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Abstract—Spatial resolution of conventional optics, which is necessary for nondestructive trapping of micro-
objects, is limited by diffraction to a value equal to half of the radiation wavelength. Despite this limitation,
use of optical methods is one of the main directions in biological and biomedical researches because only
these methods have a minimal impact on living organisms. The rapid advance in this area is largely owing to
the development of new optical technologies and the considerable advance in mesoscale photonics, which
has allowed researchers to develop techniques for controlling structured beams for optical traps. In this work,
we consider some recent trends in the field of optical manipulation based on mesoscale dielectric particles.
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INTRODUCTION

The conjecture about the existence of light pressure
was made for the first time by J. Kepler in the 17th cen-
tury; P.N. Lebedev discovered it experimentally in
1899 [1]. The possibility of trapping and nondestruc-
tive transferring individual objects with micron and
submicron sizes under the action of the light force has
bright prospects in different branches of science and
technology [2–4]. The Nobel Prize for Physics in 2018
was awarded for the invention of the optical tweezers
and their application in biophysics. In recent times,
problems of developing new techniques for optical
control for nano- and microparticles, as well as spatial
localization and amplification of the electromagnetic
field on subwavelength scales, are especially topical.
However, it is well known that the spatial resolution of
conventional optics is determined only by the radia-
tion wavelength (in the medium) and numerical aper-
ture of the optical lens; it does not exceed a value on
the order of half the wavelength due to fundamental
diffraction limitations [5].

In recent years, various types of structured optical
beams [6–8] for the mechanical impact on nanoparti-
cles in the subwavelength scale [9–11] were obtained
and used. Below, we briefly consider electromagnetic

field localization methods based on using the princi-
ples of mesoscale dielectric photonics.

Mesoscale dielectric photonics presupposes the
interaction between the radiation and dielectric
objects of the intermediate scale (the dimensional Mie
parameter q = 2πr/λ ∼ (2–20)π [12–15], where λ is
the radiation wavelength and r is the characteristic
particle radius) which are too large to be characterized
as simple dipoles and too small to be described within
the limits of geometrical optics.

Subwavelength control for electromagnetic energy
is usually related to resonance phenomena [16, 17]. In
what follows, we brief ly consider the class of nonreso-
nant diffraction elements (mesoscale dielectric parti-
cles) for manipulations of nano- and microparticles.

1. NANOSTRUCTURED DIELECTRIC 
PARTICLES

Possibilities for manipulation of light based on
mesoscale dielectric structures is attracting the atten-
tion of an increasingly large number of researchers. A
wide range of ways of subwavelength localization of
light has been proposed. Photon crystal (PC) lenses
[17–19], elements of three-dimensional diffractive
optics [20, 21], and planar plasmonic lenses based on
464
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Fig. 1. Intensity distribution in the neighborhood of a dielectric microsphere (diameter Ds = 3.5λ, refractive index n = 1.5) with
a through hole (diameter λ/15): (a) general view, (b, c) magnified image of the outlet section of the hole; and (d) intensity in the
transverse plane xy at a distance λ/1000 from the hole section. The optical radiation is incident from left to right. The figure is
taken from [22].
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nanolayers [22–24] for focusing light beyond the dif-
fraction limit have been studied. In 2017, a conical
two-dimensional plate lens based on a nanolayer with
a plasmonic zone for far-field focusing with superres-
olution [25] by excitation of surface plasmonic waves
and their coupling with propagating radiating modes
was proposed. Gradient-index PC-lenses with air
holes of different size were studied in [26, 27]. It was
reported that, using such a lens, one can obtain a
localized light beam with a full-width at half maxi-
mum (FWHM) as fine as ∼λ/75 [27].

Photonic nanojets (PNJs) [12–15, 28] seem to be
more attractive due to simplicity of implementation
and compact size of the focusing particle. However,
the minimum width of a PNJ beam is usually ∼λ/3
[12–15]; therefore, it is necessary to seek new ways for
a further decrease in the size of the localization region
of the PNJ electromagnetic field.

