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Abstract—The mesoscale optical phenomena in dielectric spheres with a size parameter g = 27'cR/ A~ 10,
where R/ A is the particle radius in incident wavelength units, have been considered. These phenomena make
it possible to implement microscopy beyond the diffraction resolution limit. Another example of mesoscale

optical phenomena is the field localization in immersion lenses based on Janus particles.
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1. INTRODUCTION

Some interesting optical phenomena have recently
been found in spherical dielectric particles with a size
parameter g = 2nR/) ~ 10, where R/A is the particle
radius in incident wavelength units. They include the
photonic nanojet, Fano resonances of different
orders, and optical anapole; these phenomena were
considered in the first part of the review. In the second
part we discuss in detail the effects of near-field local-
ization of radiation as applied to microscopy beyond
the diffraction resolution limit, as well as the specific
features of field localization in immersion lenses based
on Janus particles.

2. NANOSCOPY USING MICROSCOPIC
DIELECTRIC PARTICLES

Considering the microscope as a device making it
possible to view small objects with magnification, one
should admit that such devices had been known long
before the discovery of Zacharias Janssen and his
father Hans in 1590 [1]. The direct participation of
Zacharias Janssen in this finding belongs to the cate-
gory of myths because the year of his birth was estab-
lished to be specifically 1590. Meanwhile, even Seneca
(4 BC—65 AD) wrote about the magnifying effect of a
glass sphere, when looking through it as a text written
in small letters. Another contender for the title of
microscope inventor (in 1609) is Galileo; this inven-
tion was a kind of technical modification of telescope
for him. The legend says that Galileo used a short-
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focus lens in order to improve the telescope and saw as
a result an enlarged fly through his telescope. Fifty
years later, Robert Hooke used a microscope to dis-
cover the cellular texture of biological structures and
described the eye of a flea. Incidentally, Hooke used a
glass sphere filled with water for illumination in his
microscope. In 1674 Leeuwenhoek designed a short-
focus microscope (with a lens size and a focal length of
about 1 mm) having a magnification from 300 to 500,
which allowed him to observe bacteria for the first
time. Finally, in 1866, Ernst Abbe formulated the the-
ory of limiting resolution (diffraction limit) of micro-
scope, according to which light cannot be focused into
a spot with a radius smaller than

=t M

" 2nsin®

Here, A is the light wavelength, #sin© is the numerical
aperture, and # is the refractive index of the medium.
For green light (A = 500 nm) in vacuum, the resolution
limit is 250 nm. In 1906 Zsigmondy developed the
method of dark-field microscopy, and Synge pro-
posed the concept of near-field optical microscope in
1928. Among the earlier theoretical achievements, we
should note Euler’s idea (1747) of eliminating chro-
matic aberrations. This idea was implemented by
Aepinus and Tiedemann in the beginning of the next
century (1805—1808).

An expression for the diffraction limit, similar to
formula (1), can be derived from the Heisenberg
uncertainty principle for the momentum and coordi-
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Fig. 1. (Color online) Schematic diagram of the nanoscope. Microspheres 2—9 um in size are placed on different surfaces with
nanostructures. These spheres collect information about the object near field and form virtual images, which are then viewed in
a conventional objective. In panels (a) and (b) the object is a diffraction grating with a linewidth of 360 nm; the lines are spaced
by 130 nm. (a) Scanning electron microscopy (SEM) image. (b) Image obtained in an optical nanoscope, in which lines are
clearly resolved. The enlarged image in the top corresponds to a magnification factor of 4.17. (c) SEM image of the object and a
microsphere. (d) Image viewed in an optical nanoscope. One can clearly see pores 50 nm in diameter, spaced by 50 nm [5].

nate: AxAp > #h/2. It also follows from the same
Heisenberg principle that a field can be localized on
scales smaller than the diffraction limit by providing
fast damping of intensity in the perpendicular direc-
tion [2, 3]. This concept was implemented in the near-
field optical microscope. It is noteworthy that, in the
conventional statement of the microscopy problem,
the case in hand is the localization of bright field
against a dark background. In principle, one can put a
question about the limit of dark field localization
against a bright background. It turned out that the dif-
fraction limit does not exist for a dark field: the darkness
can be focused into an arbitrarily small dark spot [4].

