence of absorption and scattering channels. In (A) and
(B), the results displayed were obtained on the basis of exact, analytic solutions of Maxwell's
equations. (A) Dispersion diagram of the two classes of complex TM, modes, complex-w (blue) and
complex-B (red and green), supported by a lossy plasmonic (ITO)-silicon—plasmonic (ITO) planar
waveguiding heterostructure. Solid lines show the real part of the frequency [f, = Re{w}/(2r)] and of
the longitudinal propagation constant (B, = Re{p}), while the dashed lines show the corresponding
imaginary parts (f; = Im{o}/(2r), B; = Im{B}). The imaginary part of the frequency, f;, provides the
temporal losses associated with the complex-o mode, while the imaginary part of the propagation
constant, B;, provides the spatial losses associated with the two complex-B modes. Note how only the
complex-o mode retains a zero group velocity, at point “a," where the band's slope locally becomes zero
(see inset). The shaded gray region indicates the free-space light cone (39). (B) Band diagram of a
gyroelectric-semiconductor (InSb)-silicon—plasmonic (Ag) heterostructure for the case where an
external magnetic field Bo = 0.2 T is applied in a direction perpendicular to the structure. Shown, both for
positive and negative longitudinal wave vectors k, are the dispersion curve of the supported
semiconductor—dielectric—-metal surface magnetoplasmon (SMP), the surface wave at an InSb/Ag interface
(SW), and the region of the bulk modes in InSb. The area shaded in cyan indicates the band region where
complete unidirectional propagation (CUP) of the supported surface magnetoplasmon is attained (69).

with £; < 0 and €, > 0, but with |g] > &,) (45, 46).
If x is the component of the wave vector k per-
pendicular to the media interface, and y is the
decay constant of the field into medium “2,” then
the Goos-Hédnchen phase shift is given by 6 =
2tan[(e1y)/(e2x)] and becomes negative for g; < 0
(and &, > 0) (43). This negative phase shift—an
interference effect of multiple “plane waves” into
which the incident beam can be analyzed, each
impinging on the interface with a slightly dif-
ferent angle of incidence—gives rise to a negative
(backward) spatial displacement of the (center of
the) beam, as shown schematically in the top in-
sets of Fig. 1C. These backward “steps” in the prop-
agation of a light ray along the guide can also
be understood by comparison with the negative
(backward) power flow in the core layer of the
negative-index waveguide shown in Fig. 1A, and
provide an intuitive, pictorial (yet accurate even
at the level of Maxwell’s equations) view of the
light deceleration attained herein. These back-
ward Goos-Hénchen steps arise from the presence
of a bulk, volume-averaged negative refractive
index or permittivity in one or more of the layers.
As a result, the effect of possible bulk disorders
and fluctuations in the layers of the heterostructure
is naturally averaged out (contained in the defi-
nition of the macroscopic effective refractive index
or permittivity) (29). It is only the negativity in the
real part of the effective refractive index or per-
mittivity that enables the deceleration of light,
even in uniform structures containing layers made

Tsakmakidis et al., Science 358, eaan5196 (2017)

of completely amorphous (meta)materials (44).
The associated structures may also be longitudi-
nally uniform plasmonic media, where disorder
is not an inherent issue. Detailed studies have
shown that in the presence of nanometer-scale
surface roughness, very large slowdown factors
are still attainable—e.g., of the order of ~107 (39).

A universal characteristic of such negative-
parameter wave-slowing structures—that one may
also encounter for acoustic (61, 62) ultraslow-wave
structures and 2D materials—is that they allow for
field accumulation and substantial field enhance-
ment around the critical light-stopping point,
deep below the diffraction limit, which can be
exploited for a host of nanoscale applications. This
is in contrast to, e.g., slow light in atomic media,
where, although the energy density U is indeed
enhanced in the slow-light regime (U = P/v,, with
P being the power density, and v;—0), the
electric-field amplitude E is not enhanced because
most of the compressed energy is stored in the
atomic polarization—and not in the electric field
(63). Thus, although a light pulse is compressed in
space (in the longitudinal direction of propagation)
upon entering such an atomic ultraslow-light me-
dium, and the energy density does increase, there is
usually no enhancement in the local electric field.

The situation is different in the subdiffraction-
limited nanophotonic structures considered here.
Assuming a parabolic-like v, profile with distance
(with v, = 0 at the critical point), it is straight-
forward to show that the time it takes for the light

