PHYSICAL REVIEW B 81, 075317 (2010)

Three-dimensional metamaterial nanotips
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We investigate the optical properties of a three-dimensional metamaterial nanotip that has a pyramidal shape.
The nanotip itself is made of a large number of densely packed metallic nanospheres. In analogy to the
emergence of a continuous energy band in a crystal, the strong coupling among neighboring nanospheres forces
them to act collectively and allows the observation of a broad plasmonic band. The largely increased degrees
of freedom within the metamaterial nanotip allow to sustain a great variety of different localized eigenmodes.
In this contribution, we systematically reveal their peculiar polarization state and show that they allow for light

localization in various well-defined spatial domains.
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I. INTRODUCTION

During the past decades, the desire to localize light and to
steer its flow on length scales much less than the wavelength
fostered research in the field of plasmonics.1 There, the es-
sential ingredient is the coupling of the electromagnetic field
to the carrier density oscillation in a noble metal leading to
the formation of plasmon polaritons. They exhibit properties
of both individual excitations in a single eigenmode, where
both the beneficial and the detrimental characteristics are al-
lowed to be balanced at will. If the electromagnetic contri-
bution dominates the excitation, it is characterized by a low
dissipation, but large mode volumes. By contrast, highly lo-
calized fields, but exhibiting large losses, are observed the
larger the share of the plasmonic contribution. Plasmon po-
laritons may be observed as two different specimen. Local-
ized plasmon polaritons are sustained by small metallic
nanoparticles whereas propagating plasmon polaritons are
confined surface waves at the interface between a metal and
a dielectric. The resonantly enhanced interaction between
light and matter led to the proposal to use plasmonic ele-
ments in a large variety of applications. Examples are nano-
metric waveguides,”> biosensing applications,® optical data
storage,* or photon management in solar cells.’

After having understood the properties of these elemen-
tary excitations, it became obvious that there are many op-
tions to be studied to tailor these properties at will in more
complex nanostructures. Most notably, the coupling among
individual elements and its impact on the quantities of inter-
est were studied. Referential geometries are two coupled
nanospheres® or the coupling between a nanoparticle and a
flat metallic surface.” More complicated structures as
ring-disk® and dolmen geometries,” or even stacked split ring
resonators'®!! were at the focus of interest. In most cases the
impact of the coupling on the observable quantities may be
explained by a plasmon hybridization theory.!? In analogy to
the molecular orbital theory, it interprets the observable spec-
tra in terms of symmetric and antisymmetric eigenstates that
can be excited in coupled plasmonic systems; each leading to
specific properties.
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Whereas the coupling between a few isolated nanopar-
ticles allows to engineer the scattering properties of localized
plasmon polaritons, the dispersion characteristic of propagat-
ing eigenmodes can be controlled in either infinitely ex-
tended chains or three-dimensional periodic arrangements of
nanoparticles.'® The latter artificial material is usually coined
an optical metamaterial. Most notably, dispersion character-
istics became amenable which are inaccessible by natural
occurring materials.'*!> The topic attracted a great deal of
interest since suitably tailored metamaterials allow to imple-
ment applications that were unimaginable before where the
most prominent example might be the cloaking device.'®

However, most investigations focus on infinitely extended
structures leaving aside those of finite spatial extension with
a specific shape and formed by a large number of strongly
coupled plasmonic entities. Then, both geometric features,
the inner and the outer, strongly affect either the scattering
or the wave guiding properties of the complex structure. A
prominent example is a sphere made of densely packed small
metallic nanoparticles.!” The inner geometry causes a mate-
rial dispersion being reminiscent to an oscillator. The eigen-
frequency, the line width, and the oscillator strength of the
localized plasmon polariton resonance (leading to an effec-
tive permittivity with a Lorentzian shape) are dictated by the
properties of the strongly coupled metallic nanoparticles.
Forming a sphere out of such tiny spheres allows to observe
strong Mie resonances at wavelengths slightly larger than the
resonance wavelength. Such materials were recently
realized'® and first approaches to employ self-organization
schemes for their fabrication were put forward.'®?° Other
optical elements that can be implemented using densely
packed metallic nanospheres are, e.g., interfaces that sustain
the excitation of surface waves even for TE polarization.?!