An important discovery was made in 2011: it was
experimentally demonstrated that a lens of microme-
ter size allows to resolve in white light nanostructures
about 50 nm in size in a virtual image [5] (Fig. 1). Sev-
eral mechanisms of this phenomenon have been pro-
posed (see, e.g., [3—9]). Localization of magnetic
fields is related to the currents arising during the elec-
tric charge motion. The magnetic field at the center of
a circular turn of radius R with a current / is given by
the Biot—Savart law: B = ny//2R. 1t follows from this
formula that the magnetic induction may be arbitrarily
large for an arbitrarily small turn [4].

Applying the rules of geometric optics to a trans-
parent sphere, one can easily find the position of the
virtual image plane, z,; = nR/ (2 — n), and the corre-
sponding magnification: M = n/ (2 — n). In these for-
mulas 7 is the refractive index and R is the sphere
radius. One can see that the above formulas have a

limited range of applicability: they are invalid at n — 2,
because in this case M — oo, and the particle sizes are
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on the order of several light wavelengths A, whereas the
formulas of geometric optics are valid when R > A
[10]. To describe theoretically the experiments per-
formed in [5], one must consider the virtual image in
the framework of the wave theory. If the solution to the
wave equation in some plane (for example, z = 0) is
known, the field in the entire space (z > 0) can easily
be determined. To this end, it is sufficient to perform
the inverse Fourier transform:

A(x,,2)

2 oo oo
A exp zk X t+ik,y +ik z|dk.dk,, (2)
(ZTEkOJ J;, J; ¢ ] g
To determine the virtual-image parameters, one must
calculate the Fourier transform for the backward propa-

gation of light from the source, i.e., in the space z < 0. In
this case, the range of integration is limited in the wave-

vector space: kﬁ + ky2 < kg [11, 12] (ko = 2m/A is the
wave vector of incident light):

Aim (X,y’ Z)

2
1 * —i(kx+k,y+k.z) (
- A'e dk dk,,
[2 nk(’j k§+{;Lkg ’

where the asterisk means complex conjugation. If the
field 4 in formula (2) is the field of a point source in
free space, formula (3) yields the distribution of field 4;,,,,
which is maximum at the point of source location,

x 1,0 exp [—lk X — yy] kozdxdy.

3)
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Fig. 2. (Color online) Comparison of the results obtained in terms of the geometric (blue line) and wave (red line) optics for a size
parameter g = 100. The range of integration in integral (2) is a square with a side of 2R and a center located on the z axis at the
point z = 1.05R. With an increase in the refractive index the sizes of the virtual-image localization domain increase as well.
Blurred virtual images of a point source, viewed with the aid of spheres with refractive indices » = 1.3 and 1.5, are shown on the

right [11].

with a half-width described by formula (1) [12]. If
there is a dielectric sphere of radius R between the
point source and the aperture of the optical device, the
position of the local maximum of field (3) coincides
with that given by the formula of geometric optics:
nR/(2 - n) [11, 12]. Note that, for a point source E’ in
form of a derivative with respect to the Green’s func-

explik|r — ]

tion G = , as well as for any sources that

klr —r|
do not obey the condition div E' = 0, longitudinal
modes must be taken into account when expanding
fields in eigenfunctions [11]. This is the difference
from the standard procedure in the Mie theory [13],
where longitudinal modes do not play any role. The for-
mulas of the wave theory describing the distribution of
fields from different sources were reported in [11, 12].

Figure 2 shows a dependence of the virtual-image
magnification factor M in a dielectric sphere with a
size parameter g = k,R = 100 on the relative refractive
index. The point object is located on the sphere sur-
face. The plot also shows magnification in the limit of
geometric optics. Despite the fact that the formal
requirements of geometric optics are satisfied in the
above example (g > 1), the difference between the two
dependences, as expected, increases while the refrac-
tive index approaches 2.
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Image blurring can be observed in the insets to
Fig. 2. The reason is that the rays forming the virtual
image are concentrated in some limited angular range:
0 < m/2. For this reason the “blurring” is consistent
with the classical concepts. From the point of view of
the “wave” optics, the blurring occurs because a finite
number of image-forming modes are considered. In
the Mie theory the number of modes making a signif-
icant contribution to the field formation is estimated

by the formula g + 4.3q1/3 +1 [14]. The virtual-image

field contains one or several maxima. Figure 3a shows
the virtual image of a point source located at the bound-
ary of a sphere with the parameters ¢ = 24, n = 1.32, and
the number of modes L,,,, = 37. Based on this figure,
one can also determine the position of the field maxi-
mum. If one places a point source at this point and
views its image in the absence of the sphere, this image
is also blurred, depending on the number of the modes
presenting the source (see Figs. 3b, 3c). Image local-
ization is observed for a source with a large number of
modes. If a source is placed inside the sphere, the

number of modes g + 4.3ql/ ’ +1 is sufficient to form
an image with a half-width on the order of A/2. For a
source located beyond the sphere, this number of
modes is insufficient for image localization.

