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Abstract: Nanofocusing, the term coined by Mark Stock-
man, has been observed in many different tapered wave-
guide configurations, demonstrating the possibility for
optical modes to be efficiently delivered to and concen-
trated into nanoscale regions far beyond the diffraction
limit in dielectric media. Strong and broadband local field
enhancement and slowdown effects associated with the
nanofocusing have been exploited for enhancing linear
and nonlinear optical phenomena and reaching out to a
broad spectrum of diverse applications, from electron
generation to water vaporization. Starting with the histor-
ical background, we carefully elaborate on the basic con-
cepts and mechanisms involved. We then provide
examples of the latest developments in this exciting quest
for bringing the fundamental physical phenomenon of
nanofocusing into the realm of practical applications in
modern nanotechnology.

Keywords: light–matter interactions; nanofocusing;
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Nanofocusing of electromagnetic radiation is generally
understood as a transport phenomenon, in which the
cross-sections of propagating optical modes are progres-
sively reduced, far beyond the diffraction limit in dielectric
media, due to gradual (adiabatic) tapering of metal-
dielectric waveguides, a phenomenon that is inherently
nonresonant and thereby broadband [1]. The necessary
condition for nanofocusing to occur is the existence of
waveguiding configurations that support the correspond-
ing propagating modes that can be progressively confined
in tapered structures, i.e., the existence of nanoguiding. The
appropriate modes constitute a subclass of surface plas-
mon polariton (SPP) modes [2] that represent bound

electromagnetic excitations in which electromagnetic
fields propagating in dielectrics are coupled to free electron
oscillations in metals [3]. The existence of SPP modes that
do not experience cutoff when thewaveguide cross-section
shrinks to zero could already be deduced from the surface
polariton dispersion obtained for optical modes supported
by an ionic crystal slab by Kliewer and Fuchs in 1966 [4], a
configuration that is nowadays often called the insulator–
metal–insulator (IMI) configuration. A few years later,
detailed SPP mode analysis in various metal-dielectric
multilayer systems by Economou [5] has made apparent
that both IMI and metal–insulator–metal (MIM) configu-
rations support similar SPP modes, whose wavenumbers
are inversely proportional to the layer thickness. It is worth
noting that this important relationship can qualitatively be
deduced from the very existence of propagating bound
modes in progressively shrinking (in their cross-sections)
waveguides because it requires that the mode exponential
decay decreases (while the magnitude of the transverse
wave vector increases) in accord with a decrease in the
waveguide core size. Applying the dispersion relation re-
sults in the mode wavenumber to be progressively
increasing in the limit of waveguide dimensions becoming
much smaller than the radiation wavelength.

This remarkable feature, constituting the very foun-
dation of nanoguiding, was however not explicitly
formulated, probably because the idea of nanoscale opti-
cal circuitry was yet to be called for. The concept of optical
nanoguiding has widely been recognized 30 years later,
after the guidance of optical radiation in the form of SPP
modes along cylindrical metal nanowires was theoreti-
cally described in 1997 by Takahara et al. [6], revealing
also the fundamental trade-off between the SPP mode
confinement and propagation loss. Interesting that, prac-
tically simultaneously with the SPP mode analysis, the
idea of superfocusing of surface polaritonswas introduced
by Nerkararyan [7], who considered polariton propagation
in two-dimensional (2D) metal-dielectric wedge (both IMI
andMIM) structures toward the wedges and demonstrated
that the polariton field strength increases anomalously
near the wedge end, even in the presence of material los-
ses. At the same time, whereas the research in optical
nanoguiding has immediately kick-started [2] after the
theoretical consideration [6], the concept of superfocusing
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did not result in immediate developments, not even after
the analysis of polariton superfocusing in conical struc-
tures by Nerkararyan et al. in 2000 [8].

The early papers on superfocusing [7, 8] did not cap-
ture the attention of a wide audience because the nano-
guiding itself was still to be experimentally explored, and
also because these papers lack illustrations (featuring only
one schematic figure of a cone [8]) and quantitative con-
siderations for specific materials, optical wavelength and
configuration parameters. The term “nanofocusing” was
coined in 2004 by Stockman in his seminal paper on
nanofocusing in tapered plasmonic waveguides [9] that
has produced an enormous impact on the still young and
explosively growing plasmonics community not only
because of captivating visualization of optical fields being
spatially squeezed and enhanced [Figure 1(A)] but also due
to several profound insights opening fascinating perspec-
tives for further explorations.