20 October 2017

wave to exactly reach the critical point in an
adiabatically tapered structure diverges logarith-
mically (41, 64); hence, that critical point (where
vg = 0) is, in theory, never reached because the
effective optical distance, Ln,—where L is the
guide’s physical length—diverges (n; — o); it is
as though a guided light wave propagates toward
one end of an infinitely long waveguide (65-67),
never quite reaching it. Accordingly, a sinusoidal
light signal keeps accumulating, with a progres-
sively smaller group velocity, near the “critical”
Zero-v, point in this singular, idealized structure
(Fig. 1, B and C). In practice, material imperfec-
tions lead to the critical point being reached,
resulting in a back reflection, which together
with material losses, provide a finite limit to
how much the field can locally be enhanced.
Nevertheless, the large spatial compression of
the field in the slow-light regime of such sub-
diffraction nanostructures leads to correspond-
ingly large field-enhancement factors—of the
order of 350 or more—being realistically attain-
able, and over ultrabroad bandwidths [e.g., full
width at half maximum (FWHM) of 100 nm in
the near-infrared] (68). The back reflection can be
rigorously suppressed if nonreciprocity is broken,
e.g., by application of a magnetic field in gyro-
electric semiconductors (such as InSb) (55, 56, 69)
or by deploying PT-symmetric structures (58), in
which case rigorous light-stopping can be obtained.
The ultimate degree of slow-light-aided field en-
hancement is set by the nonlocal effects in plas-
monic structures and by the size of the unit cells in
metamaterial structures (spatial dispersion), which
limit how much a light field can be spatially com-
pressed (70-72). These nonlocal (spatial dispersion)
effects usually arise at scales less than ~1 to 5 nm
(~30 to 50 nm), and in that deep-subwavelength
regime, the induced spatial frequencies (i.e., wave
vectors) are large, to the point of potentially allow-
ing for “direct diagonal” s-band absorption (i.e.,
Landau damping) (32)—thereby potentially provid-
ing an additional loss channel that should be
avoided. Such “structural slow-light” field enhance-
ments are also obtained in photonic structures
above the diffraction limit, as in photonic crys-
tals and coupled-resonator optical waveguides
(4-6, 21-28). However, the compression and
focusing of light in those cases is limited by
the wavelength of light and cannot reach the
truly nanoscopic dimensions (and corresponding
nanoscale applications) targeted herein.

Robustness in the presence of
dissipative and scattering channels

A key issue to be addressed when attempting to
slow down or stop guided light signals in nanoscale
structures is how dissipative losses (39, 49-53) and
back-scattering channels (54-56, 69) might affect
the light-deceleration ability of these devices.
Because the slowing-down of light is due to the
presence of negative electromagnetic parameters
(Fig. 1, A to C), which normally entail losses and
dispersion, the modes of these structures will in
general be complex (53), and it is important to
examine whether the zero-v, points in the asso-
ciated dispersion diagrams are still preserved
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Fig. 3. Broadband ultraslow
light at the meta-atomic
level, and its application in
photovoltaics and biosens-
ing. (A) Schematic illustra-
tion of a solar cell based on
an upconverter system
where above-bandgap light is
absorbed by the cell, while
sub-bandgap light is initially
absorbed in the upconverter
layer, converted to above-
bandgap light, and sent back
to the cell where it is har-
vested. The upconverter
consists of slow-light nano- D
crescent meta-atoms, whose

core is doped with the
upconverting material

(86). (B) The upconverter
substantially increases

the efficiency of an ideal
single-junction solar cell.

As shown, the relative

increase is greatest when

the upconverter absorption
efficiency and the cell

bandgap are high. The black-

line inset shows the absolute
efficiency of an ideal solar

Solar cell

Insulator

Upconverter

Polystyrene

cell, both with and without an ideal upconverter (UC) (86). (C) Calculation
of the upconverted power toward the solar cell (in W/m?). At a wavelength
of 644 nm, the power flow into the cell is enhanced by more than 100 times
compared with the case (not shown here) where there is no crescent in the
upconverter (86). (D) Conceptual illustration of a SERS substrate made of
broadband slow-light nanocrescent moons. The gold surface is functionalized

when Joule losses are present. Furthermore, be-
cause the light-stopping points are usually reached
and accessed with an adiabatic taper (Fig. 1, B and
C), it is also crucial to check whether the taper
might introduce back-scattering channels through
which the trapped (stopped) light energy might
escape.

Both of these issues have been extensively inves-
tigated and addressed. Exact solutions to Maxwell’s
equations in lossy plasmonic-dielectric-plasmonic
heterostructures (39) reveal that there are two
classes of modes in these structures (39, 49-53)
(Fig. 2A). The first class is characterized by a
real frequency f and complex longitudinal wave
vector B = B, + if; (red and green lines in Fig.
2A), and does not preserve the zero-v, points in
the presence of losses (4¢9). These modes can be
excited by sinusoidal steady-state sources be-
cause they are characterized by a well-defined
real frequency (and complex wave vector owing
to the losses). They are not the modes of interest
in the stopped-light regime, because in that
regime where light is trapped, spatial losses (com-
plex wave vectors) lose their physical meaning
(563)—a stopped light pulse simply decays with
time at its localization point, rather than decaying
in space (because it does not propagate); hence,
spatial losses and the search for complex-§ solu-

Surface-enhanced
Raman scattering

tions cease to be physically meaningful in the
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stopped-light regime. The second class of modes,
by contrast, is characterized by a complex fre-
quency f = f;, + if; and real longitudinal wave
vector B (blue lines in Fig. 2A) (39, 51-53). These
“complex frequency” modes are somewhat sim-
ilar to modes excited inside lossy cavity resonators
and are the ones to be sought after in the stopped-
light regime. They can be excited by short pulses
that, e.g.,, have ;. as their central frequency and
a bandwidth (38) Aw = f;. Notably, the temporal
losses characterizing these modes increase by
only a small factor when entering the stopped-
light regime (e.g., from ~2.4 x 10* s™ at point “b”
to ~3.6 x 10" s at the zero-v, point “a” in Fig, 24,
an increase by a factor of only 0.5—and corre-
sponding to lifetimes at the stopping point of
~30 fs, which are typical nanoplasmonic ones)
(39, 51-53).

