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ABSTRACT

The study of optical nanoantennas is a rapidly developing area of optics and nanophotonics. Nowdays, the most
popular type of nanoantennas is a plasmonic one made of metallic elements. However, plasmonic nanoantennas
have large dissipative losses. Here we present an overview of the recent results of a newly emerged field of
all-dielectric optical nanoantennas. These optical nanoantennas are made of high-permittivity low-loss dielectric
particles. Moreover, in addition to the electric resonances such nanoscale particles exhibit very strong magnetic
response in the visible range. We introduce and study a highly efficient Huygens element and Yagi-Uda type
nanoantennas based on dielectric nanoparticles. We also introduce a novel concept of all-dielectric superdirective
nanoantennas based on the generation of higher-order optically-induced magnetic multipole modes. For such
superdirective dielectric nanoantennas, we predict the effect of beam steering at the nanoscale characterized
by a subwavelength sensitivity of the beam radiation direction to the source position. Based on all these new
properties, optical nanoantennas offer unique opportunities for applications such as optical communications,
photovoltaics, non-classical light emission, and sensing.
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1. INTRODUCTION

The recently emerged field of optical nanoantennas is promising for its potential applications in various areas of
nanotechnology. The ability to redirect propagating radiation and transfer it into localized subwavelength modes
at the nanoscale! ® makes the optical nanoantennas highly desirable for many applications. Originally, antennas
were suggested as sources of electromagnetic radiation at radio frequencies and microwaves, emitting radiation via
oscillating currents. Different types of antennas were suggested and demonstrated for the effective manipulation
of the electromagnetic radiation.® Conventional antennas provide a source of electromagnetic radiation, rwith
their sizes being comparable with the operational wavelength. Recent success in the fabrication of nanoscale
elements allows to bring the concept of the radio-frequency antennas to optics, leading to the development of
optical nanoantennas consisting of subwavelength elements.%

Nowdays, the most famous nanoantennas are a plasmonic nanoantennas which consist of an array of metallic,
(usually silver or gold), nanoparticles and utilise the optical properties of plasmon resonances. Despite of a
series of advantages of plasmonic nanoantennas associated with their small size and strong localization of the
electric field, such nanoantennas have large dissipative losses resulting in low radiation efficiency. In addition,
the transmission type of plasmonic nanoantenna located on a substrate direct light mostly into the substrate,
reducing their useful functionalities. In particular, these disadvantages hinder the development of optical wireless
communication'®'2 on a chip.

To overcome these limitations, we propose a new type of nanoantenna based on dielectric nanoparticles with
a high index dielectric constant. This type of nanoantennas has several unique features such as low optical losses
at the nanoscale and superdirectivity. The concept of all-dielectric nanoantennas has been developed in our
original papers'®>16 and also summarized below.
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Figure 1. (A) Huygens element consisting of a single silicon nanoparticle and point-like dipole source separated by a
distance Ggs = 90 nm (between dipole and sphere surface). The radius of the silicon nanoparticle is Rs = 70 nm. (B)
Dielectric optical Yagi-Uda nanoantenna, consisting of the reflector of the radius R, = 75 nm, and smaller director of the
radii Rg4 = 70 nm. The dipole source is placed equally from the reflector and the first director surfaces at the distance G.
The separation between surfaces of the neighbouring directors is also equal to G.

2. HUYGENS SOURCE AND DIELECTRIC YAGI-UDA NANOANTENNA

Recently, it was suggested'® 15 a novel type of optical nanoantennas made of all-dielectric elements. Moreover,
we argue that, since the source of electromagnetic radiation is applied externally, dielectric nanoantennas can be
considered as the best alternative to their metallic counterparts. First, dielectric materials exhibit low loss at the
optical frequencies. Second, as was suggested earlier,!” nanoparticles made of high-permittivity dielectrics may
support both electric and magnetic resonant modes. This feature may greatly expand the applicability of optical
nanoantennas for, e.g. detection of magnetic dipole transitions of molecules. In our study we concentrate on
nanoparticles made of silicon. The real part of the permittivity of the silicon is about 16,'® while the imaginary
part is up to two orders of magnitude smaller than that of nobel metals (silver and gold).