2022
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Fig. 3. (Color online) Comparison of the field of image (3) in the cases of (a) virtual image of a point source located on a sphere;
(b) a point source without a sphere, with expansion in 37 modes; and (c¢) a point source without a sphere, with expansion in 74 modes.

The blurring effect can be attenuated if several local
maxima are observed in the image field. In this case a
resolution as high as A/4 can be obtained [15]. This
effect was related in [15] to the excitation of whisper-
ing-gallery waves. However, no resonant effects corre-
sponding to the excitation of these waves were
observed in experiments.

If we consider some distributed structure (e.g., an
array of slits in a metal screen) instead of a point
source, the summation of “broad” fields may lead to
interference effects, which increase resolution. The
virtual image of such slits in dielectric spheres was
studied experimentally in many works; see, e.g., [5, 8,
16—19]. This increase in resolution is also observed in
the wave theory of the virtual image [11, 12]. Figure 4
shows the image calculated for four slits; in this case,
one can speak about resolution on the order of A/4.
This calculation was performed considering the
reflection from the metal screen, which affects the
image contrast [20—26]. An increase in resolution is
observed in this case in a wide range of values of size
parameter q.

In principle, the surface a particle lies on affects the
resolution. As an example we will consider an ideally
conducting surface. For example, there are real and
reflected images of a particle lying on a conducting
surface. Scattering is described in this case by the sum-
mation of the spherical waves emanating from the real
and reflected particles [27]. The presence of two cen-
ters of emanating waves leads to doubling of the num-
ber of modes available for image construction. In this
case the point source can be expanded in two bases,
which gives rise to an image with extremely small blur-
ring, as shown in Fig. 3c (although the number of
modes considered in each basis is L = 37).

As a physical realization of a point source, we can
consider a small Rayleigh particle exposed to laser
radiation. Figure 5 shows the calculation result for a
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gold nanoparticle 100 nm in diameter, located near the
surface of an ideal conductor and viewed using a SiO,
sphere: g, =23, n, = 1.48, ¢, = 0.5, n, = 3. In this case
small particle 2 is a field source similar to a dipole. The
calculated image is similar to that obtained for a point
source.

The construction of a virtual image in classical
optics has been studied since the time of Galileo and
his telescope, where a concave diverging lens formed
an enlarged virtual image of object. For particles with
sizes on the order of few light wavelengths A, the geo-
metrical optics approximation is not valid, and one
must use the wave theory of virtual image. For random
reasons this theory turned out to be a blank spot on the
map of classical optics. Experimental and theoretical
studies show that a virtual image in micrometer-sized
particles makes it possible to resolve the structure
below the diffraction limit (for example, at a level of
A/6 or even smaller). The theoretical limit of resolu-
tion depends also on the surface roughness, coher-
ence, and exact field distribution inside the slit.
Experiments demonstrate resolution at a level of A/8
in white light (structures about 50 nm in size were
resolved in [5]). A higher resolution can be obtained by
decorating the surface sphere with metal concentric
rings [28]. This approach combines the photonics and
plasmonics concepts. The theoretical limit of resolu-
tion in optics, according to the theory of information
[29], is related to the signal-to-noise ratio (SNR). The
resolution corresponding to SNR ~ 10~% may be as
high as A/100. The use of the technique based on
super-oscillations [30] makes it possible to reach a res-
olution on the order of A/1000. The experimentally
implemented value of optical resolution is A,/800 [31].
Thus, the Abbe criterion (1) is in fact far from the real
physical limit for the far-field optical resolution.

The use of micrometer-sized lenses allows one to
obtain super resolution even in a school microscope.