A forceful way to solve the second potential
issue and suppress back-scattering channels is to
induce a unidirectionality mechanism, e.g., either
by application of a static magnetic field in gyro-
electric or gyromagnetic structures (55, 56, 69),
nonlinear or refractive-index modulation mech-
anisms (57), PT-symmetric media (58), or pho-
tonic topological insulators (59, 60). For instance,
Fig. 2B shows that the first of the aforemen-
tioned schemes, when applied to a (gyroelectric)
semiconductor-dielectric-metal heterostructure,
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with biomolecular linkers to recognize specific biomolecules. Also shown on
the right is a transmission electron microscope image of an actual nano-
crescent moon, with an inner diameter of 300 nm and a bottom thickness of
100 nm (87). (E) Comparison between the SERS spectra of 1 mM R6G
molecules sitting on top of the slow-light nanocrescent moons and on 60-nm
standard colloidal Au nanospheres (87).

leads to a region in the band diagram where
complete unidirectional propagation (CUP) is
allowed. A guided pulse with a bandwidth falling
inside this CUP region can neither scatter to
backward modes (k£ < 0 in Fig. 2B) nor to bulk
modes in the semiconductor (orange-colored
regions in Fig. 2B) nor to surface waves (SWs)
at the semiconductor-metal interface of such a
metal-terminated waveguide—nor can it be per-
turbed by surface roughness and geometric im-
perfections, given that it is a photonic analog of a
quantum Hall state (55, 69). Thus, with such uni-
directional schemes suppressing back-scattering
channels, robust slow and stopped light can be
attained, unaffected by spatial variations in the
guiding structure.

Applications of subdiffraction ultraslow
light and acoustic waves

An example of such a broadband ultraslow-light
effect, below the diffraction limit, and its appli-
cation is illustrated in Fig. 1D, where an adiabat-
ically tapered plasmonic nanoguide capable of
decelerating and accumulating at its tip SPPs
over a broad band (~100 nm) (compare Fig. 1B)
is used as a means of generating ultrashort,
extreme-ultraviolet (EUV) pulses from near-
infrared incident pulses (centered at ~800 nm)
(68). The SPPs in this tapered hollow nanocone
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Fig. 4. Broadband slow, conventional and “spoof” surface plasmon polaritons, and their
application in spectrum demultiplexing and color sorting. (A) Schematic illustration of the
experimental setup used for slowing and bringing to the nanoscale TM-polarized light (magnetic field
parallel to the z axis). The incident vacuum wavelength was 1532 nm (80). (B) (Left) An SEM
image of two subwavelength-width (~100 nm) V-groove output slits and a large reference hole as
seen from the back side (along x). (Right) Output signal for TM polarization of the incident lightfield.
When the incident-light polarization is transverse electric, no plasmon mode is excited at the two
subwavelength slits (80). (C) Dependence of intensity (|E|?) enhancement with the width of the
V-groove slit, as determined experimentally and numerically (80). (D) Numerical simulations of slow
“spoof” SPPs propagating along a tapered plasmonic grating. SPPs of broadly different frequencies
(in the telecommunications regime) are stopped and trapped at correspondingly different points
along the nanoguide (76). (E) Experimental demonstration, at visible frequencies, of the scheme in
(D). Here, visible light of different colors is incident on a nanoslit from the bottom of the structure
(the nanoslit extends horizontally, and is perpendicular to the arrows at their starting points),
acquiring enough momentum to couple to spoof SPPs. The SPPs excited in this way propagate
slowly in the direction indicated by the arrows along the tapered grating (shown here from above),
with each color eventually being stopped and trapped at a different groove depth (“rainbow
trapping”). The white scale bar shown in the top left panel corresponds to 10 um (97).

are markedly slowed down near its exit point,
accumulating in an area with a diameter of
~240 nm. Atomic gases enter the device at the
input port and are controlled by changing the
pressure between the input and output ports.
Despite the plasmonic losses, optimized struc-
tures lead to intensity enhancements exceeding
20 dB (i.e., a factor of ~350), enough to trigger
atomic ionization with moderate input inten-
sities of ~1 x 10" W ecm™2 This leads to high-
harmonic generation, up to the 43rd harmonic
(Fig. 1D) and deep into the UV regime (photon
energy ~67 eV). In addition to not requiring phase
matching, as the field concentration is deep-
subwavelength, an advantage of this means of
nanolocalizing and enhancing the intensity of
light compared to bowtie or nanorod elements

Tsakmakidis et al., Science 358, eaan5196 (2017)

is that the large field enhancements occur over
substantially larger nanovolumes (with a diameter
of ~240 nm and a length of ~450 nm), thereby
enhancing the efficiency of the nonlinear genera-
tion. For instance, the photon number measured for
the 15th and 17th harmonics was ~1 x 10° photons/s,
corresponding to a conversion efficiency of ~1 x
108, which is about 10 to 100 times higher than
that measured for a 150-bowtie-nanoantenna
array (73). We note that under similar conditions,
noncoherent multiphoton or high-field fluores-
cence may also dominate the spectra (74), because
these effects too are favored below the ionization
threshold by the large field enhancements and
the linear interaction-length scaling.