As a further geometry, the idea of a metamaterial nanotip
was put forward recently.”” The inner geometry of the sug-
gested two-dimensional device was made of densely packed
metallic nanocylinders. The outer geometry was chosen to be
an equilateral triangle. Depending on various parameters, the
structure could be tailored to either strongly localize the light
at the surface or inside the nanotip, or to cause the light to
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focus behind the nanotip with a large focal depth at a pre-
defined wavelength. For an identical purpose a similar two-
dimensional structure was investigated made of closely
spaced metal-insulator-metal waveguides.??

In this contribution, we extend this idea toward a genuine
three-dimensional (3D) metamaterial nanotip with a pyrami-
dal shape. It is made of a large number of strongly coupled
metallic nanospheres. By illuminating the nanotip with a lin-
early polarized plane wave, we reveal the appearance of a
band of plasmonic resonances which increases with the spa-
tial extension of the nanotip. The peculiar polarization states
and the localization of the electromagnetic field in different
spatial domains, namely, in front of, inside, or behind the
nanotip, is revealed. We show that eigenmodes excited at
shorter wavelengths with respect to the resonance wave-
length of the isolated metallic nanosphere are dominated by
local field components that deviate from the incident polar-
ization. Eigenmodes at larger wavelengths preserve the po-
larization. The spatial domain of the largest field enhance-
ment is closer to the base of the nanotip the larger the
wavelength is. The behavior is explained in terms of a simple
dipole-dipole interaction model. In a complementary expla-
nation, we show furthermore that the spectral domain where
such eigenmodes can be excited coincides with that one
where the inner geometry has an effective permittivity with a
negative real part. Eventually the potential of such nanotips
for various applications is discussed.

II. MODEL

To provide a comprehensive understanding, we start our
analysis by shortly outlining the numerical methods used to
compute all quantities of interest. The computation relies on
a rigorous solution of Maxwell’s equations where we take
explicit advantage of the spherical shape of the inclusions the
structure is made of. For this purpose we rely on the frame-
work of Mie theory extended toward the interactions of a
large number of spheres with an illuminating field in a self-
consistent manner. Details on the algorithm may be found
elsewhere.?*?

We consider an arrangement of N nonintersecting spheres
with radii ¢/ made of a local, linear, homogenous, and iso-
tropic material with permittivity &/(w) and permeability
w/(w). The superscript j=1,...,N designates the jth sphere
of the arrangement. Furthermore we suppose that the sur-
rounding medium is nonabsorbing with material parameters
&(w) and u(w). From now on, all equations are formulated in
Fourier space with electric and magnetic fields E(r,w) and
H(r,w) oscillating at an angular frequency @ where for the
sake of brevity the arguments are omitted as well as the time
dependence exp(—iwt).

The ensemble of spheres is illuminated by an external
field E;,.. In the spherical coordinate system (r, 6, ¢) cen-
tered at the jth sphere, one can decompose the entire electric
field E into an incident E/,. and a scattered E/_, outside and
an internal E/,, field inside the jth sphere. Here, the incident
field E{ . consists of the external field E;,. and the scattered
fields of all other spheres. Following Mie’s theory for a
single sphere, these fields are expressed by linear combina-
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tions of vector spherical harmonics (VSH) N and M which
are the analytical eigenmodes of the system (analogous equa-
tions are available for the magnetic field)?*
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where E;,, are scaling factors to keep the formulation of mul-
tisphere scattering theory consistent with Mie’s theory for a
single sphere. They are given by

(I-m)!
(I+m)!’
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with |Eg| being the magnitude of the external incident field.
Applying the boundary conditions at the surfaces of the
spheres a correlation between the coefficients of the incident
fields pJ,,.q],, and the scattered fields aJ,,,b],,, as well as for
the internal fields ¢/, ., can be derived

bl = bl (5)
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The quantities a{ ,b{ ,c{ ,d{ are the Mie coefficients of the iso-
lated jth sphere (see Ref. 26 for explicit equations) which are
functions of two normalized terms; the size parameter »’ and
the relative refraction coefficient m’/, which are given by