For deep subwavelength focusing of light far
beyond the diffraction limit λ/2n, a nanostructured
dielectric microsphere was proposed in [27]. Amplifi-
cation of the field in such a nanostructured sphere is
caused by the contrast between dielectric permittivity
of the material of the nanorods and material of dielec-
tric microparticles. The proposed nanostructured
mesoscale sphere has a number of unique properties.
For example, it can produce high electric field strength
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 33  No.
in the region of the hole (with a low refractive index,
e.g., in air) at levels that cannot be reached using usual
PNJs [12–15] produced by spherical particles with the
same diameter but without nanostructuring. Numerical
simulation demonstrates [27] that the light field is local-
ized inside the nanohole even when the diameter of this
hole is subwavelength (at least λ/40). The transverse
size of the focal spot near the shadow surface of the par-
ticle is comparable with the size of the nanohole.

An example of field localization in a nanostruc-
tured mesoscale sphere is presented in Fig. 1. It shows
the distribution of the relative intensity of the optical
field in different longitudinal cross sections (along the
propagation of the optical radiation) of a dielectric
microsphere having a nanometer through hole and illu-
minated by a plane electromagnetic wave. In Fig. 1d, a
transverse intensity profile is constructed in the
xy plane spaced from the hole section by a distance of
λ/1000. It is seen that a nanohole in a dielectric meso-
scale particle allows one to “compress” the optical
field near its rear surface and to obtain superlocaliza-
tion of the optical field intensity to dimensions of this
nanohole, which is typical for PNJs.

Based on these investigations, we proposed the
concept of the easily implementable “optical vacuum
cleaner” [29]. The main idea is to use a nanostruc-
tured dielectric mesoscale particle (with a spherical,
 5  2020
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Fig. 2. Phase portraits (PPs) of the trajectory of a 15-nm
gold sphere initially positioned near the shadow surface of
a cubic particle (Start) on the same axis with the hole (the
boundary is labeled as Cuboid) [29]. The length of the par-
ticle’s face side is equal to the wavelength (600 nm); the
refractive index of the material n = (a) 2.0, (b) 1.8, and
(c) 2.2 nm. The radiation is incident in the direction of the
z axis. For reference, the distribution of the z-component
of the optical power of the trap is presented.
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cylindrical, or cubic shape) for redirecting the optical

pulse and reaching desirable optomechanical effects

for manipulation of a metal nanosize object. Based on

numerical simulation, it was shown that optical forces

Fopt acting on a gold nanosphere are multiply ampli-

fied near the nanohole in a mesoscale dielectric parti-

cle, which leads to effective motion of metal nanopar-

ticles towards the nanohole. For example, analysis of

the phase portrait of the nanoparticle motion, i.e., the

dependence of the velocity of the particle V on its coor-

dinate z (focused lens with NA = 0.5 at λ = 600 nm and

power of 10 W), demonstrates [29] that the Au

nanoparticle moves to the final point of its trajectory

after several milliseconds from the beginning of the

light impact. The final point is positioned at a distance

of ∼20 nm inside the hole of the cubic dielectric parti-

cle (Fig. 2).

It follows from the figure that, in particular, the

hole in the dielectric microparticle can be blind and

have a small depth from the shadow surface of this par-

ticle because the force gradient is always maximum

near the hole. Moreover, it is seen that an increase in
ATMOSPHE
the refractive index of the particle above the character-
istic level for the formation of a photon jet (for exam-
ple, equal to 2.2 in Fig. 2) leads to a significant
decrease in the distance for trapping a metal nanopar-
ticle (by ∼3 times). This is related to the fact that if the
refractive index of the particle material exceeds 2, the
electromagnetic field is localized inside this particle
and does not go beyond its shadow surface [16].

Numerical simulation demonstrates that the pro-
posed nanostructured dielectric mesoscale particle
can be used for optomechanical trapping of metal
nanoparticles. In comparison with traditional optical
methods, it is very promising in biomedical, chemical,
and technological applications, in air cleaning sys-
tems, and in air filters [30–34].