No.5 2022
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Fig. 4. (Color online) Calculated virtual image of four neighboring slits. The geometry in the left image is similar to that in [5],
strips 360 nm wide are spaced by 130 nm, the wavelength is 600 nm, and the microsphere diameter is 4.96 um. The ficld of view
at z/R = —2 makes it possible to see only two bands, but with a large magnification. On the right panel only two strips out of four
can be seen. The visibility of four strips in the experiment illustrated in Fig. 1b is likely due to the fact that strips are located inside
an array of spheres, in contrast to our consideration with one isolated sphere. Note that the field polarization in a slit also affects

the resolution [26].

The most impressive breakthrough in this field was the
possibility of designing lenses with a super resolution
in the form of metamaterials, using the cluster assem-
bly method [3, 32]. Such lenses make it possible to see
45-nm structures in an ordinary school microscope
(Fig. 6).

Despite the fact that the physical mechanisms of
nanoscopy with the aid of dielectric particles are still
being studied [33, 34], some key aspects of this tech-
nique can be selected. Since the time of Rayleigh [35]
it was believed that the fundamental limitation for the
resolution in classical optics is related to the fast damping
of evanescent waves, carrying information about the high
harmonics of an image. However, about a dozen of
methods bypassing this limitation were proposed in the
last century, including near-field microscopy [2, 36],
lenses with a negative refractive index [37, 38], STED-
fluorescent microscopy (awarded a Nobel prize) [39,
40], optical super-oscillatory lenses [41], scanning
laser confocal microscopy [42], etc. [3].

Several possible mechanisms of nanoscopy using
dielectric spherical particles have been described in
the literature. Focusing of radially polarized light is
known to give rise to a beam of longitudinally polar-
ized light beyond the diffraction limit [43, 44]. It was
suggested in [9] that a dielectric sphere forms such longi-
tudinally polarized light under certain conditions. The
concept of this mechanism is clarified in Fig. 7. If a radi-
ally polarized point dipole is placed near the sphere sur-
face, the rays emerging from this point source, in the geo-
metric optics approximation, pass through the sphere
only at the angles smaller than the total internal reflection

angle: a < o, = arcsin(l/n) (nis the refractive index).

PHYSICS OF WAVE PHENOMENA Vol. 30 No. 5

The radially polarized rays at the output of the sphere
make an angle J with the axis; this angle is given by the
formula

B = arcsin (n sina) — 2 o “4)

Fig. 5. (Color online) Two particles located on an ideally
conducting surface. The scattering from a small spherical
particle (denoted by an arrow and an enlarged red star in
the inset) imitates a point source. In the pattern with a vir-
tual image a sphere on the substrate is shown by a dashed
line, and the point source is presented as an enlarged yel-
low star.
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Fig. 6. (Color online) Schematics of the formation of a lens from a metamaterial, collected by cluster assembly. (a) Anatase
nanoparticles (15-nm TiO,) are centrifuged to form a dense precipitate; (b) the liquid above the precipitate is replaced with a mix-
ture of organic solvents (hexane and tetrachloroethylene), which form a “nanofluid fraction” (NFF) of TiO,; (c) to from a hemi-
spherical metamaterial, this NFF is deposited as a “drop” directly on the sample surface; (d) to from a hemispherical metama-
terial, this drop is coated by a thin layer of a mixture of organic solvents; (e, f) after the solvent evaporation the “drop” undergoes
a phase transition with the formation of a more closely packed metamaterial; (g—i) fabricated lenses with different height-to-
diameter ratios; (j) SEM image of a part of an integrated circuit with 60-nm elements; and (k) a view of the same integrated circuit

in an optical microscope with a 15-um metamaterial lens [32].
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Fig. 7. (Color online) (a) The point light source is a radially polarized dipole p, located near the surface of a sphere. A ray from
this source propagates at an angle o, smaller than the total internal reflection angle. At the output of the sphere this ray is refracted

at an angle y = arcsin (#sin o) and propagates at an angle § with respect to the axis [9]. (b) Example of a solution to Eq. (4) at

n=1.45.

This concept was developed further in [45, 46]. In
principle, this approach can be implemented using
illumination of the sphere by a source of radially or cir-
cularly polarized light. The calculations performed in
[47] showed that radially polarized light forms a mul-
tifocal structure with oscillating electric field intensity
at the particle output, while azimuthally polarized
light forms a similar structure with oscillating mag-
netic field intensity (Fig. 8). This is a beam of azi-
muthally polarized light. A magnetic nanojet with a

PHYSICS OF WAVE PHENOMENA  Vol. 30

multifocal longitudinal polarization of magnetic field
is formed at the sphere output. Similar field modula-
tions are observed in the case of waveguide propaga-
tion of a magnetic mode in a chain of silicon nanocyl-
inders [48]. Far from the sphere the Bessel beam
“recovers” the value of the initial longitudinal mag-
netic field.