This type of broadband slow-light structure
need not be planar (39, 65-67) or linearly tapered
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(41-43, 73-82), with two examples being the cy-
lindrically (64) or spherically (83) crescent nano-
structures (Figs. 1E and 3). Surface plasmon modes
excited by a uniform electric field of wavelength
A ~375 nm travel with a gradually slower speed
toward the singular “kissing” point of the two
cylinders (of external radius ~20 nm) where they
accumulate, having a gradually smaller wavelength
and increased energy density (Fig. 1E). On the basis
of a transformation-optics analytic approach, it
was shown that this effect is ultrabroadband—
across the entire visible spectrum—and, despite
the plasmonic loss, leads to large field enhance-
ments, of the order of 10%, at the critical stopping
point (64). The role of surface roughness and
unavoidable geometric bluntness and imperfec-
tions has also been studied (84, 85), and it was
found that the structures’ fundamental behav-
ior remained unaltered. We note that similar
plasmonic nanostructures have been reported,
even ones with subnanometer features, in the
regime where nonlocal effects start playing a
dominant role (70-72).

An example of how such a broadband slow-
light-aided field enhancement can be exploited
to improve the performance of photovoltaic solar
cells is shown in Fig. 3A. A layer containing spheri-
cal nanocrescents composed of an upconverter-
doped dielectric core and a crescent-shaped
metallic shell is placed behind the solar cell (86),
capable of transforming over broad spectral and
spatial regions transmitted low-energy photons
to higher-energy, above-bandgap photons that
can be absorbed by the solar cell. Detailed cal-
culations showed a 100-fold increase in above-
bandgap power emission toward the solar cell
(86) and a greater than 10-fold absorption en-
hancement for a broad range of sub-bandgap
wavelengths (Fig. 3, B and C), leading to single-
junction solar cell power-conversion efficien-
cies that can exceed the Shockley-Queisser limit
(from ~30 to >44%). Such nano-engineered struc-
tures provide one with the ability to exploit
broadband slow-light and large near-field intensity-
enhancement effects right at the meta-atomic
level, i.e., not only the macroscopic overall struc-
ture but also its constituent metamolecules (nano-
antennas) can be designed to harness broadband
slow light—a unique feature compared with other
macroscopic slow-light-structure designs.

These slow-light “nanocrescent-moon” meta-
molecules can also be used as an ultrasensitive
surface-enhanced Raman scattering (SERS) sub-
strate (Fig. 3D) (87). The gold nanocrescents
(300-nm inner diameter and 100-nm bottom thick-
ness) are functionalized with biomolecular
linkers to identify specific biomolecules. When
a single gold nanocrescent moon is excited by a
785-nm diode laser, the broadband hotspot that
is generated is used to detect the SERS spectra
of rhodamine 6G (R6G) molecules, with an en-
hancement factor larger than 10'°. Comparing
the SERS spectra of 1 mM R6G molecules on a
single gold nanocrescent moon and on 60-nm col-
loidal nanospheres (Fig. 3E) shows substantial
improvement when the former structure is used—
both in the number and the relative intensity of
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Fig. 5. Adiabatic wave A
slowing-down and focusing

for enhanced acoustic sens-

ing and nanooptical heat-
assisted magnetic recording
(HAMR). (A) Schematic of

how the pressure field of a

sound wave is spatially com-
pressed and enhanced while
decelerated inside an acoustic
metamaterial, before being
detected by a sensor (61).
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curve with a slope of 114,
indicating an ~20-dB SNR
improvement by using the
ultraslow—acoustic-wave—
enhanced sensing system. In
the gray highlighted zone, the
measured free-space SNR

is smaller than 1, indicating
that the input signal is below

the detection limit (61).

(D) Time-domain and
frequency-domain pulse
signal measured in free
space (top) and in the
metamaterial (bottom). The

Heat sink /
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the resolved Raman peaks. These broadband slow-
light nanophotonic crescent moons exhibit Raman
enhancement factors (for an 830-nm laser excita-
tion source) exceeding 10, as compared with 10
to 10* for on-resonance Au nanospheres (using
514-nm laser excitation) reported previously (88).

The broadband field-enhancement in the
ultraslow-light regime of tapered metamaterial
and nanoplasmonic waveguides has been ex-
ploited in a variety of further applications, in-
cluding broadband thin-film infrared absorbers
(89), spontaneous-emission enhancement of single

Tsakmakidis et al., Science 358, eaan5196 (2017)

Guided
slow
wave

SNR measured in the metamaterial device is 32.7, compared with the
measured free-space SNR of 0.27, which corresponds to point A in (C) (61).
(E) A HAMR head records data to a disk medium of high thermal stability.
Here, a guided wave excited by a laser source propagates slowly along a
parabolically tapered metal-clad waveguide [shown in (F)], adiabatically
stopping and focusing at the cutoff-tip of the guide, and eventually coupling to
a judiciously shaped plasmonic nanoparticle (nanoantenna). The wave's
adiabatic slowing and stopping is similar to that shown in Fig. 1, B to E, and
Fig. 3, A and D, but for a parabolic taper. The resulting high-intensity local

quantum dots and nonclassical light sources (90),
cavity-free stopped-light nanolasing, and active
on-chip nanophotonic devices (34, 91-94). How-
ever, several of the reported 3D subdiffraction
slow-light structures, such as the linearly tapered
cylindrical nanoguides in Fig. 1, B and D, are
standalone devices, with a challenging on-chip
implementation. A first quantitative study toward
overcoming this issue was reported in (80), which
demonstrated nanoscale 2D slowing of light in
the form of SPPs (Fig. 4, A to C). Here, light was
adiabatically slowed down and squeezed (with
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field is used to heat the recoding medium locally, assisting the recording
process by temporarily lowering its resistance to magnetic polarization
(101). (F) Schematic illustration (not to scale) of a side view of the HAMR
recording head. In the upper part of the recording head, a grating
couples laser-diode light to the parabolically tapered metal-clad optical
waveguide. At the bottom of the tip, there is a plasmonic nanoantenna
(“near-field transducer,” NFT) on which light energy is evanescently
coupled (red arrows) (101). (G) Magnetic force microscope image of a
recorded track. The track width is ~70 nm (scale bar, 300 nm) (101).