To begin with, Mark has considered nanofocusing in
the context of one of the central problems of the nano-
optics, viz., the efficient transfer of the optical radiation
energy delivered by propagating electromagnetic waves
into nanoscale volumes, i.e., efficient interfacing propa-
gating (far) and evanescent (near) fields. He has also clearly
differentiated nanofocusing, considered as a transport
phenomenon, from the concentration of radiation energy in

nanoscale volumes by illumination of nanostructures
(nanoantennas). The ability of efficient energy harvesting
from large areas and concentrating it into nanoscale ones is
inherently stronger in the case of nanofocusing, because
the field concentration by nanoantennas has fundamental
limitations, for example, the dipolar scattering unitary limit
[11]. Analyzing the nanofocusing, Mark has revealed that
not only the phase but also the group velocity of the SPP
wave traveling toward the cone tip decreases to zero at the
tip end [Figure 1(B)] with the traveling time logarithmically
diverging, making the tip end a point of essential singu-
larity with a/the giant concentration of energy [9]. The
asymptotic stopping appears to be a general hallmark of
nanofocusing because one can show that, also in 2D IMI
and MIM configurations and in the limit of very small layer
thicknesses t << λ, the phase and group velocities scale:
vp ≅ 2vg ∼ t. This stopping seems also reasonable to expect
under the condition of adiabaticity that prevents reflection
and coupling out because the SPP mode traveling toward
the tip end has simply no other way to go but reach for the
tip end and (eventually) stop. The importance of adiaba-
ticity innanofocusingwas emphasizedbyMark andverified
for the considered nanofocusing configuration, indicating
thereby acceptable taper angles. Finally, a very important
feature of Mark's paper [9] contributing to its impact was
detailed consideration of a realistic (i.e., with absorption
losses) silver cone that convincingly demonstrated the
possibility of efficient radiation delivery to the near-field
zone resulting in the field intensity enhancement at the
cone tip by three orders of magnitude (Figure 1).

Following the publication of the nanofocusing paper
[9], the idea of nanofocusing was truly accepted and
taken to practice by exploiting various plasmonic config-
urations supporting the appropriate SPP modes, i.e., those
amenable to progressive squeezing in lateral cross-sections
[1]. Note that these modes can easily be identified by veri-
fying the existence of their electrostatic analogs, since the
required mode scaling for small cross-sections is electro-
static by nature, with all dependencies on the radiation
wavelength being washed out. For example, short-range
SPPs, which do not have the cutoff [3], correspond in the
electrostatic limit to the electric field of a charged con-
ducting sheet, whereas long-range SPPs [3] should be
reduced to a conducting sheet with opposite surfaces being
charged oppositely, which is impossible.

The experimental demonstrations of nanofocusing
took some time to appear because of nanofabrication and
nano-optical characterization challenges that had to be
dealt with. Also, getting convincing demonstrations of the
nanofocusing require mastering efficient coupling of far-
field radiation into suitable SPP modes propagating in

Figure 1: (A) SPPs, excited at the wide end of a silver cone in vacuum
(opening angle of 0.04 rad) by electromagnetic radiation at the
wavelength of 630 nm, propagate toward the cone's apex. The
intensity of the local SPPfield relative to the excitationfield is shown
by color with the scale indicated by the color bar in the center. (B)
Phase velocity vp, group velocity vg, and adiabatic parameter δ
(scaled by a factor of 10) as functions of the coordinate along the
silver cone. Figure reproduced with permission from (A) ref. [9], ©
2004 APS; (B) ref. [10], © 2011 APS.
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configurations that would ensure a significant net field
enhancement exceeding the effect of all (coupling and
absorption) losses. As one would have expected, the radi-
ation nanofocusing was first experimentally realized with
tapered nanowires having rectangular [12] and circular [13]
cross-sections, i.e., with three-dimensional IMI configura-
tions. In both cases, the appropriate SPPmode propagating
toward the tip end was excited using a diffraction grating
pattern on a planar tapered metal stripe [12] or milled onto
a side of a tapered nanowire [13].

These demonstrations should not be confused with
widely known (already at that time) tip-enhanced phe-
nomena, such as tip-enhanced Raman spectroscopy or, in
general, tip-enhanced linear and nonlinear optics [14]. The
latter phenomena are all related to the electrostatic
enhancement of electromagnetic fields near pointed con-
ducting surfaces that have long been known to play an
important role in various phenomena and effects, ranging
from St. Elmo's light to the lightning rod effect. In contrast
to the nanofocusing of SPP waves traveling toward the tip
end [12, 13], the tip-enhanced fields generate SPP waves
traveling away from the tip end [15]. It has also been
experimentally verified that illumination of the in-coupling
diffraction grating milled on the side of a tapered rod
produced∼20 times higher Raman signal than the direct tip
illumination [16]. In practice, it is extremely difficult to
fabricate tapered nanowires with sufficiently sharp termi-
nations that would prevent back-reflection, which de-
creases the achievable field enhancement. Alternatively,
one can employ impedance-matched termination of a
tapered nanowire with a resonant nanoantenna, boosting
considerably the local field enhancement [17].