Another mechanism of resolution beyond the dif-
fraction limit was proposed in [8]; it implies an adia-
batic lens using a geometrically conformal surface to

No.5 2022
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Fig. 8. (Color online) (a) Distribution of E’ in the plane y = 0. The E, component of electric field along the z axis is shown on
the left. The beam and sphere parameters are as follows: k, = 60.5, n = 1.5, and g = 30. The dotted line indicates the longitudinal

component of incident electric field. (b) Distribution of H? in the plane y = 0. The H, component of magnetic field along the
axis z is shown on the right. The beam and sphere parameters are as follows: k, = 0.5, n = 1.5, and ¢ = 30. The longitudinal mag-

netic component of incident field is denoted by a dashed line.

provide the interference of slowly decompressed elec-
tromagnetic waves in the far field for image formation.
Decompression satisfies the adiabatic condition, due
to which the far and near fields are matched, and the
far-field optical system can directly project the image
of near-field elements.

The concept of this mechanism is clarified in Fig. 9
for the case of a metal sphere located above a metal
surface. When a surface plasmon propagates above
metal surface 2, its frequency increases with a decrease
in the gap between the sphere surface 1 and the hori-
zontal surface. Correspondingly, the local wavelength
decreases. During further propagation of the surface
plasmon above the sphere surface, its frequency
decreases while moving away from the gap, and the
corresponding wavelength increases. As a result, the
optical information about the small image near the
particle south pole is transferred with some magnifica-
tion onto the surface near the north pole. The corre-
sponding magnification may be as high as 20, due to
which an image resolution less than 50 nm in the visi-
ble range can be obtained. The advantages of this
mechanism are obvious; however, it is unclear how to
apply this concept to the case of a dielectric particle
located above a dielectric structured surface.

The third mechanism appeals to the theory of super
oscillations [49]. A high degree of localization of elec-
tric and magnetic fields can be provided in the domain
of wave-field singularities. In the review [50] this
mechanism was discussed in the context of generation
of giant magnetic fields [4]. In this case the super res-
olution is due to the possibility of localizing the “mag-
netic light” [51] beyond the diffraction limit.

Concerning the super resolution of a lens formed
by an ensemble of nanoparticles (see Fig. 6), this effect
may be related to the specificity of light transmission
through a photonic crystal [52]. This behavior agrees
with the results of the numerical simulation of [53],
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where the Maxwell equations were solved using the
CST Microwave Studio package for the transmission
of a plane electromagnetic wave with a wavelength
A =550 nm through a layer of closely packed 15-nm
TiO, nanoparticles (the anatase refractive index is
n = 2.55), separated by air gaps (Fig. 10). These calcu-
lations demonstrate that an electromagnetic wave
passes through seven layers of nanoparticles and forms

Surface 2

Fig. 9. (Color online) Schematic diagram of surface elec-
tromagnetic waves (blue lines) near the south and north
sides of sphere. The wave in the range of one wavelength is
shown red. This mechanism provides a resolution on the
order of 50 nm in the visible range [8].
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Fig. 10. (Color online) Transmission of a plane electro-
magnetic wave through a pyramid formed by 15-nm TiO,
nanoparticles [53].

an intensity distribution with a period of 15 nm at the
output.

The transmission of a signal from two-point
sources (spaced by 45 nm) through a 500-nm layer of
a homogeneous medium and a medium consisting of
closely packed 15-nm TiO, nanoparticles (Fig. 11) was
also simulated in [53]. Fast damping of the evanescent
wave was observed for the homogeneous medium,
which led to image blurring, in agreement with the dif-
fraction limit. At the same time, transformation of the
evanescent wave into a propagating wave with a period
of 160 nm was observed for the medium consisting of
closely packed TiO, particles. In this case, a signal
transmitted through the medium makes it possible to
distinguish between two sources.