2.1 General concept

The above mentioned properties of all-dielectric nanoparticles allow us to realize an optical Huygens source’

consisting of a point-like electric dipole operating at the magnetic resonance of a dielectric nanosphere (Fig.1A).
Such a structure exhibits high directivity with vanishing backward scattering and polarization independence,
being attractive for efficient and compact designs of optical nanoantennas.
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Figure 2. (A) Dependence of the directivity D on the wavelength. (B) Directivity of the dielectric Yagi-Uda nanoantenna
vs wavelength for the separation distance G = 70 nm. Insert demonstrates 3D radiation pattern diagrams at particular
wavelengths.

In Fig. 2A we show the dependence of the Directivity on wavelength for a single dielectric nanoparticle
excited by a electric dipole source. Two inserts demonstrate 3D angular distribution of the radiated pattern
p(0, ) corresponding to the local maxima. In this case, the system radiates predominantly to the forward
direction at A = 590 nm, while at A = 480 nm, the radiation is predominantly in the backward direction. In this
case, the total electric dipole moment of the sphere and point-like source and the magnetic dipole moment of the
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Figure 3. Photographs of the all-dielectric Yagi-Uda microwave antenna. (A) Detailed view of the antenna placed in a
holder. (B) Antenna placed in an anechoic chamber; the coordinate z is directed along the vibrator axis; the coordinate
y is directed along the antenna axis.

sphere oscillate with the phase difference arg(a™) —arg(a®) = 1.3 rad, resulting in the destructive interference in
the forward direction. At the wavelength A = 590 nm the total electric and magnetic dipole moments oscillate in
phase and produce Huygens-source-like radiation pattern with the main lobe directed in the forward direction.

By adding more elements to the silicon nanoparticle, we can enhance the performance of all-dielectric nanoan-
tennas. In particular, we consider a dielectric analogue of the Yagi-Uda design (see Fig.1) consisting of four
directors and one reflector. The radii of the directors and the reflector are chosen to achieve the maximal
constructive interference in the forward direction along the array. The optimal performance of the Yagi-Uda
nanoantenna should be expected when the radii of the directors correspond to the magnetic resonance, and the
radius of the reflector correspond to the electric resonance at a given frequency, with the coupling between the
elements is taken into account. Our particular design consists of the directors with radii Ry = 70 nm and the
reflector with the radius R, = 75 nm. In Fig. 2B we plot the directivity of all-dielectric Yagi-Uda nanoantenna
vs. wavelength with the separation distance D = 70 nm. Inserts demonstrate the 3D radiation patterns at
particular wavelengths. We achieve a strong maximum at A = 500 nm. The main lobe is extremely narrow with
the beam-width about 40° and negligible backscattering. The maximum does not correspond exactly to either
magnetic or electric resonances of a single dielectric sphere, which implies the importance of the interaction
between constitutive nanoparticles.

2.2 Experimental verification of dielectric Yagi-Uda nanoantenna

To experimentally verify the concept of all-dielectric nanoantennas we use the scalability of the Maxwell’s equa-
tions up to microwaves. Figures 3A,B show the photographs of the fabricated all-dielectric Yagi-Uda antenna.
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Figure 4. Radiation pattern of the antenna in (A) E-plane and (B) H-plane at the frequency 10.7 GHz. Solid lines show
the results of numerical simulations in CST; the crosses correspond to the experimental data.
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To mimic the silicon spheres at the microwave frequency range, we employ MgO-TiO5 ceramic which is charac-
terized by dielectric constant of 16 and dielectric loss factor of (1.12-1.17)10~* measured at 9-12 GHz frequency
range. As a source, we use a half-wavelength vibrator. We study experimentally both the radiation pattern and
directivity of the antenna.

The antenna radiation patterns in the far field (at the distance ~ 3 m, ~100)\) are measured in an anechoic
chamber by a horn antenna and rotating table. The measured radiation patterns of the antenna in E- and
H-planes at the frequency 10.7 GHz are shown in Fig. 4. The measured characteristics agree very well with the
numerical results.

3. SUPERDIRECTIVE DIELECTRIC OPTICAL NANOANTENNAS
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Figure 5. (A) Geometry of an all-dielectric superdirective nanoantenna excited by a point-like dipole. (B) Concept of the
beam steering effect at the nanoscale.