an efficiency of ~50%) through a 45 nm by 2 um
V-groove slit aperture, resulting in a measured
intensity enhancement of ~10—the defining fea-
ture of so called “structural slow light” (4-6) in
guiding structures, both below and above the
diffraction limit. The full extension of this nano-
scale slow-light scheme to three dimensions
was reported recently (95), giving rise to experi-
mentally estimated intensity enhancements of
~400 within a mere 14 nm by 80 nm cross-
sectional area and allowing for efficient on-chip
slow light that can be readily integrated with

6 of 11

/T0Z ‘6T 1890100 U0 /610 Bewadsuslds adualds//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | REVIEW

Fig. 6. Broadband ultraslow guided Dirac
electrons, plasmons, and phonon-polaritons

in graphene, van der Waals crystals, and het-
erostructures. (A) (Top) Potential profile of
n-doped graphene, bounded symmetrically by
two p-doped regions. (Bottom) lllustration of the
reflections of the two pseudospin Dirac-electron
components at the two p-n interfaces, along with
the associated negative quantum Goos-Hanchen
phase shifts. The two zigzag-propagating rays,
shown in red and purple, trace the movement
of the center of a guided slow electron beam
on the two graphene sublattices (102).

(B) Schematic of graphene encapsulated by
h-BN, and the associated s-SNOM measurement
setup for the excitation of a guided slow Dirac
plasmon. The simulated E, field-component of
the plasmon in the out-of-plane direction (20 nm
full-width at half-maximum) is shown on the
right (104). (C) Calculated dispersion diagram of
the slow Dirac plasmons of (B), for a carrier
density of ng = 74 x 10*2 cm™2. The crosses show
experimental data, and the shadowed regions
show the h-BN frequency bands where propa-
gating phonon polaritons can exist (shaded
orange) and the electronic intraband Landau
damping region (shaded green). The red
background color shows the imaginary part of
the reflection coefficient of evanescent waves,
evaluated at the top h-BN surface using the
transfer-matrix method for a vacuum-—
Si02(285 nm)—h-BN(46 nm)-graphene-
h-BN(7 nm)—vacuum heterostructure (with the
dips in the reflection coefficient coinciding

with the excited modes in the heterostructure)
(104). (D) Schematic of structure and the setup
for exciting and observing ultraslow negative—
phase-velocity hyperbolic phonon polaritons in
a thin h-BN slab. The polaritons are launched
with the aid of the metal (Au) edge, and the
thickness of the h-BN layer is 135 nm. Type |

polaritons are found in the spectral region 22.8 THz (13.6 um) to 24.7 THz
(12.1 um), whereas type Il polaritons exist between 41.1 THz (7.3 um) and
48.3 THz (6.2 um) (109). (E) (Left) Numerical calculation of the field
distribution (on a logarithmic scale) for the structure of (D), at ® = 1563 cm™
(46.9 THz; 6.4 um). The propagation of the type Il fundamental hyperbolic
polariton mode is shown as rays propagating in a zigzag fashion along

the slab, being reflected from the top and bottom media interfaces—similarly
to the zigzag ray propagation shown in Fig. 1C (although here the phase
velocity of the type Il mode is positive and the Goos-Hénchen phase

other on-chip nanophotonic components. The
spatial compression achieved in the slow-light
regime of plasmonic slot nanoguides was ex-
ploited in (95) to reduce the length and overall
footprint of a plasmonic electro-optic phase mod-
ulator (96), giving rise to large bandwidths
(~120 nm around 1.55 um), high modulation
speeds (~40 Gbit s™%), compactness (a length
of only ~29 um and a width of ~140 nm), and
energy-efficient operation (energy consumption
~60 £J bit™).

This type of ultrabroadband light deceleration
can be attained in almost any regime of the elec-
tromagnetic spectrum, from microwaves (66, 67)
to the terahertz (55, 75, 77), near-infrared (76), and
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visible regime (78-82, 97, 98), using suitably en-
gineered plasmonic structures. Two examples
of this are shown in Fig. 4, D [theory, at tele-
communication wavelengths (76)] and E [exper-
iment, at visible wavelengths (97)]. Figure 4E
shows so-called “spoof” (engineered) SPPs being
excited at a nanoslit (extending horizontally, from
left to right, in the upper panels, perpendicularly
to the arrows) and propagating along the direc-
tion of the arrows. The SPPs propagate along a
tapered plasmonic grating structure, similar to
that discerned in Fig. 4D, in the direction in-
dicated by the arrows. In this adiabatically tapered
structure, the period and the width of the grooves
are fixed (~475 and 150 nm, respectively), but
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shifts are not clearly discerned). (Right) Field-intensity profiles of the
first three guided hyperbolic slow modes (109). (F) Infrared near-field
image of the interference between the polaritons launched by the gold

ip [see (D)] upon being reflected by the h-BN

edge (109). (G) Comparison between the experimentally (color) and

) determined dispersion curves of the funda-
type | (right) hyperbolic polariton mode. The

white dashed lines show numerically calculated higher-order guided

the groove depth increases with distance slowly
from ~6 to 100 nm. As they propagate along the
adiabatically tapered structure, the SPPs (in the
visible-wavelength region, 500 to 700 nm) dis-
perse, with each visible color eventually being
trapped and localizing at a correspondingly
different point along the tapered structure—
with the larger (red) wavelengths localizing at
the deepest grooves. These experimental results,
therefore, provide confirmation in the visible re-
gime of the spatial demultiplexing and trapping
at different positions of the spectrum of a broad-
band pulse (“rainbow trapping”) propagating
along a tapered plasmonic waveguide—similar
to the effect outlined theoretically in Fig. 1, B
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and C, for tapered plasmonic and negative-index
waveguides, respectively. The resulting spectrum
demultiplexing can, in this scheme, find interest-
ing applications for on-chip spectroscopy (82),
filtering, and color sorting (78, 99).