Finally, there is a possibility of increasing resolu-
tion using numerical methods of image processing
[54]. The fast development of dielectric micro spheri-
cal lens nanoscopy [32] gives grounds to believe that
optical observation of viruses in a school microscope
will become possible even in the near future.

PHYSICS OF WAVE PHENOMENA  Vol. 30
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3. IMMERSION LENSES BASED
ON JANUS PARTICLES

A transparent dielectric sphere with a diameter of
more than three wavelengths of the light incident on it
can play the role of either a focusing lens in the pho-
tonic-jet mode or a cavity concentrating energy in a
whispering-gallery wave in the near-wall region [6]. A
transition from the photonic-jet mode to the cavity
mode with whispering-gallery waves occurs with a
change in the sphere size or the radiation wavelength.
Both phenomena are described excellently within the
Mie theory (see, e.g., [4]). New phenomena arise in
Janus particles, i.e., particles with a removed segment
of a sphere or a cylinder [55, 56]. This is a typical
design of an immersion lens [57, 58]. It is known that
the parameters of a photonic jet emerging from a
hemisphere or a half-cylinder may differ significantly
from the parameters of a jet formed by an integer
sphere [59] or an integer cylinder [60]. Optimizing the
thickness of the removed segment, one can form a
highly localized field distribution [61]. This effect in
cylinders can be used in contact optical lithography
with a super resolution in the line thickness.

The main concept for this study is that a Janus par-
ticle [62] exhibits a combination of the photonic-jet
and whispering-gallery wave effects [61]. The focusing
effect due to the photonic jet can be clarified qualita-
tively using the ray-tracing method [63] (Fig. 12). The
following form of caustic can be obtained for a trun-
cated sphere:

)3/2

_sech (1 —n’sin’ B

2 .2
h cos<p—\/n —sin” @

z.=1-h

X (cos n’ —sin’ @ + (1—/h + cos @)

&)

x sec’ B(cos @ —n" —sin’ (p)
. 2 . 2
+ sin@yn” —sin” @tan [3),

Ye = Yout — (zc -1+ h) tall'Y,

y = arcsin [nsin (¢ — 0)],
Your =8in@—(1—4+cos@)tan (e —0),
B=¢p-06, 6= arcsin(Sirl (p)‘

n

(6)

Here, £ is the truncation height normalized to the par-
ticle radius R, ¢ is the angle of incidence, and 6 is the
angle of refraction. The singularity point of a Janus

particle is located at a distance of
zf=zc|¢ﬁo=1—g+L+h(l—1)- (7

n n-1 n

The main effect with a Janus particle is related to
the change in the focal length of a truncated particle in
comparison with the initial solid sphere. For example,
asphere with n = 1.33 has a focal point located at a dis-
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Fig. 11. (Color online) (a) Homogeneous medium consisting of anatase TiO,. (b) Metamaterial composed of closely packed
15-nm anatase nanoparticles. (c) The amplitude of mean electric field as a function of the distance from point incoherent sources
with transverse electric polarization. The amplitude decays exponentially at a distance of 50 nm. (d) The damping waves propagating in
the metamaterial interact with TiO, particles and are transformed into propagating waves leaving for the far field. (e, f) Image from two
point sources, spaced by 45 nm, formed at a length of 650 nm (far field beyond the 500-nm-thick sample) after passing through
the homogeneous medium (e) and metamaterial (f) [53].

1.0

Fig. 12. (Color online) (a) Rays emerging from the sphere after the second refraction by an angle y obey Snell’s law:
siny = n sin (¢ — 8). The focused-beam boundary is a caustic for a truncated sphere with # = 1—1/n and n = 1.5. The solid green
line is the caustic for a spherical particle with the same refractive index. (b) Result of exact solution of the Maxwell equation for
the same values of parameters and g = 2nR/A = 100.

tance of z; = 2.015. After removing a small segment with  yields a qualitatively correct description of the focusing
h = 0.07, the thus obtained Janus particle has a focal properties of a transparent dielectric Janus sphere.

point with z; = 2.509; i.e., the truncation yields an elon- The truncated particle is a solid immersion lens
gated focus. Approximation by the ray-tracing method (SIL), which can be used to overcome the diffraction
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Fig. 13. (Color online) Maximum 1nterna1 (pink) and
external (green) (a) electric field strength E’ and (b) mag-
netic field strength H” for a cylinder with a fixed truncation
parameter 4 = 0.02. The size parameter ¢ = 32.5 corre-
sponds to the cylinder radius R = 5\ [61].