For optical wireless circuits on a chip, nanoantennas are required to be both highly directive and com-
pact.'%12 In nanophotonics, directivity has been achieved for arrayed plasmonic antennas utilizing the Yagi-Uda
design, 6 11:15:19.20 Jarge dielectric spheres,?! and metascreen antennas.??> Though individual elements of these
arrays are optically small, the overall size of the radiating systems is larger than the radiation wavelength A. In
addition, small plasmonic nanoantennas possess weak directivity close to the directivity of a point dipole.?3-2°

Recently, it was suggested theoretically and experimentally to employ magnetic resonances of high-index
dielectric nanoparticles for enhancing the nanoantenna directivity.!4:1%2¢ High-permittivity nanoparticles can
have nearly resonant balanced electric and magnetic dipole responses.' 1526729 This balance of the electric
and magnetic dipoles oscillating with the same phase allows the practical realization of the Huygens source, an
elementary emitting system with a cardioid pattern® 13715 and with the directivity larger than 3.5. Importantly,
a possibility to excite magnetic resonances leads to the improved nanoantenna directional properties without a
significant increase of its size.

Superdirectivity has been already discussed for radio-frequency antennas, and it is defined as directivity of
an electrically small radiating system that significantly exceeds (at least in 3 times) directivity of an electric
dipole.?3%:31 Tn that sense, the Huygens source is not superdirective. In the antenna literature, superdirectivity
is claimed to be achievable only in antenna arrays by the price of ultimately narrow frequency range and by
employing very precise phase shifters (see, e.g., Ref.%30:31). Therefore, superdirective antennas, though very
desirable for many applications such as space communications and radioastronomy, were never demonstrated
and implemented for practical applications.

Superdirectivity was predicted theoretically for an antenna system?? where some phase shifts were required
between radiating elements to achieve complex shapes of the elements of a radiating system which operates as an
antenna array. In this paper, we employ the properties of subwavelength particles excited by an inhomogeneous
field with higher-order magnetic multipoles. We consider a subwavelength dielectric nanoantenna (with the size
of 0.4 A\) with a notch resonator excited by a point-like emitter located in the notch. The notch transforms
the energy of the generated magnetic dipole Mie-type resonance into high-order multipole moments, where the
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magnetic multipoles dominate. This system scatters light resonantly, i.e. it is very different from dielectric
lenses and usual dielectric cavities which are large compared to the wavelength. Another important feature of
the notched resonator is huge sensitivity of the radiation direction to a spatial position of the emitter. This
property leads to a strong beam steering effect and subwavelength sensitivity of the radiation direction to the
source location. The proposed design of superdirective nanoantennas may also be useful for collecting single-
source radiation, monitoring quantum objects states, and nanoscale microscopy.

In order to achieve superdirectivity, we should generate subwavelength spatial oscillations of the radiating
currents.?> 3031 Then, near fields of the antenna become strongly inhomogeneous, and the near-field zone expands
farther than that of a point dipole. This results in a growth of the effective antenna aperture which is associated
with the maximum of directivity Dmax = 47Pmax/Ptot, being defined as S = DmaxA?/(47), where X is the
wavelength of radiation in free space, Pmax and Pyt are the maximum power in the direction of the radiation
pattern and the total radiation power, respectively. Normalizing the effective aperture S by the geometric
aperture for a spherical antenna Sy = ﬂRg, we obtain the definition of superdirectivity in the following form:% 3%

_ Dmax\?

n = > 1
47r2R§

Practically, the value S,, = 4...5 is sufficient for superdirectivity of a sphere. In this work, maximum of 6.5 for
S, is predicted theoretically for the optical frequency range, and the value of 5.9 is demonstrated experimentally
for the microwave frequency range.

3.1 Concept of superdirective dielectric nanoantennas

Here we demonstrate a possibility to create a superdirective nanoantenna without hypothetic metamaterials
and plasmonic arrays. We consider a silicon nanoparticle, taking into account the frequency dispersion of the
dielectric permittivity.'® The radius of the silicon sphere is equal in our example to Rg = 90 nm. For a
simple sphere under rather homogeneous (e.g. plane-wave) excitation, only electric and magnetic dipoles can be
resonantly excited while the contribution of higher-order multipoles is negligible.!® Making a notch in the sphere
breaks the symmetry and increases the contribution of higher-order multipoles into scattering even if the sphere
is still excited homogeneously. Further, placing a nanoemitter (e.g. a quantum dot) inside the notch, as shown
in Fig. 5 we create the conditions for the resonant excitation of multipoles: the field exciting the resonator is
now spatially highly non-uniform as well as the field of a set of multipoles. In principle, the notched particle
operating as a nanoantenna can be performed of different semiconductor materials and have various shapes —
spherical, ellipsoidal, cubic, conical, as well as the notch. However, in this work, the particle is a silicon sphere
and the notch has the shape of a hemisphere with a radius Rp < Rg. The emitter is modeled as a point-like
dipole and it is shown in Fig. 5 by a red arrow.