As an essentially interference phenomenon
(Fig. 1, A and C), the wave deceleration in adi-
abatically tapered metamaterial waveguides can
also be exploited for acoustic waves (61, 62). Here,
the concept of metamaterials (judiciously engi-
neered media with desired wave responses)
is especially fitting as it allows the design—in
the deep-subwavelength, true-effective-medium
regime—of structures with broadband slow-wave
acoustic responses that are unattainable with
natural media. An example is illustrated in Fig. 5,
A to D. Here, a tapered acoustic metamaterial
waveguide brings an input pressure field (sound
wave) to a halt at a critical point inside the wave-
guide, where the acoustic field can then build up
and be locally enhanced (compare Fig. 1, B and
C, for the photonic analog), so that it can be de-
tected with ultrahigh sensitivity by an acoustic
sensor at the guide’s end (Fig. 5A) (61). The
acoustic-metamaterial device is constructed by
an array of stainless plates, spaced by air gaps,
and behaves as a continuous medium. Excited
by a speaker, the acoustic wave (frequency ~7 kHz)
propagates with a progressively slower speed
along the structure, and is therefore spatially
compressed and enhanced in amplitude, until it
is eventually detected at its stopping point by a
fiber-optic microphone integrated at the wide,
open end of the device (Fig. 5B). More than 10-
fold pressure amplification is achieved in this
way. The broadband acoustic-wave enhancement
in this type of a system is so large that it can be
used to successfully recover very weak acoustic-
pulse signals far below the detection limit of
conventional acoustic-sensing systems. Figure 5, C
and D, shows how a series of Gaussian-modulated
acoustic pulses with a center frequency of 9.3 kHz
and a bandwidth of 0.5 kHz are effectively am-
plified in the slow-wave acoustic-metamaterial
device, with a signal-to-noise ratio (SNR) en-
hanced by more than 100 times (that is, more
than 20 dB) compared with that obtained in
free space. This SNR enhancement enabled the
metamaterial slow-wave system to detect weak
acoustic signals below the detection limit of a
conventional acoustic sensor. Indeed, Fig. 5D
(top) shows that whereas the measured free-
space signal is completely overwhelmed by the
noise (i.e., SNR = 0.27), the same weak acoustic
pulse is successfully recovered (i.e., SNR = 32.7)
in the slow-wave metamaterial region (Fig. 5D,
bottom).

Finally, Fig. 5, E to G, highlights what we be-
lieve is one of the most exciting and technolog-
ically promising applications of slow-light-aided
nanoscale field-enhancement: heat-assisted mag-
netic recording (HAMR) for data storage. Since
2012, the density growth rate of hard disk drives
(HDDs) has begun saturating owing to funda-
mental physical limits reached by perpendicular
magnetic recording—in particular, because the
required writing field in HDD electromagnets
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must be higher than that of the magnetic flux
saturation in a typical CoFe-based electromagnet
(100). A promising avenue that the industry is
currently pursuing to overcome this limitation is
HAMR, which exploits the sudden drop of a
magnet’s coercivity at the critical Curie temper-
ature. To achieve the required high local heating
(~400°C), typically ~80 uW of laser light from
an inexpensive semiconductor diode (operating
at ~830 nm, although blue-ray laser diodes can
operate at ~400 nm) must be efficiently brought
to the nanoscale to heat (from only ~5 nm above
the recording head) a volume of ~50 nm by
15 nm by 10 nm of a FePt ferromagnet. To put
this into a context, the required power density
for HAMR is ~1000 times larger than that re-
sulting from standard Au-coated tapered optical
fibers used in near-field scanning optical mi-
croscopy (NSOM), which typically have an op-
tical transmission efficiency of less than 107°.
Figure 5, E and F, shows an example, reported
in 2009 by Seagate Technology, of how slow-
light nanoguides can be used in a HAMR record-
ing head to solve the above challenges (101).
Here, diode-laser light at 830 nm is coupled to
a gold-coated parabolically tapered Ta,Os slab.
As it propagates along the metal-clad tapered
waveguide (45), the light signal is gradually de-
celerated, spatially compressed, and enhanced
in amplitude, until it reaches the guide’s cutoff
thickness where it momentarily stops [v, = O at
the cutoff (45)]—a behavior fundamentally simi-
lar (64, 83-85) to that described for the struc-
tures of Figs. 1 and 3, except that the taper is
not linear (Fig. 1, B and D), cylindrical (Fig. 1E),
or spherical (Fig. 3, A and D) but rather para-
bolic. It then evanescently couples with good
efficiency to a gold nanoantenna, producing an
intense localized field, well below the diffraction
limit, and only a few nanometers above the hard
disk—enough to induce the required local heat-
ing. For optimized structures, Challener et al.
(101) reported maximum field-enhancements of
~2000, and a maximum coupling efficiency (at
~870 nm) of ~8%—orders of magnitude greater
than the coupling efficiency of conventional aper-
tures with diameters of the same dimensions
as the nanoantenna. This method has thereby
enabled local heating of a magnetic track only
~70 nm wide (Fig. 5G), giving rise to a data-
recording areal density of ~375 Tb m >—much
higher than previously reported storage densities
(100, 101). Important remaining challenges for
this technique concern the efficient integration of
materials that will be even more resilient to ther-
mal damage (upon repeated heating cycles), more
efficient heat sinks, and dedicated nanometer-
gap-regulation techniques between the writing
head and the recoding disk.