limit [64]. Note that the physical principles of opera-
tion of a truncated spherical SIL, characterized by
aberration-free focusing (known also as the Weier-
strass SIL) are based on the compression of emitted
light into a small numerical aperture with a decrease in
the angle of refraction of transmitted light, counted
from the optical axis. This occurs when the sphere is
truncated to a thickness 4 = r (1 + 1/n), where r is the
sphere radius and /4 corresponds to the aplanatic focus
(see [65] (p. 253) and [62]). Such SILs were used in
optical microscopy and photolithography [64]. An anal-
ysis of a photonic nanojet from a particle with a truncated
spherical surface shows that the maximum intensity in
the focus is lower than that for a spherical particle, but
the effective focal length may be larger [61].

A numerical solution of the Maxwell equations for
a Janus particle [61] shows a number of interesting fea-

|E/Ey?, d=0.015R
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tures in the scattered-light intensity distribution. For
example, at a fixed truncation # = const, there are
sharp resonances in the dependences of electric and
magnetic field intensities on the size parameter (Fig. 13).
For example, four sharp resonances can be seen in the
range of variation in g from 35 to 45. Approximately
the same resonance density is observed for high Fano
resonances (see Fig. 4b in [4]).

With a change in the truncation thickness / (at
fixed values of other parameters) one can observe a
narrow resonance for the TM mode when the H vector
of the incident plane wave lies in the x—y plane of
truncated element of the sphere (Fig. 14a). A bright
“diamond” arises in the sphere at the point of reso-
nant truncation (Fig. 14b). The photonic-jet shape
does not qualitatively change in this case (Fig. 14c).
However, hot points with maximum intensity arise on
the flat surface of the truncated element (Fig. 14d).

The whispering-gallery waves in a sphere are
known to be due to the energy localization near the
particle surface [66, 67] because of the total internal
reflection of rays incident on the surface at small
angles. However, the total internal reflection is absent
on a curved surface, and the energy is partially leaked
out beyond the particle. For this reason it is difficult to
obtain a high Q factor for small spherical and dielectric
cavities. Large Q factors (Q > 10°) are obtained for only
large spheres with a size parameter g > 10° [68, 69]. The
Q factor of small spherical cavities can be increased
using the interference method, which is based on the
resonances caused by bound states in the continuum
[70, 71].

The photonic jet effects for spherical and cylindri-
cal particles were discussed in many studies (see, e.g.,
review [6] and the references therein). In the case of a
cylinder with a radius R, the fields excited by an inci-
dent electromagnetic wave with a magnetic compo-
nent directed along the cylinder axis are described by
simple formulas [13, 72]. The scattered fields, denoted
by the superscript s, are presented in cylindrical coor-
dinates (r, @, z) by expansions in Hankel functions

|E/Ey?, d=0.015R |E/Ey?, d=0.015R
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Fig. 14. (Color online) (a) Resonant effect for field amplification in a truncated cylinder, depending on the truncated-element

thickness; refractive index n = 1.5, ¢ = 2nR/A =

100. The resonance is observed for only the TM mode and is not observed for

the TE mode. (b—d) Intensity distributions at the resonant truncation value 2 = d/R = 0.015 for different magnifications [61].
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Fig. 15. (Color online) (a) Intensity distribution / =
parameter ¢ = 10, according to formulas (8)—(15). (b) The ray path in a Janus particle in the case of ray incidence on a planar
surface ab at a total internal reflection angle y. (c) Resonant angle y (curve /) and total internal reflection angle (curve 2).

m(q) Jo(q@) +i N¢(q), where J,(q) is a Bessel func-
tion and N,(g) is a Neumann function:

B =- 1r€;<—z> CagHP ke, (8)
EY = 12( oa HY (k,r)e'®, )
HY = zz i) a HY (k,r)e'®. (10)

{=—c0

The fields inside the cylinder, denoted by the
superscript 7, are given by the formulas

E" = Z (=D Cbyd o(k,r) e, (11)
L

EY = iez (1) by (kr) e, (12)

H,=-nY (=) b o(k,r)e. (13)

{=—co
Here, k,, , are the wave vectors in the external medium
(subscript m) and in the particle (subscript p); the fac-

tors g, and b, are the amplitudes of the corresponding
modes, which are defined as

_ nJy(ng)Ji(q) — Jo(ng)J (q)
nd ((nq)H"' (q) = Jo(ng)H{ (q)

_ Je(@) HE'@ = Je () H @)

nd () @) - () H (@)
Here, g is the size parameter; the prime means differ-
dJ¢(z)/dz. These formulas are

; (14)

(15)

entiation, i.e.,J 'e(Z) =
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|E|2 in the cross section of a cylinder with a refractive index » = 1.5 and size

applicable for cylinders of arbitrary sizes, both metal
[73] and dielectric ones.