N
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As mentioned before the field E{nc incident on the surface of
the jth sphere consists of two parts; the external incident
field E;,. and the scattered fields from all the other spheres
transformed into the coordinate system of the jth one

E{nc = Einc + 2 Esca(k’j) s (8)
k#j

where (k,j) denotes the transformation from the kth to the
Jjth coordinate system. The global incident field may be ex-
panded in terms of VSH with coefficients p/0,¢/0. An ex-
pression for the contribution of the scattered field from the
kth sphere to the incident field on the jth sphere is obtained
by a translation of the VSH from one spherical coordinate
system (r’,6,¢’) to another (r,6,¢). It is given by the
translational addition theorem as

0 4
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The definition of the translation coefficients AO;’,’;,,BO;’,”W
can be found in Refs. 27 and 28. They depend on the dis-
tance and orientation between the above introduced two co-
ordinate systems. Inserting Egs. (9) and (10) into Eq. (8) and
accounting for the boundary conditions (5) and (6), we ob-
tain a linear set of equations in terms of the scattering
coefficients®
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with a normalized form of the translation coefficients
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All scattering coefficients a/, ,b} can be determined by solv-

ing the linear system (11). The coefficients c¢J,,,d/, for the

internal fields result from Egs. (5) and (6). Thus, the entire

fields can be expressed as the sum of the field Egs. (1)—(3)

over all spheres that form the cluster.

Since quasianalytical expressions for the electric and
magnetic field in terms of the scattering amplitudes are at
hand, formulas for the extinction and scattering cross-
sections can be derived that only take into account the coef-

ficients of the scattered aj,,,b;,, and the external incident field
P.q)%. Explicit expressions can be found in Ref. 25. With
this rigorous framework, all quantities of interest can be
computed, namely, the local electromagnetic field and the

extinction and scattering cross sections.

III. OPTICAL PROPERTIES OF THE NANOTIP

We now turn out attention to the physical properties of the
structure under consideration. The nanotip considered is
made of identical silver nanospheres with radii /=2 nm il-
luminated by a plane wave (magnitude |[Eg|=1 V/m) propa-
gating from the base to the apex of the pyramid. It exhibits a
linear polarization parallel to one side of the quadratic base
(specifically we assume in the following z polarized light
propagating in the positive y direction). Material parameters
of silver were taken from literature.?® The surrounding ma-
terial is a dielectric with a nondispersive permittivity of
e(w)=2.25. Although implementing the structure seems to be
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FIG. 1. (Color online) Composition of the 3D nanotip made of
periodically arranged, identical nanospheres with diameter d=2a
and period A. The small rectangle depicts the interval where the
electric field is integrated later on.

challenging, there are promising approaches for their fabri-
cation as self-organization in, e.g., dendritic molecules.?’ In
Fig. 1, the structure of the 3D nanotip is shown; silver nano-
spheres are organized in layers with a distance of A to each
other; A is also the lattice constant of the square lattice
where the nanospheres are located in every layer. Succeeding
layers are arranged according a close-packing scheme of
spheres.

Concerning the convergence of our implemented algo-
rithm (that uses the formulation from Sec. II), we considered
an angular momentum expansion up to the fourth order; that
means the index / runs from one to four in all previous men-
tioned equations. This threshold is well documented in
literature® for a given radius of the spheres and a chosen
wavelength; also, a crosscheck shows no significant modifi-
cation using three or four orders. Such a full angular momen-
tum evaluation up to the fourth order causes in a huge com-
putation effort and therefore the calculation of a single point
in spectra takes about one day for a pyramid containing 10
layers.