Broadband ultraslow electron and
phonon-polariton waves in 2D materials

The nonresonant mechanisms for the decelera-
tion of guided light waves in nanostructures
containing media with negative optical parame-
ters (Fig. 1, A to C) also play a critical role in the
slowing-down of electron and phonon-polariton
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waves in 2D nanoguides and heterostructures.
Here, an additional advantage is the convenience
with which one can control the velocity of guided
matter waves, e.g., by smoothly varying a gate
voltage applied on a 2D graphene quantum-well
structure, thereby allowing for the possibility of
variable delays—an important aspect of coherent
buffers and memories (4-6).

The quantum Goos-Hénchen effect in the ultra-
relativistic limit of massless electrons, relevant for
graphene, considered the propagation of massless
spin-15 particles in two dimensions, in a p-n-p
single-layer graphene junction with a voltage
(potential barrier) U, applied in the p-doped
regions (102) (Fig. 6A, upper panel). It was found
that the Goos-Hanchen effect at the p-n interfaces
depends on the pseudospin (sublattice) degree
of freedom of the massless Dirac fermions, and,
moreover, that it changes sign at an angle of
incidence o = arcsin{(sino,)"?}, where o, is the
critical angle for total reflection, for Fermi en-
ergies Ex < Uy. For angles of incidence smaller
than oy, the shift becomes negative (Fig. 6A,
lower panel), just as with guided light waves in
metamaterial and plasmonic waveguides shown
in Fig. 1C. In that regime, the group velocity v of
the guided quasiparticles can become zero. In
particular, as the normalized width (U,W/hv) of
the central n-doped channel is progressively re-
duced to around unity, i.e., as one enters the full
quantum-mechanical regime, the dispersion rela-
tion of the lowest channel mode features two
pronounced minima (where the group velocity
reduces to zero, v = 0), each contributing to the
conductance a quantum of /7 per spin and valley
degree of freedom, thereby making a total contri-
bution to the conductance of 8¢*/hA—a macroscopic
conductance step that is observable in these bi-
polar junctions. Similar effects can be observed
in bilayer graphene junctions, too, where it is
possible to coherently decelerate, stop, and re-
accelerate the guided quasiparticles, allowing
for interesting coherent-manipulation function-
alities in graphene-based integrated devices (103).

In addition to slowly propagating guided
Dirac fermions in doped graphene slots of suit-
able geometry, there is currently much interest
in the interaction of infrared light with Dirac
plasmons or phonons, particularly in the slow-
wave regime of these nanostructures. In this
regime, the longitudinal wave vector of the guided
wave is large and the effective wavelength small,
leading to volume confinements that can be
millions of times smaller than in free space,
with relatively low losses—thereby allowing for
ultrastrong light-matter interactions. An interest-
ing example of this is illustrated in Fig. 6B, which
shows a graphene sheet encapsulated by two
films of hexagonal boron nitride (h-BN)—the
whole structure assembled by a polymer-free
van der Waals (vdW) assembly technique (104, 105).
Hexagonal boron nitride is an interesting op-
tical material for nanoscale slow-light applica-
tions as it exhibits natural hyperbolic behavior
(106), i.e., the in- and out-of-plane components
of the permittivity tensor have opposite signs
in the reststrahlen frequency bands. Figure 6C
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presents the dispersion diagram (energy/wavelength
versus wave vector) of propagating Dirac plas-
mon modes in the structure shown in Fig. 6B.
In Fig. 6C, the crosses are the experimentally
extracted data, indicating group velocities vy =
(dReqp/dm)’l, with g, being the plasmon wave
vector, as small as ~10° m s (group refractive
index ~300), and corresponding to observed life-
times (not shown directly in this figure), 1, =
(Im gp) /v, as long as ~500 fs (104)—more than
an order of magnitude longer than those of pure
surface plasmons in silver, which are typically
~20 fs (36). Furthermore, the wavelength A, of the
Dirac plasmons is as low as 70 nm—~150 times
smaller than the free-space wavelength of the
incident light. With an even further improve-
ment of these plasmons’ lifetimes, such a struc-
ture should be ideal for slow-wave applications
where ultrahigh field confinement and tun-
ability are desirable (104, 107), particularly for
achieving low-threshold single-plasmon (photon)
nonlinearities (108).