Figure 15a shows the intensity distribution 7 = |E|2
in the cross section of a cylinder with a refractive index
n = 1.5 and a size parameter ¢ = 10. This is a typical
pattern for field distribution in a photonic jet [6]. As
direct numerical calculations show [61], small trunca-
tions of the cylinder (see Fig. 14c) do not affect quali-
tatively this pattern.

The main changes in the field in the resonance
domain are related to the changes in the field inside
the cylinder. For light incident at a total internal

reflection angle 7y, = arcsin(n,, / n,), the flat surface ab
plays the role of a mirror. Resonance occurs when a
ray, being reflected several times from the spherical
surface, returns to the initial position (see Fig. 15b).
Obviously, due to the multiple transmissions, the
intensity of this “resonant ray” exceeds that of the rays
propagating at other angles. For a spherical particle
the first resonance is observed at % = 45°. For small
truncations the value of this resonant angle ¥ depends
on & and is determined from the equation
2cos’y + h(2—h)

(1-h)cosy +/(1-h)
X (cosx+ sinxcot[%x}) =2-h

The first and second terms on the left-hand side of
(16) are the projections of the segments BS and AB,
respectively, on the abscissa axis. In sum these projec-
tions make the segment AC. In Fig. 15¢ y(h) = n/4
(Fig. 15¢, red curve ). Due to the distortion of the ray
path in the truncated cylinder, the bright “diamond”
(see Fig. 14b) is distorted along the AC direction, and
the specular reflection angle at the resonance becomes
larger than 45°. In the case presented in Fig. 15b it
amounts to about 46°.

A wave phase jump occurs at the intersection of the
flat surface of Janus particle with the cylindrical or

(16)

2022
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spherical surface. In this case the classical Snell law of
refraction is replaced with the generalized refraction
law, which considers the influence of the phase gradi-
ent d®/dx [74]:

n,sin®, —n, sin6,, = L@
21 dx

According to the generalized refraction law, the
total internal reflection angle changes:

X, = arcsin (n—’” + L@j

n, 2mn, dx

A7)

(18)

The phase gradient can be estimated in the geomet-
ric optics approximation. The phase of the cut-off ele-

ment is AD = n,, 2nh/ A. This accumulated phase dif-

ference arises at a distance of Ax = /(2 — h)h, a half-
length of segment ab (see Fig. 15b). As a result, for-
mula (18) takes the form

X = arcsin |:Z—p(1 + mj}

According to this formula, the y value is close to
1t/4 even at & = 0.01, which is consistent with the results
of the numerical calculations presented in Fig. 15¢. In
this case formula (19) gives a value practically coincid-
ing with the result of the numerical solution.

19)

The interference of the waves incident on a flat sur-
face at total internal reflection angles, forms high-inten-
sity evanescent fields near the surface (see Figs. 14d, 15b).
These fields were used previously to perform surface
nanostructuring [75]. To implement this interference,
the length of the segment Ax should exceed A. This yields

alimitation on the size parameter: g > 27t/ Vh > 1.More
exact values can be obtained by solving numerically
the Maxwell equations for a Janus particle.

Thus, Janus particles subjected to small trunca-
tions make it possible to excite surface electromagnetic
waves on a localized area of a flat surface. This method
is competitive with the interference method, which
involves bound states in the continuum.

5. CONCLUSIONS

Recently a number of new optical effects have
been discovered for dielectric mesoscale particles
with g ~ 10 [50, 76]. These effects include optical and
magnetic nanojets [6] and other effects, considered
previously in review [50] for spherical particles. The
emphasis of this review is on microscopic lenses pro-
viding super-resolved virtual images [5, 11, 12] and
Janus particles with a small truncation [61]. These
effects have a number of promising applications, some
of which were discussed in [4, 5, 32, 58].
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