To access the spectral position of plasmonic resonances
sustained by the system, we have computed the extinction
cross section of such a pyramid as a function of the wave-
length at first. Results are shown in Fig. 2. Local maxima
depict resonances of the system. Two classes of modes arise.
They are characterized by a resonance wavelength shifted to

—10 layers

—6 layers

1 |=5 layers

—4 layers

—3 layers
2 layers

— 1 sphere

300 350 400 450 500
A (nm)

FIG. 2. (Color online) Extinction cross section as a function of
the free-space wavelength for several numbers of nanotip layers
(d=4 nm, A=4.8 nm). Vertical bars indicate the wavelengths
where field distributions are investigated in detail; see Figs. 3-5 and
Fig. 7.
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FIG. 3. (Color online) Electric field amplitude in a nanotip (d=4 nm, A=4.8 nm) containing 10 layers at the resonance wavelengths
A=370 nm (left panel) and A\=380 nm (right panel). Colored arrows depict essential spatial domains where the mutual coupling of

nanospheres can be explained by looking at the field distribution.

either smaller or higher wavelengths compared to the reso-
nance of the single nanosphere (which is defined by an ex-
citation of a localized surface plasmon). This shift increases
with the number of nanotip layers. Consequently, a plas-
monic band arises as can be seen in Fig. 2. The spectral
width converges to a specific value (indicated by the dashed
lines in Fig. 2) which is in analogy to solid state physics.
There, a crystalline material is formed by assembling a larger
number of atoms or molecules, such that their isolated en-
ergy states form a band.

An explicit investigation of the field distributions for vari-
ous resonances will reveal a deeper insight into the optical
response of the nanotip and allow us to classify the eigen-
modes in well-known theoretical models for coupled nano-
spheres. In Fig. 3, the amplitude of the electric field (with
respect to the incident field) for the resonances excited at 370
and 380 nm for a nanotip containing 10 layers are shown (a
selection of special planes offers a quasi-three-dimensional
plot). The first resonance is dominated by a mutual coupling
of the silver nanospheres parallel to the magnetic field com-
ponent of the incident field whereas the latter seems to be
dominated by a coupling along the propagation direction of
the incident plane wave (see colored arrows at the figures).

E

H

k
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In both cases, the response is dominated by an electric field
component not contained in the incidence field. This can be
seen from the dipolar character of the field around each
nanosphere that is oriented perpendicular to the polarization
direction of the incident electric field. The occurrence of the
resonance at wavelengths smaller than the resonance wave-
length of the isolated nanosphere can be explained by a
simple dipole-dipole interaction model.® It was established to
predict spectral resonance positions for two closely spaced
nanospheres. If the interaction occurs parallel to the polar-
ization of the electric field, the resonance is shifted to lower
frequencies. The opposite holds for eigenmodes that are
dominated by a coupling perpendicular to the polarization.
This feature is explained by associating the electric dipoles
excited in each nanosphere with a spring characterized by a
spring constant that will lead to a resonance frequency. For
serially arranged springs, the reciprocal effective spring con-
stant is the sum of the reciprocal individual spring constants,
hence the resonance frequency decreases whereas for springs
connected in parallel the spring constants add and the reso-
nance frequency increases. This is exactly what we observe.

Therefore, the modes excited at longer wavelengths in
Fig. 2 are expected to exhibit a field concentration dominated

ot
k

I /
50 100 150

FIG. 4. (Color online) Electric field amplitude in a nanotip (d=4 nm, A=4.8 nm) containing 10 layers at the resonance wavelengths

N=445 nm (left panel) and A\=454 nm (right panel).
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FIG. 5. (Color online) Electric field amplitude in a nanotip
(d=4 nm, A=4.8 nm) containing 10 layers at the resonance wave-
length A=462 nm.

by the electric field component of the incident field. Exactly
this behavior can be observed in Fig. 4. There, the electric
field amplitude is shown for eigenmodes that arise at higher
wavelengths than the resonance wavelength of the isolated
nanosphere. The nanospheres interact along the polarization
direction of the illuminating electric field and a remarkable
field enhancement of =200 with respect to the incident field
appears. Also a wavelength-dependent shift in the field maxi-
mum can be observed where it is closer to the base for in-
creasing wavelengths; this is confirmed by the field distribu-
tion shown in Fig. 5 at A=462 nm. It can be seen that the
largest field enhancement occurs for this wavelength in the
forth layer, whereas it was before in the third and in the
second layer, respectively (by starting to count at the apex).
To elucidate this behavior in detail, it is useful to investigate
the magnitude of the scattering dipole coefficients associated
with the field component of the incident field across the nan-
otip. If the incident field is propagating along to the y axis
and is polarized along the z direction, the scattering coeffi-
cients afio describe a dipole along the electric field compo-
nent.