It is important to mention that our approach is seemingly close to the idea of Refs.3?33 where a small notch

on a surface of a semiconductor microlaser was used to achieve higher emission directivity by modifying the field
distribution inside the resonator.3* An important difference between those earlier studies and our work is that
the design discussed earlier is not optically small and the directive emission is not related to superdirectivity. In
our case, the nanoparticle is much smaller than the wavelength, and our design allows superdirectivity. For the
same reason our nanoantenna is not dielectric 336 or Luneburg®”:3® lenses. For example, immersion lenses3%42
are the smallest from known dielectric lenses, characterized by the large size 1-2 pm in optical frequency range.
The functioning of such lenses is to collecting a radiation by large geometric aperture S, while S,, ~ 1. Our
approach demonstrates that the subwavelength system, with small geometric aperture, can have high directing
power because of an increase of the effective aperture. Moreover, there are articles (see. Refs.*®44) where the
transition rates of atoms inside and outside big dielectric spheres with low dielectric constant (approximately 2),
were studied.

First, we consider a particle without a notch but excited inhomogeneously by a point emitter. To study the
problem numerically, we employed the simulation software CST Microwave Studio. Image Fig. 6A shows the
dependence of the maximum directivity Dmax on the position of the source in the case of a sphere Rg = 90 nm
without a notch, at the wavelength A = 455 nm (blue curve with crosses). This dependence has the maximum
(Dmax = 7.1) when the emitter is placed inside the particle at the distance 20 nm from its surface. The analysis
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Figure 6. (A) Maximum of directivity depending on the position of the emitter (A = 455 nm) in the case of a sphere with
and without notch. Vertical dashed line marks the particle radius centered at the coordinate system. (B) Directivity
dependence on the radiation wavelength. The inset shows three-dimensional radiation pattern of the structure (Rs = 90 nm
and Rp = 40 nm).

shows that in this case the electric field distribution inside a particle corresponds to the noticeable excitation of
higher-order multipole modes not achievable with the homogeneous excitation.

Furthermore, the amplitudes of high-order multipoles are significantly enhanced via making a small notch
around the emitter. As it is shown in Fig. 5, this geometry transforms it into a resonator for high-order multipole
moments. In this example the center of the notch is on the nanosphere’s surface. The optimal radius of the notch
(for maximal directivity) is equal Ry = 40 nm. In Fig. 6A the extrapolation red curve with circles, corresponding
to simulation results, shows the maximal directivity versus the location of the emitter at the wavelength 455 nm.
The maximal directivity Dmax = 10 is achieved at this wavelength as one can see from Fig. 6B that shows the
directivity versus A with and without a notch. The inset shows the three-dimensional radiation pattern of the
structure at A =455 nm. This pattern has an angular width (at the level of 3 dB) of the main lobe equal to 40°.
This value of directivity corresponds to the normalized effective aperture S,, = 6.5.

Figs. 7A,B show the distribution of the absolute values and phases of the internal electric field and this field
in the vicinity of the nanoantenna. Electric field inside the particle is strongly inhomogeneous at A =455 nm i.e.
in the regime of the maximal directivity (the same holds for the magnetic field, as shown in Fig. 7C,D). In this
regime, the internal area where the electric field oscillates with approximately the same phase turns out to be
maximal. This area is located near the back side of the spherical particle, as can be seen in Fig. 7B,D. In other
words, the effective near zone of the nanoantenna in the superdirective regime of is maximal.

Usually, high directivity of plasmonic nanoantennas is achieved by excitation of higher electrical multipole
moments in nanoparticles*® 47 or for core-shell resonators consisting of a plasmonic material and a hypothetic
metamaterial which would demonstrate the extreme material properties in the nanoscale.*® Although, the values
of directivity achieved for such nanoantennas do not allow superdirectivity, these studies stress the importance
of higher multipoles for the antenna directivity.