Radiation nanofocusing in the complementary MIM
configuration, i.e., in tapered gaps betweenmetal surfaces,
involves the propagation of the antisymmetric (with
respect to the charge distribution) gap SPP (GSP) mode,
which is also known for its ability to propagate in infinitely
narrow gaps. The GSP nanofocusing has been demon-
strated in experiments on transmission through metallic
V-shaped grooves [18], including extraordinary optical
transmission boosted by nanofocusing [19], radiation
propagation in angle-tapered V-grooves [20], and perfect
radiation absorption in visible range [21]. A plethora of
experimental demonstrations and theoretical consider-
ations led to many exciting developments, opening fasci-
nating perspectives for practical applications in modern
nanotechnology [1, 14].

The “nanofocusing” paper single-authored byMark [9]
is one of his most cited papers (∼1000 citations on Web of
Science) not only because of his profound insights into the
underlying physics of this phenomenon but also due to

prophetic charting the potential applications, “probing,
spectroscopy, detection, and modification on the nano-
scale in physics, chemistry, biology, electrical engineer-
ing”, most of which came true. As the first wave of
pioneering experiments demonstrating the nanofocusing
in different configurations has rolled over [1], the accom-
panying broadband effects of strong local field enhance-
ment and the slowdown in wave propagation have
generated the exploitation of strongly enhanced linear and
nonlinear optical phenomena, reaching out to a wide
spectrum of diverse applications, from electron generation
to water vaporization. Interestingly, the first three pre-
dictions (probing, spectroscopy, and detection) being
probably the most straightforward ones were combined
into nanoscopy (including near-field microscopy), where
the tapered metal structure efficiently transfers the optical
energy from the free propagating optical beam to a highly
localized spot [Figure 2(A)]. Here, the nanofocusing serves
not only for realizing the strong field enhancement and
high hot-spot localization but also provides broad opera-
tion bandwidth due to the nonresonant nature of nano-
focusing (as opposed to the utilization of nanoantennas).
Therefore, the nanofocusing enables focusing ultrashort-

Figure 2: (A) A gold cone with engraved grating is illuminated with
the femtosecond pulse to generate a localized hot-spot, used to
probe the nonlinear properties of graphene. (B) Nanofocusing of
electromagnetic radiation into the plasmonic slot waveguide allows
efficient on-chip four-wave mixing. (C) Spatially and temporally
resolved electron pulses are generated by nanofocusing of grating-
coupled ultrashort laser pulse along the gold taper. Figure repro-
duced with permission from (A) ref. [22], © 2019 Springer Nature;
(B), ref. [28], © 2017 AAAS; (C) ref. [30], © 2015 ACS.
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laser pulses [22], near-field spectroscopy [23, 24], and
generation of the highly localized white light sources [25].

High field enhancement and broadband functionality
are also key ingredients for nonlinear optics, where the idea
of nanofocusing was extensively employed for a high-
harmonic generation [26, 27] and four-wave mixing [28].
One can directly employ the nanofocusing taper to drive
nonlinear phenomena at the tip, where the field enhance-
ment is the highest, while the group velocity is slowed
down [9] to allow longer light–matter interaction [26, 27].
However, a more efficient approach is to deliver the pump
energy via the nanofocusing into a deep subwavelength
plasmonic nanoguide [Figure 2(B)], where the pump can
interact with material over a substantial length [28].
Notably, phase-matching is no longer required due to the
tremendous field enhancement and corresponding short
interaction length.

Another practical application of nanofocusing in
modern nanotechnology is the generation of ultrashort and
spatially localized electron pulses, where electrons are
liberated from solids due to giant optical fields. Here, the
nanofocusing provides an elegant solution by creating
high field enhancement at the tip of conductive taper
[29, 30]. Additionally, nonresonant feature of nano-
focusing allows transmission of ultrashort optical pulses
to the tip apex, resulting in the same ultrashort high-yield
electron photoemission [Figure 2(C)].

The idea of nanofocusing has led not only to applica-
tions within modern nanoscience and nanotechnology but
also within real-world problems, including the wide range
of sustainable development goals, namely solar energy
harvesting. Here, the inevitable losses in plasmonic wave-
guides can be turned into benefits to convert optical energy
into heat, for example, for steam generation from solar
energy. Interestingly, the concept of nanofocusing allows
not only broadband absorption [21] but also the localiza-
tion and, thus, enhanced generation of heat, harvested
from the light being focused along a plasmonic taper [31].
To meet the potential large-scale mass-production, the
nanostructureswere formed by self-aggregation ofmetallic
nanowire bundle arrays [Figure 3(A)].