The average magnitude of the coefficients a-’io including
all nanospheres of a particular plane (1 indicates the apex
and “10” the base) as a function of the wavelength is shown
in Fig. 6. The behavior previously found has been excellently
confirmed, namely, increasing the wavelength leads to a
change in the localization of the maximum. It is shifted from
the apex to the base with an increasing wavelength. More-
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FIG. 6. (Color online) Magnitude of the dipole coefficient a; as
a function of the wavelength and the respective plane. The coeffi-
cients “’io of every single nanosphere are averaged over all nano-
spheres in a particular plane (1 indicates the apex and 10 the base of
the nanotip) and normalized to the respective coefficient of the in-
cident field. The left and the right panel apply to a pyramid analo-
gous to Fig. 1 (d=4 nm, A=4.8 nm) and a pyramid with identical
parameters where only the shell contains nanospheres, respectively.
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FIG. 7. (Color online) Electric field amplitude in a nanotip
(d=4 nm, A=4.8 nm) containing 10 layers at the resonance wave-
length A=395 nm.

over, the resonances become wider. In passing, we mention
that a similar behavior is observed for a nanotip consisting
only of the outer shell of nanospheres. The results displayed
in the right panel of Fig. 6 clearly indicates that the excited
eigenmodes are dominated by the coupling of adjacent nano-
spheres and not by the pyramidal geometry. Hence, alterna-
tive outer geometries should exhibit the same resonances and
only the inner geometry controls their very spectral position.

The ability to control the position of maximum field en-
hancement by adjusting the illumination wavelength, allows
to operate the nanotip in a regime where it occurs near the
apex. The respective wavelength is A=395 nm, as can be
seen in Fig. 6 (the resonance can be also traced in Fig. 2) and
the associated electric field amplitude is shown in Fig. 7.
However, due to geometrical peculiarities the field enhance-
ment directly at the apex is not as large as the field enhance-
ment inside the bulk of the nanotip. At the apex, no coupling
occurs along the polarization direction of the electric field
since only a single nanosphere forms the apex and only a
weak coupling to nanospheres in the second plane is encoun-
tered. In the dipole-dipole interaction model previously men-
tioned, the consequence is a small shift to shorter wave-
lengths with respect to the single nanosphere resonance.
Also, the field enhancement turned out much smaller than

100 2
50 _ _/\/\
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FIG. 8. (Color online) Effective permittivities (blue graph: real
part, green graph: imaginary part) as a function of the wavelength
for two different MMs (see text). (a), (b): closely packed spheres as
mentioned in Fig. 1; (c), (d): spheres on a square lattice.
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FIG. 9. (Color online) Effective permeabilities [(a): real part,
(b): imaginary part] as a function of the wavelength for two differ-
ent MMs (see text). The dashed graph depict a structure as men-
tioned in Fig. 1 and the solid graph is related to a square lattice.

that of the other modes, which are dominated by the dipole
coefficients a;(. As a consequence, a substantial field concen-
tration is only feasible if a mutual coupling of nanospheres
along the polarization direction of the incident electric field
exists. Truncating the apex of the nanotip might lift the prob-
lem, though it is not a favorable solution.