We have performed the transformation of multipole coefficients into an angular distribution of radiation by
using distribution of the electric and magnetic fields Fig.7A-D and determined the relative contribution of each
order [. Fig. 7TE shows how the directivity grows versus the spectrum of multipoles with equivalent amplitudes.
The right panel of Fig. 7E nearly corresponds to the inset in Fig. 6 that fits to the results shown in Fig. 7E.

Generally, the superdirectivity effect has been accompanied by a significant increase of the effective near field
zone of the antenna compared to that of a point dipole for which the near zone radius is equal A/2w. In the
optical frequency range this effect is especially important, considering the crucial role of the near fields at the
nanoscale.

Usually, the superdirectivity regime corresponds to a strong increase of dissipative losses.? Radiation efficiency
of the nanoantenna is determined by 7.,q = Pyaq/(Praq + Plogs): Where P is the power of losses in an
nanoantenna. However, the multipole moments excited in our nanoantenna are mainly of magnetic type that
leads to a strong increase of the near magnetic field that dominates over the electric one. Since the dielectric
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Figure 7. Distribution of (A) absolute values and (B) phases of the electric field (C and D for magnetic field, respectively)
of the all-dielectric superdirective nanoantenna with source in the center of notch, at the wavelength A = 455 nm. (E)
Dependence of the radiation pattern of all-dielectric superdirective nanoantenna on the number of taken into account
multipoles. Dipole like source located along the z axis.
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Figure 8. Dependence of directivity (A) and radiation efficiency (B) on the size of nanoantenna. Here, the blue solid lines
corresponds to the geometry — Rg = 90 nm, Rn = 40 nm, the green dashed curves — Rg = 120 nm, Rn = 55 nm and red
point curves — Rg = 150 nm, Rn = 65 nm. Growth of the nanoantenna efficiency due to the reduction of dissipative losses
in silicon with increasing of wavelength.

material does not dissipate the magnetic energy, the effect of superdirectivity does not lead to a so large increase of
losses in our nanoantenna as it would be in the case of dominating electric multipoles. However, since the electric
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near field is nonzero the losses are not negligible. At wavelengths 440-460 nm (blue light) the directivity achieves
10 but the radiation efficiency is less than 0.1 (see Fig. 8). This is because silicon has very high losses in this
range.'® Peak of directivity is shifted to longer wavelengths with increasing the size of the nanoantenna. For the
design parameters corresponding to the operation wavelength 630 nm (red light) the calculated value of radiation
efficiency is as high as 0.5, with nearly same directivity close to 10. In the infrared range, there are high dielectric
permittivity materials with even lower losses. In principle, the proposed superdirectivity effect is not achieved by
price of increased losses, and this is an important advantage compared to known superdirective radio-frequency
antenna arrays® and compared to their possible optical analogues — arrays of plasmonic nanoantennas.

Additional studies have shown that the presence of the SiO5 substrate does not lead to a significant reduction
of the directivity compared to the above results where the nanoantenna is located in free space. The absence of
the impact of a dielectric substrate is explained by the magnetic nature of the nanoantenna operation.

3.2 Steering of light at the nanoscale
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Figure 9. The rotation effect of the main beam radiation pattern, with subwavelength displacement of emitter inside the

notch. (A) The radiation patterns of the antenna with the source in center (solid line) and the rotation of the beam

radiation pattern for the 20 nm left/right offset (dashed lines). (B) Dependence of the the rotation angle on the source

offset.

Here we examine the response of the nanoantenna to subwavelength displacements of the emitter. Displace-
ment in the plane perpendicular to the axial symmetry of antenna (i.e. along the y axis) leads to rotation of
the beam without damaging the superdirectivity. Image Fig.9A shows the radiation patterns of the antenna
with the source at the center (solid line) and the rotation of the beam for the 20 nm left/right offset (dashed
lines). Shifting of the source right side leads to rotation of pattern to the left, and vice versa. The angle of the
beam rotation is equal to 20 degrees, that is essential and available to experimental observations. The result
depends on the geometry of the notch. For a hemispherical notch, the dependence of the rotation angle on the
displacement is presented in Fig.9B.