2. PHOTONIC HOOK: 
A NEW SUBWAVELENGTH SELF-BENDING 

STRUCTURED LIGHT BEAM

At present, optical transport and trapping are being
actively developed. Many new effects suitable for trap-
ping were investigated. For example, in 2015, a new
type of a subwavelength structured light beam was dis-
covered; it was called the photonic hook (PH) [35].
The light from a photonic hook is localized not along
a straight line but on a curvilinear trajectory [35–39]
due to diffraction of the electromagnetic wave on a
mesoscale dielectric spatially structured (Janus) parti-
cle made in the form of a cuboid with broken symme-
try [35, 36, 38]. The distinctive features of the PH are
that the transverse size and curvature radius of the
beam are a fraction of the incident radiation wave-
length and the side lobes do not follow the shape of the
main beam and are not bent [36–39]. Note also that
generation of well-studied curved Airy beams usually
requires expensive and complicated optical elements
with a cubic phase, which often makes optical elements
unfit for building into an optical system.

Recent investigations of families of PH-beams made
it possible to implement them for different types of wave
interactions including optics [37–39], THz [38], sur-
face plasmonic waves [40], and acoustics [41]; in gen-
eral, they gave fresh impetus to the development of
mesoscale photonics by providing new opportunities in
manipulation of particles on subwavelength scales [37,
39] owing to the scaling effect. As known from optics, if
there are two objects having the same shape and the
same properties of the material but their sizes are differ-
ent, they scatter the electromagnetic wave incident on
them in the same way provided that the similarity is pre-
served, when the ratio of linear dimensions of these
objects to the radiation wavelength is the same.

The photonic hook [42–48] formed by a structured
dielectric cylinder with a built-in glass cube was dis-
cussed based on numerical simulation in [42]. Spe-
cially designed five-layer dielectric cylinders allow one
to obtain double РНs [44]. Recently, it was proposed
RIC AND OCEANIC OPTICS  Vol. 33  No. 5  2020
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to generate photonic hooks by dielectric broken sym-
metry particles consisting of materials with different
refractive indices [45, 46] and numerically investi-
gated in [45–47], as well as by bielliptic cylindrical
particles [48].

Generation of a curved region of radiation localiza-
tion based on a metalens in the visible range was also
described recently in [49]. Those investigations are not
related to photonic hooks because metalens dimen-
sions do not satisfy the mesoscaling condition stated
above and the structure of the localized field is not
adequate to characteristic features of a photonic hook
[35–39]: the beam curvature significantly exceeds the
wavelength and the spatial structure of the field,
including the structure of side maximums is similar to
the distribution of Airy beams.

In general, the studies demonstrated the possibility
to generate spatially structured electromagnetic and
acoustic fields allowing one, in addition to trapping, to
implement more various kinds of optical manipula-
tions of nanoobjects. In particular, they led to the con-
cept of the optical hook based on an optomechanical
manipulator which allows one to control the motion of
trapped particles along a curved trajectory even
around dielectric obstacles [37, 50].

Simulation [51] demonstrates that in the approxi-
mation where the particle is an electric dipole, i.e., a
Rayleigh particle, the target nanoparticle moves
around the dielectric obstacle plate. This allows one to
better manipulate target nanoparticles around, e.g.,
glass obstacles. At the same time, a metal (Au) plate
completely disrupts both the formed localized field
and the trajectory of such target nanoparticles [37].
One of possible biomedical applications of this con-
cept in vitro is to direct cells along a curved trajectory
for the further analysis [50]. The concept of the pho-
ton hook presupposes the precision control over the
particle motion for manipulation and sorting of cells
on lab-on-chip platforms and microfluidic devices
without the necessity of multiple trapping of the ray.

One more interesting application area of mesoscale
dielectric particles is optical traps based on standing
waves. Trapping and manipulation of nanoparticles in
a standing wave (which can be generated using two
counterpropagating coherent PNJs) in the transmis-
sion regime were considered in [52]; in the ref lection
regime, they were studied for the first time in [53].

CONCLUSIONS

Basic functional capabilities of optical tweezers are
determined mainly by the spatial structure of the opti-
cal traps and degree of radiation localization. How-
ever, the electromagnetic radiation has its own charac-
teristic scale, the wavelength. For present-day problems
of physics and biology, this is a rather large scale. For
the effective work and control by nanoparticles, the cor-
responding optical controlling elements must provide
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 33  No.
the operating capacity on subwavelength scales—less
than the wavelength [54–60]. These problems belong
to a new modern research direction—structured sub-
wavelength beams. The main problem solved using
such beams is to manipulate nanoobjects on scales less
than the wavelength, i.e., to do what was believed to be
essentially impossible in traditional optics.