To finally identify the exact spectral domain where eigen-
modes can be excited, we have analyzed the effective prop-
erties of metamaterials (MM) made of the densely packed
nanospheres. We distinguish two geometries. The first MM
comprises nanospheres arranged on a square lattice at a sin-
gular plane. The second MM consists of unit cells made of
two layers of the same lattice but mutually shifted by half a
period in lateral direction to form the closely packed sphere
geometry as considered for the nanotip. Results for the ef-
fective permittivity of both geometries are shown in Fig. 8.
Effective properties were rigorously obtained from
transmission/reflection data of a MM slab.3® We ensured that
the effective properties converged for an increasing number
of functional layers forming the slab. To obtain the transmis-
sion and reflection coefficients of periodically arranged
nanospheres, an appropriate algorithm was used to compute
these quantities.3’ Both MM dispersion curves associated
with the permittivity exhibit a Lorentzian resonance located
at =470 nm. This wavelength corresponds to the largest
wavelength where the inner geometry effectively acts like a
metal. For even larger wavelengths, the effective permittivity
is positive and the inner geometry rather acts as a dielectric.
This wavelength is in excellent agreement with the upper
bound of eigenmodes that can be excited in the nanotip; as
seen in Fig. 6. The wavelength of the Lorentzian resonance
of the effective permittivity e.4(w) coincides with the wave-
length of the eigenmode, which exhibits a field concentration
at the base of the pyramid. Therefore, the shift in the field
maximum toward the base with increasing illumination
wavelength is nicely explained by the underlying material
dispersion. Since slightly below resonance the real part of
the permittivity attains large negative values and the imagi-
nary part becomes large, the inner geometry acts like a per-
fect metal in this spectral domain. Thus, light is rejected
from the nanotip and the effective skin depth is very small.
Therefore, we observe a shift in the field maximum toward
the base for wavelengths approaching the resonance of
e.(w). At smaller wavelengths, the penetration depth is
larger and the spatial position of the largest field concentra-
tion occurs in the bulk of the nanotip.

The MM with closely packed nanospheres exhibits two
additional resonances, related to eigenmodes, at 370 and 380
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nm [see Fig. 8(b)] clearly to be recognized by the local
maxima of the imaginary part of e.{w). For the square lat-
tice geometry, the resonance at 380 nm disappears. There-
fore, we conclude that the resonance at 370 nm is induced
due to a strong intraplane coupling among neighboring nano-
spheres. This resonance is associated with the field distribu-
tion shown in Fig. 3 (left panel). By contrast, the other mode
at 380 nm occurs due to a strong inter-plane coupling among
neighboring nanospheres in adjacent planes. This is in per-
fect agreement with the field distribution as shown in Fig. 3
(right panel), where it was noticed that a longitudinally po-
larized field dominates the internal field of the nanotip. Con-
trary to observations for two-dimensional nanotips,”?> no
modes were observed associated with a dielectric behavior in
the effective material at wavelengths larger than 470 nm.
This is most likely a consequence of the small spatial perim-
eter of the nanotip with respect to the wavelength. An in-
crease in the spatial extension of the nanotip is presently not
possible due to the restricted computational resources. For
completeness, we also show in Figs. 9(a) and 9(b) the effec-
tive permeability as retrieved for the present structure. Al-
though a minor dispersion can be observed, we are confident
that it is too weak to allow for possible further applications
in the context of the nanotip as discussed in literature.?

As a first summary, the major resonance of the effective
permittivity at 470 nm arises due to the mutual coupling of
adjacent nanospheres along the polarization direction of the
electric field. The huge negative real part of e w) at
slightly shorter wavelengths leads to a remarkable field con-
centration into particular planes of the nanotip. A smaller real
part of the effective permittivity permits for a larger penetra-
tion of the electromagnetic field at a minor damping. The
mode at 395 nm (where the maximum field enhancement is
generated at the apex) can be understood as result of a opti-
mal ratio between wavelength and extension of the pyramid.
Thus, at that wavelength, one may take advantage of the
properties of this mode and the nanotip may be used for
applications that require a strong field enhancement in nar-
row spatial domains. To quantitatively estimate this enhance-
ment, an integration of the electromagnetic field in a 3D
interval (as sketched in Fig. 1) was performed. It turned out
that the field enhancement at the apex of a nanotip exceeded
that of a single nanosphere by 10%. Furthermore, there is a
remarkable field enhancements (=200 times larger than the
incident field) inside the nanotip. This may provide a route to
use such structures too as porous materials in, e.g., surface-
enhanced Raman scattering (SERS) applications. Because of
the nonlinear response of the SERS signal, the field enhance-
ment at the apex might be useful, although when compared
to a single nanosphere the results are not very impressive.
The shell pyramid does not exhibit an appreciable field con-
centration at the apex but the localization in the other planes
compares to that in the previous example. This is obvious by
comparing the dipole coefficients in Fig. 6.