Instead of the movement of a single quantum dot one can use the emission of multiple quantum dots located
near the edges of the notch. In this case, the dynamics of their spontaneous decay will be well displayed in the
angular distribution of the radiation. This can be useful for quantum information processing and for biomedical
applications.

Beam steering effect described above is similar to the effect of beam rotation in hyperlens,*®>! where the

displacement of a point-like source leads to a change of the angular distribution of the radiation power. However,
in our case, the nanoantenna has subwavelength dimensions and therefore it can be neither classified as a
hyperlens nor as a micro-spherical dielectric nanoscope,3® 3¢ moreover it is not an analogue of solid immersion
micro-lenses,?* 42 which are characterized by the size 1-5 um in the same frequency range. These lens has a
subwavelength resolving power due to the large geometric aperture but the value of normalized effective aperture
is S,, ~ 1. Our study demonstrates that the sub-wavelength system, with small compared to the wavelength
geometric aperture can have both high directing and resolving power because of a strong increase of the effective
aperture compared to the geometrical one.
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Figure 10. Experimental (A) and numerical (B) radiation patterns of the antenna in both E- and H-planes at the
frequency 16.8 GHz. The crosses and circles correspond to the experimental data. Experimental (C) and numerical (D)
demonstration of beam steering effect, displacement of dipole is equal 0.5 mm.

3.3 Experimental verification of superdirective dielectric nanoantennas

We have confirmed both predicted effects studying the similar problem for the microwave range. To do this,
we have scaled up the nanoantenna as above to low frequencies. Instead of Si we employ MgO-TiOs ceramic
14 characterized at microwaves by a dispersion-less dielectric constant 16 and dielectric loss factor of 1.12-107%.
The results of the experimental investigations and numerical simulations of the pattern in both E- and H-planes
are summarized in Figs. 10A,B. Radiation patterns in both planes are narrow beams with a lobe angle about
35°. Experimentally obtained coefficients of the directivity in both E- and H-planes are equal to 5.9 and 8.4,
respectively (theoretical predictions for them were equal, respectively, 6.8 and 8.1). Our experimental data are
in a good agreement with the numerical results except a small difference for the E plane, that can be explained
by the imperfect symmetry of the emitter. Note, that the observed directivity is close to that of an all-dielectric
Yagi-Uda antenna with overall size 2X.14 The total size of our experimental antenna is closed to A/2.5. Thus,
our experiment clearly demonstrates the superdirective effect.

Experimental and numerical demonstration of the beam steering effect are presented in Figs. 10C,D. For the
chosen geometry of antenna, displacement of source by 0.5 mm leads to a rotation of the beam about 10°. Note
that the ratio of A = 18.7 mm to value of the source displacement 0.5 mm is equal to 37. This proves that the
beam steering effect observed at subwavelength displacement of source.
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4. CONCLUSIONS

Here we have suggested and verified experimentally a new type of optical nanoantennas made of dielectric
nanoparticles. Such all-dielectric nanoantennas demonstrate a number of key advantages over their metallic
counterparts, including much lower dissipation losses and strong optically-induced magnetization. We have
analyzed an all-dielectric analogue of the plasmonic Yagi-Uda nanoantenna consisting of an array of nanoelements,
and have demonstrated very high directivity with a smaller number of directors. Moreover, lower dissipation losses
and localization of the electromagnetic field inside the nanoparticles allows to reduce the distance between the
adjacent elements even further, without compromising the performance. We have demonstrated experimentally
that the microwave antennas composed of high-permittivity spheres provide the narrow radiation pattern of about
40°, as predicted by numerical calculations. This may allow to create a new generation of optical nanoantennas.

In addition, we have suggested a novel approach to achieve superdirectivity of antennas through the excita-
tion of higher-order magnetic multipoles in an optically small dielectric nanoparticle with a notch and a point
emitter located inside the notch. For the visible frequency range, we have studied this effect theoretically and
demonstrated that a nanoemitter placed in the notch generates efficiently higher-order magnetic multipole modes
responsible for a very high directivity of the nanoantenna not achievable by any other method. We have also sug-
gested an efficient steering effect for an offset of the subwavelength source. We have demonstrated experimentally
both superdirectivity and giant beam steering for the microwave frequency range. Combination of superdirectiv-
ity with the beam steering and the fact that both the effects can be observed for optical and microwave ranges
makes our results very promising for numerous applications in radio physics and nanophotonics.
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