Recently, mesoscale dielectric photonics is being
intensely developed. It deals with small (about several
wavelengths) optical elements distinguished by relative
simplicity of technical implementation. In the field of
optomechanical manipulations by nanoparticles, sys-
tems based on principles of mesoscale photonics can
be easily integrated into a small lab-on-chip platform.
Using a new subwavelength structured beam, it
becomes possible to perform operations of manipula-
tion of objects at the subwavelength level.

In addition, using the effect of the optical photonic
hook, microparticles can be directed (transported) to
distances on scales of the optical radiation wavelength,
e.g., for purposes of sorting subcellular biological
material. In particular, particles can be sorted by the
refractive index, shape, and size. Based on the concept
of the photonic hook, one can also design different
shapes of the ultraprecise laser scalpel [61].

FUNDING

This work was supported in part by the Russian Foun-

dation for Basic Research (project no. 20-57-S52001)

(I.V. Minin, O.V. Minin), Competitiveness Enhancement

Program of Tomsk Polytechnic University, Tomsk State

University Mendeleev Fund Program, and State Contract

for the Institute of Atmospheric Optics (Yu.E. Geints,

E.K. Panina).

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

REFERENCES

1. P. Lebedew, “Untersuchungen liber die Dnickkräfte
des Lichtes,” Ann. Phys. 6 (4), 433–458 (1901).

2. D. Gao, W. Ding, M. Nieto-Vesperinas, X. Ding,
M. Rahman, T. Zhang, C. T. Lim, and C.-W. Qiu,
“Optical manipulation from the microscale to the na-
noscale: Fundamentals, advances and prospects,”
Light: Sci. & Appl. 6 (2017). 
https://doi.org/10.1038/lsa.2017.39

3. P. Rodriguez-Sevilla, L. Labrador-Paez, D. Jaque, and
P. Haro-Gonzalez, “Optical trapping for biosensing:
Materials and applications,” J. Mater. Chem. B 5,
9085–9101 (2017).

4. D. G. Kotsifaki and S. N. Chormaic, “Plasmonic opti-
cal tweezers based on nanostructures: Fundamentals,
advances and prospects,” Nanophotonics 8 (7), 1227–
1245 (2019).

5. E. H. K. Stelzer, “Beyond the diffraction limit?,” Na-
ture 417, 806–807 (2002).
 5  2020



468 MININ et al.
6. H. Rubinsztein-Dunlop, A. Forbes, M. V. Berry,
M. R. Dennis, D. L. Andrews, M. Mansuripur, C. Denz,
C. Alpmann, P. Banzer, T. Bauer, E. Karimi, L. Mar-
rucci, M. Padgett, M. Ritsch-Marte, N. M. Litchinits-
er, N. P. Bigelow, C. Rosales-Guzman, A. Belmonte,
J. P. Torres, T. W. Neely, M. Baker, R. Gordon,
A. B. Stilgoe, J. Romero, A. G. White, R. Fickler,
A. E. Willner, G. Xie, B. McMorran, and A. M. Wein-
er, “Roadmap on structured light,” J. Opt. 19, 013001
(2017).

7. E. Brasselet, “Structured light: Optomechanical to-
mography,” Nature Phys. 12 (8), 725 (2016).

8. H. Shi and M. Bhattacharya, “Optomechanics based
on angular momentum exchange between light and
matter,” J. Phys. B 49, 153001 (2016).

9. S. Sukhov and A. Dogariu, “Negative nonconservative
forces: Optical "tractor beams” for arbitrary objects,”
Phys. Rev. Lett. 107 (20), Art. 203602 (2011).

10. A. Dogariu, S. Sukhov, and J. Saenz, “Optically in-
duced "negative forces”," Nature Photonics 7 (1), 24–
27 (2013).

11. O. Brzobohatý, V. Karásek, M. Šiler, L. Chvátal,
T. Čižmár, and P. Zemánek, “Experimental demon-
stration of optical transport, sorting and self-arrange-
ment using a "tractor beam”," Nature Photonics 7 (2),
123–127 (2013).

12. A. Heifetz, S. Kong, A. Sahakian, A. Taflove, and
V. Backman, “Photonic nanojets,” J. Comput. Theor.
Nanosci. 6, 1979–1992 (2009).