Still larger propagation lengths, in atomic
van der Waals crystals (e.g., h-BN), can be achieved
when light couples to pure optical phonons, giving
rise to slowly propagating phonon polaritons.
In this case, one of the dominant loss channels,
electronic losses, is absent. This leads to propa-
gation lengths of up to 50 um (for incident free-
space wavelengths Ao ~5 to 6 um), as compared
to ~2 um (for a typical Ay ~10 um) in graphene
(107). Figure 6D illustrates how ultraslow negative-
phase-velocity phonon polaritons are excited
and detected in a thin h-BN waveguide exhibiting
hyperbolic dispersion and deep subwavelength-
scale field confinement (109). Owing to its layered
crystal structure, h-BN is a natural material in
which phonon polaritons exhibiting hyperbolic
dispersion exist—and there are two types of
guided slow modes: type I, when Re{e.} < O
and Re{e,} > 0; and type II, when Re{e.} > 0
and Re{e,} < 0. Here, incident infrared light
(from free space; see Fig. 6D) of frequency o =
1563 cm ™ (A ~6.4 um) couples to and excites
guided hyperbolic polariton modes in the h-BN
slab, whose transverse (along 2) spatial profile
is shown in the right panel of Fig. 6E. Specifically,
the Au film shown in this figure serves as a broad-
band optical antenna, converting the incident
p-polarized field (E;,) into strongly spatially con-
fined (high momentum) near fields at the film’s
rightmost edge, thereby providing the necessary
momentum for coupling the free-space Ej, field
into the guided modes of the h-BN slab. Based
on time-domain interferometric and scattering-
type near-field microscopy measurements (Fig. 6,
D and F), it was found that the group velocity of
the fundamental type-I mode was as small as
~0.002¢ (group index ~500) and with a large life-
time of ~1.8 ps—more than an order of magnitude
larger than that of SPPs in Au at visible frequencies.
Furthermore, the phase velocity of this mode was
found to be negative (antiparallel to the forward-
longitudinal direction of the group velocity) (109).
Both of these results were found to be in excellent
agreement with theory (see, e.g., Fig. 6G). The
operation of these structures is currently con-
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strained at longer (infrared) wavelengths, and im-
plementation in the visible regime is challenging.
Furthermore, in these “phononic” materials, most
of the energy is stored in the kinetic and potential
energy of the oscillating ions—and not in the
electric field (32)—which limits the maximum
field enhancements that can be attained.

Conclusions and outlook

We have examined the underlying physical prin-
ciples enabling broadband, ultraslow waves in
subdiffraction-limited nanostructures and pres-
ented exemplary technological applications in the
fields of nanophotonics, metamaterials, acoustics,
and 2D materials. The structures deployed are
usually geometrically smoothly varying (Fig. 1B),
and the underlying wave-deceleration mechanisms
inherently do not involve material-parameter
(permittivity, refractive index) resonances—
typically relying on antiparallel power flows in
the negative- and positive-permittivity regions
(Fig. 1A) or, equivalently, to negative Goos-Hanchen
phase shifts at the interfaces of these media
(Fig. 1C). Ultimately, material and group-velocity
dispersion set a limit to the bandwidth perform-
ance that can be attained (25, 63). However, it
should be noted that the bandwidths attained in
these structures can still, in the optical regime, be
large, typically of the order of ~1 to 10 THz—
orders of magnitude larger than, e.g., their
atomic-media counterparts (which feature sim-
ilar order-of-magnitude decelerations). Further-
more, upon suitable design, e.g., in multilayer
heterostructures, the dispersion band can (for a
continuous range of wave vectors) become very
flat, i.e., group-velocity dispersion can be mini-
mized (39)—thereby leading to enhanced band-
width performance. This last feature—the ability
to enhance and engineer bandwidth “by design”
at the nanoscale—is a key characteristic of the
(ultra)slow-light structures reviewed here.
Specific applications range from enhanced and
more efficient nonlinear effects (68, 73, 74, 108),
to light-harvesting (64, 83, 89), biosensing (87, 88),
nanoimaging (80, 110, 11I), optical and acoustic
spectral demultiplexing (41-43, 55, 56, 61, 62, 64,
68, 75-81, 112), on-chip spectroscopy (82), non-
classical light sources (90, 91), cavity-free plasmonic
nanolasing (92-94), enhanced acoustic sensors
operating beyond the noise-threshold limit (61, 62),
and tunable, deep-subwavelength, ultraslow guided
Dirac fermions (102, 103), plasmons, and surface
phonon-polaritons in atomically thin crystals and
heterostructures (104-109, 113). Broadband slow-
light effects are also attained in other structures
above the diffraction limit, including photonic
crystals and CROWSs where broadband slow light
is usually obtained with group indices of ~30 to
100 (21-28), and PT-symmetric structures, which
can be broadband and with the light speed re-
ducing to zero at the exceptional point (58, 114).
Further related schemes include broadband meta-
material and nanophotonic analogs of EIT (115),
or suitably engineered metasurfaces to induce
negative Goos-Hanchen phase shifts and achieve
the same light-stopping effect but without the
use of bulk negative-parameters media (116-118).
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The broadband, ultraslow-wave regime in
subdiffraction-limited nanostructures is essentially
a new regime for nanophotonics, acoustics, and
2D materials, as in all three fields we have been
accustomed to using fast propagating waves for
diverse operations and devices. Many surprises
are waiting to be revealed and further exciting
applications to emerge in this new regime.
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Slow light on the nanoscale

When light passes through an optical material, its speed is reduced by the refractive index of that material. Under
exceptional circumstances, light can be slowed to a walking pace or even stopped momentarily. Exploring approaches
for practical applications, Tsakmakidis et al. review how the speed of light can be controlled using designed materials
and fabricated structures. They show how the combination of slow light and nanotechnology gives rise to a number of
effects of interest in signal processing and optoelectronic communication.
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