IV. DISCUSSION AND CONCLUSIONS

We examined a three-dimensional nanotip made of small
silver nanospheres embedded in a dielectric host medium. An
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FIG. 10. (Color online) Integrated electric field as a function of
the wavelength in a three-dimensional interval at the apex of the
nanotip (see Fig. 1). All graphs are normalized to the incident field
in the interval.

illumination with a plane wave excited various eigenmodes
that allowed to concentrate the electric field into particular
spatial domains. The entire behavior of the nanotip was
qualitatively described by well-known theoretical models as
the dipole-dipole interaction® and the effective medium
model. We showed that the Lorentzian dispersion of the ef-
fective permittivity arose from the mutual coupling of adja-
cent nanospheres in the same layer and only one mode is
affected by the complete geometry of the pyramid.

From Fig. 10, one could conclude that nanotips of plas-
monic nanospheres are not prospective for sensing and mi-
croscopic applications. Indeed, the maximum possible local
field enhancement at the apex compares to that of an isolated
nanosphere illuminated with a plane wave. However, this
result should be considered as preliminary and further de-
tailed considerations revealed encouraging aspects.

A prospective application of such a nanotip could be its
use as a probe in a scanning near-field optical microscope
(SNOM) enabling a resolution down to 10 nm and compare
the present structure against competing tips. A dielectric nan-
otip for an aperture-type is not suitable for this purpose. It
would create a smaller field enhancement at a worse reso-
lution. A nanotip consisting of bulk metal and used in atomic
force microscope and apertureless SNOM will create the
same field enhancement near the apex. However, the major
part of the field energy will be scattered by the metal tip and
not by a nano-object to be probed. In this approach, it is a
serious issue to discriminate the response of the tip from that
of the object to be probed. This problem is solvable in our
approach, in principle, by introducing an adiabatic change in
the permittivity profile by inducing a gradient in the spatial
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separation among neighboring spheres from the base to the
apex. This would permit to adiabatically squeeze the light
into the region of interest.

A dielectric nanotip covered with metal and comprising
an aperture of diameter less than 10 nm is an evident com-
petitor for the structure under study in terms of achievable
spatial resolution. However; its intrinsic disadvantage is its
low power throughput. In terms of efficiency, it can compete
with the metamaterial nanotip only if the effect of extraordi-
nary transmission would be exploited. To observe such ex-
traordinary transmission requires the use of a nanocorrugated
metal film covering the tip.>* Such assisting structures are
not easy to manufacture, and the structure under consider-
ations stays competitive and the promise of a higher through-
put should be sufficient motivation for an extra effort.

With the perspective application of a SNOM tip in mind,
one may hypothesize to use a dielectric tip equipped with a
plasmonic nanoparticle at the apex. In accordance with Fig.
10 at first glance such structure creates the same local field as
our metamaterial nanotip. However, a closer look reveals
that this is not true. The hot spot created by the dielectric tip
itself will partially mask the spot created by the nanoparticle,
hence, drastically decreasing the possible spatial resolution.
Also, the scattering will be probably higher in this case. The
potential of the metamaterial nanotip is higher than the po-
tential of the dielectric nanotip with a metal particle at the
termination. As it was explained in Ref. 22, the metamaterial
nanotip connected to a core of a dielectric waveguide poten-
tially allows to suppress both scattering and reflection of the
incident beam. The reflection can be suppressed by matching
the effective permittivity of the metamaterial to that of the
dielectric waveguide. The present numerical study (Figs.
3-7) shows that scattering through the lateral walls of the
nanotip practically disappears as it was predicted for 3D
metamaterial nanotips in Ref. 22. As a result, the entire en-
ergy of the incident light beam can be transmitted into the
nanotip and concentrated in its bulk as well as at the hot spot
near the apex. The scattered light outside the nanotip will be
fully determined by the nano-object (if there is one inside the
hot spot). Having these speculations in mind, we consider
metamaterial nanotips as a prospective tool for sensing and
probing applications.
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