13. Yu. E. Geints, E. K. Panina, and A. A. Zemlyanov,
“Control over parameters of photonic nanojets of di-
electric microspheres,” Opt. Commun. 283, 4775–4781
(2010).

14. Yu. E. Geints, E. K. Panina, and A. A. Zemlyanov,
“Comparative analysis of key parameters of photonic
nanojets from axisymmetric nonspherical microparti-
cles,” Atmos. Ocean. Opt. 32 (1), 41–44 (2019).

15. B. Luk’yanchuk, R. Paniagua-Dominguez, I. V. Minin,
O. V. Minin, and Z. Wang, “Refractive index less than
two: Photonic nanojets yesterday, today and tomor-
row,” Opt. Mater. Express 7, 1820–1847 (2017).

16. Z. Wang, B. Luk’yanchuk, L. Yue, R. Paniagua-
Dominguez, B. Yan, J. Monks, O. V. Minin, I. V. Minin,
S. Huang, and A. Fedyanin, “High order Fano reso-
nances and giant magnetic fields in dielectric micro-
spheres,” Sci. Rep. 9 (20293) (2019).

17. B. Wang, L. Shen, and S. He, “Superlens formed by a
one-dimensional dielectric photonic crystal,” J. Opt.
Soc. Am. B 25, 391–395 (2008).

18. I. V. Minin, O. V. Minin, Y. R. Triandaphilov, and
V. V. Kotlyar, “Focusing properties of two types of dif-
fractive photonic crystal lens,” Opt. Memory Neural
Networks 17, 244–248 (2008).

19. F. Gaufillet and E. Akmansoy, “Design and experi-
mental evidence of a f lat graded-index photonic crystal
lens,” J. Appl. Phys. 14 (2013). 
https://doi.org/10.1063/1.4817368

20. I. V. Minin, O. V. Minin, N. Gagnon, and A. Petosa,
“FDTD analysis of a f lat diffractive optics with sub-
Reyleigh limit resolution in MM/THz waveband,” in
Digest of the Joint 31st Intern. Conf. on Infrared and Mil-
ATMOSPHE
limeter Waves and 14th Inter. Conf. on Terahertz Elec-
tronics (China. September, Shanghai, 2006).

21. I. V. Minin and O. V. Minin, “3D diffractive lenses to
overcome the 3D Abbe subwavelength diffraction,”
Chin. Opt. Lett. 12 (6) (2014).

22. Y. Zhu, S. Zhou, Z. Wang, Y. Yu, W. Yuan, and W. Liu,
“Investigation on super-resolution focusing perfor-
mance of a TE-polarized nanoslit-based two-dimen-
sional lens,” Nanomaterials 10 (1) (2020).

23. K. R. Chen, “Focusing of light beyond the diffraction
limit of half the wavelength,” Opt. Lett. 35, 3763–3765
(2010).

24. S. Ishii, A. V. Kildishev, V. M. Shalaev, and V. P. Drachev,
“Controlling the wave focal structure of metallic nanoslit
lenses with liquid crystals,” Laser Phys. Lett. 8, 828–832
(2011).

25. R. G. Mote, O. V. Minin, and I. V. Minin, “Focusing
behavior of 2-dimensional plasmonic conical zone
plate,” Opt. Quantum Electron. 49 (8), 271–275
(2017).

26. L. Jin, Q. Y. Zhu, Y. Q. Fu, and W. X. Yu, “Flat lenses
constructed by graded negative index-based photonic
crystals with tuned configurations,” Chin. Phys. B 22
(10), 104101 (2013).

27. Y. H. Li, Y. Q. Fu, O. V. Minin, and I. V. Minin, “Ul-
trasharp nanofocusing of graded index photonic crys-
talbased lenses perforated with optimized single de-
fect,” Opt. Mater. Express 6, 2628–2636 (2016).

28. Y. Cao, Z. Liu, O. V. Minin, and I. V. Minin, “Deep
subwavelength-scale light focusing and confinement in
nanohole-structured mesoscale dielectric spheres,”
Nanomaterials 9 (2) (2019). 
https://doi.org/10.3390/nano9020186

29. I. V. Minin, O. V. Minin, Y. Cao, Z. Liu, Y. Geints, and
A. Karabchevsky, “Optical vacuum cleaner by optome-
chanical manipulation of nanoparticles using nano-
structured mesoscale dielectric cuboid,” Sci. Rep. 9
(12748) (2019).