Nanofocusing of optical energy has also a large po-
tential within heat-assisted magnetic recording – a novel
technology allowing to greatly increase the hard drive ca-
pacity [32, 33]. By properly designing a metal taper, the
laser power can be guided along it and continuously
squeezed, reaching a nanometer-size spot at the apex
[Figure 3(B)]. When the recording medium is brought into
proximity of the taper, the optical energy is absorbed
within a volume of similar size, locally heating up this
medium, which is required to flip the magnetic polarity of

the selected volume (‘writing a bit’). However, there are still
a few challenges to overcome before mass production:
large-scale and precise nanofabrication; heatmanagement
to avoid thermal damage to the metal taper; integration
with the magnetic recording head.

The above examples of recent applications of the nano-
focusing concept illustrate thebroad spectrumofphenomena
that could greatly benefit from field enhancement and wave
slowdown effects. In fact, practically any type of light–matter
interactions can potentially be configured in a manner
benefiting from nanofocusing, since light–matter in-
teractions become stronger and more efficient with intense
electromagnetic fields and slow waves. One example of in-
sofar poorly exploited interactions concerns the Purcell
enhancement of spontaneous emission rates of quantum
emitters coupled to waveguide modes, which is proportional
to the mode group index and inversely proportional to the
mode cross-sectional area [34]. Whereas extremely confined
plasmonic modes were used for the realization of large (∼50)
Purcell enhancements [35], their practical use is impeded by
the correspondingly large propagation losses (due to the
fundamental mode confinement-loss trade-off). Here, one
should bear in mind that the concept of nanofocusing can
also be used for nanofocusing out (in the reciprocal

Figure 3: (A) A broadband absorber, designed to trap solar energy,
utilizes nanofocusing to generate steam at the apex of self-
aggregated metal pillars. (B) Nanofocusing of optical energy along
the metal taper into a deep sub-diffraction spot enables high-
density heat-assisted magnetic recording. (A) ref [31], © 2015
Springer Nature; (B) ref [32], © 2018 OSA.
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configuration), i.e., for efficiently coupling light out of
quantum emitters into conventional optical waveguides or
fibers. In this respect, proper implementation of adiabatic
tapering in and out of the emitter-waveguide coupling region
[36], i.e., nanofocusing in and out, seems rather promising
from the viewpoint of both greatly enhancing the emission
rates and mitigating the insertion loss. To this end, we note
that a similar construction would be highly beneficial for the
realization of efficient single-photon nonlinear interactions
[37]. In both cases, one would like to maximize the field
enhancement achieved in the process of nanofocusing (with
both direct and reciprocal configurations). Here, it should be
borne inmind that theultimatefieldconfinement and thereby
enhancement by nanofocusing is fundamentally limited by
Landau damping (and associated with its surface collision
damping) resulting in progressively increasing absorption for
strongly confined SPPmodes [38]. Overall, although the hype
caused by Mark's paper [9] is in the past, the nanofocusing
phenomenon with its unique set of underlying physical
mechanisms continues and will certainly continue to attract
the attention of scientists, inspiring both fundamental and
applied research. In this context, nanofocusing as such is not
only reaching out to the wealth of applications but also
penetrating deep into fundamental physics.

Note added in proof. While our paper concentrating on
the latest applied aspects of the nanofocusing related
research was being prepared for submission, we became
aware of another paper from this special issue written by
Khurgin [39] that can serve as a very good example of work
revealing exciting fundamental physics involved in nano-
focusing. At the same time, we would like to comment
that, in our opinion, the paper by Khurgin [39] concerns a
physical phenomenon that being similar to the nano-
focusing is fundamentally different. Indeed, a chain of self-
similar nanoparticles, a.k.a. the “snowman” configuration,
introduced by Mark [40] and propitiously generalized by
Khurgin [39] functions best in the electrostatic regime,
i.e., no propagation and spatial phase variation in this
configuration is required. In contrast to that, starting from
the original nanofocusing paper [9], the nanofocusing was
generally understood as a transport phenomenon [1] with
both phase and group velocities drastically decreasing
toward the tapered end [Figure 1(B)], a phenomenon that is
inherently nonresonant and thereby broadband. Still,
since in the snowman configuration the resonant field
enhancement increases in space when proceeding to
progressively smaller nanoparticles, one can view this
(resonant) phenomenon as hybrid nanofocusing,
combining the properties of resonant nano-optical an-
tennas and nanofocusing [1].
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