30. C.-S. Wang and Y. Otani, “Removal of nanoparticles
from gas streams by fibrous filters: A review,” Indust.
Engin. Chem. Res. 52 (1), 5–17 (2013).

31. D. Erickson, X. Serey, Y. F. Chen, and S. Mandal,
“Nanomanipulation using near field photonics,” Lab
Chip. 11, 995–1009 (2011).

32. Y.-C. Li, H.-B. Xin, H.-X. Lei, L.-L. Liu, Y.-Z. Li,
Y. Zhang, and B.-J. Li, “Manipulation and detection of
single nanoparticles and biomolecules by a photonic
nanojet,” Light: Sci. Appl., No. 5 (2016).

33. X. Zhao, N. Zhao, Y. Shi, H. Xin, and B. Li, “Optical
fiber tweezers: A versatile tool for optical trapping and
manipulation,” Micromachines, No. 11, 114 (2020).

34. Y. Li, H. Xin, Y. Zhang, H. Lei, T. Zhang, H. Ye,
J. J. Saenz, C.-W. Qiu, and B. Li, “Living nanospear
for near-field optical probing,” ACS Nano 12 (11),
10703–10711 (2018).

35. I. V. Minin and O. V. Minin, Diffractive Optics and
Nanophotonics: Resolution Below the Diffraction Limit
(Springer, 2016).

36. L. Yue, O. V. Minin, Z. Wang, J. Monks, A. Shalin, and
I. V. Minin, “Photonic hook: A new curved light beam,”
Opt. Lett. 43, 771–774 (2018).
RIC AND OCEANIC OPTICS  Vol. 33  No. 5  2020



OPTICAL MANIPULATION OF MICRO- AND NANOOBJECTS 469
37. A. Ang, A. Karabchevsky, I. V. Minin, O. V. Minin,
S. Sukhov, and A. Shalin, “Photonic hook based op-
tomechanical nanoparticle manipulator,” Sci. Rep. 8
(2029) (2018).

38. I. V. Minin, O. V. Minin, G. Katyba, N. Chernomyr-
din, V. Kurlov, K. Zaytsev, L. Yue, Z. Wang, and
D. Christodoulides, “Experimental observation of a
photonic hook,” Appl. Phys. Lett. 114, 031105 (2019).

39. K. Dholakia and G. Bruce, “Optical hooks,” Nat. Pho-
tonics 13, 229–230 (2019).

40. I. V. Minin, O. V. Minin, D. S. Ponomarev, and
I. A. Glinskiy, “Photonic hook plasmons: A new curved
surface wave,” Ann. Phys. 530 (12), 1800359 (2018).

41. C. Rubio, D. Tarrazo-Serrano, O. V. Minin, A. Uris,
and I. V. Minin, “Acoustical hooks: A new subwave-
length self-bending beam,” Results Phys. 16, 102921
(2020).

42. E. Xing, H. Gao, J. Rong, S. Khew, H. Liu, C. Tong,
and M. Hong, “Dynamically tunable multi-lobe laser
generation via multifocal curved beam,” Opt. Express 26
(23), 30944–30951 (2018).

43. P. Yang, P. Twardowski, G. Y. Duo, J. Fontaine, and
S. Lecler, “Ultra-narrow photonic nanojets through a
glass cuboid embedded in a dielectric cylinder,” Opt.
Express 26 (4), 3723–3731 (2018).

44. Y. Huang, Z. Zhen, Y. Shen, C. Min, and G. Veronis,
“Optimization of photonic nanojets generated by mul-
tilayer microcylinders with a genetic algorithm,” Opt.
Express 27 (2), 1310–1325 (2019).

45. I. V. Minin and O. V. Minin, “Subwavelength self-
bending structured light beams,” in Proc. of the Fourth
Russian-Belarusian Workshop “Carbon Nanostructures
and their Electromagnetic Properties” (Tomsk, 2019),
p. 52–57.

46. I. V. Minin and O. V. Minin, “Dielectric particle-based
strategy to design a new self-bending subwavelength
structured light beams,” in Proc. the 14th Intern. Forum
on Strategic Technology (IFOST 2019) (TPU Publishing
House, Tomsk, 2019), p. 23.

47. G. Gu, L. Shao, J. Song, J. Qu, K. Zheng, X. Shen,
Z. Peng, J. Hu, X. Chen, M. Chen, and Q. Wu, “Pho-
tonic hooks from Janus microcylinders,” Opt. Express 27
(26), 37771–37780 (2019).

48. X. Shen, G. Gu, L. Shao, Z. Peng, J. Hu, S. Bandyop-
adhyay, Y. Liu, J. Jiang, and M. Chen, “Twin photonic
hook generated by twin-ellipse microcylinder,” IEEE
Photonics (2020). 
https://doi.org/10.1109/JPHOT.2020.2966782

49. X. Ma, Y. Guo, M. Pu, J. J. Jin, P. Gao, X. Li, and
X. Luo, “Tunable optical hooks in the visible band

based on ultra-thin metalenses,” Ann. Phys. (New
York), 1900396 (2019).

50. A. S. Ang, I. V. Minin, O. V. Minin, S. V. Sukhov,
A. Shalin, and A. Karabchevsky, “Low-contrast pho-
tonic hook manipulator for cellular differentiation,”
Proc. of the 9th Intern. Conf. on Metamaterials, Photonic
crystals and Plasmonics, Marseille, France, June, 2018.
P. 7–8.

51. X. Cui, D. Erni, and C. Hafner, “Optical forces on me-
tallic nanoparticles induced by a photonic nanojet,”
Opt. Express 16, 13560–13568 (2008).

52. H. Wang, X. Wu, and D. Shen, “Trapping and manip-
ulating nanoparticles in photonic nanojets,” Opt.
Lett. 41 (7), 1652–1655 (2016).

53. I. V. Minin, O. V. Minin, V. Pena, and M. Beruete,
“Subwavelength, standing-wave optical trap based on
photonic jets,” Quantum Electron. 46 (6), 555–557
(2016).

54. Y. Li, H. Xin, X. Liu, Y. Zhang, H. Lei, and B. Li,
“Trapping and detection of nanoparticles and cells us-
ing a parallel photonic nanojet array,” ACS Nano 10
(6), 5800–5808 (2016).

55. Yu. E. Geints and A. A. Zemlyanov, “Metalens optical
3D-trapping and manipulating of nanoparticles,”
J. Opt. 20, 075102 (2018).

56. H. S. Patel and S. K. Majumder, “Photonic nanojet:
Generation, manipulation and applications,” RRCAT
Newslett. 31 (2), 24–33 (2018).

57. A. A. R. Neves, “Photonic nanojets in optical twee-
zers,” J. Quant. Spectrosc. Radiat. Transfer 162, 122–
132 (2015).

58. B. Du, J. Xia, J. Wu, J. Zhao, and H. Zhang, “Switch-
able photonic nanojet by electro-switching nematic liq-
uid crystals,” Nanomaterials 9 (1), 72 (2019).

59. J. Zhu and L. L. Goddard, “All-dielectric concentra-
tion of electromagnetic fields at the nanoscale: The role
of photonic nanojets,” Nanoscale Adv. 1 (12), 4615–
4643 (2019).

60. R. Chen, J. Lin, P. Jin, M. Cada, and Y. Ma, “Photonic
nanojet beam shaping by illumination polarization en-
gineering,” Opt. Commun., No. 456, 124593 (2020).

61. O. V. Minin, I. V. Minin, and N. Kharitoshin, “Micro-
cubes aided photonic jet scalpel tips for potential use
in ultraprecise laser surgery,” in Proc. 2015 Intern.
Conf. on Biomedical Engineering and Computational
Technologies (SIBIRCON), Novosibirsk, Russia, Octo-
ber 2015. P. 18–21.

Translated by A. Nikol’skii
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 33  No. 5  2020


	INTRODUCTION
	1. NANOSTRUCTURED DIELECTRIC PARTICLES
	2. PHOTONIC HOOK: A NEW SUBWAVELENGTH SELF-BENDING STRUCTURED LIGHT BEAM
	CONCLUSIONS
	REFERENCES

		2020-10-08T17:48:47+0300
	Preflight Ticket Signature




