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TpPoroe pelleHHe 33afadyd O AUPPAKLUHU ILIO-

CKOM 371eKTPOMAaTHUTHOM BOJIHBI Ha OIHOPOZ-

HOM cdepHUYecKor 4YacCTHLle IPOH3BOJIBHOTO
pasMepa, obnajaroliell IIPOM3BOABHBIM 3HaueHHEeM
OW31eKTPUYeCKOM TPOHHIIAeMOCTH, OBITIO IIOTy4eHo
I'yctaBom Mu eme B 1908 roay (1] (1 He3aBucHMO JlaBa,
Jlebaem u JlopeHnioMm (2, 3, 4], TakKe 4acTo Ha3blBae-
Masi Teopuell JlopeHlla-Mu [5]). TeM He MeHee CBOU-
CTBa 3TOT0 pellleHHs U3y4aloTCsl 40 CUX 1op [6-9].

B cooTBeTCTBUM C TeopHel JlopeHIa-Mu (1, 5] pac-
cesiHHe IIOCKOM, JIMHEMHO IIONSPU30BAHHOM 3J/eK-
TPOMAarHUTHOM BOJHBI Ha chepUUYecKOM 4YacTHIle
IIpefCTaB/IseTCsl B BUe MeIJIeHHO cxopsiuerocs bec-
KOHEUYHOTO Psifia MapLHa/JIbHBIX COCTABISOMUX. [Ipu
5TOM KasK[as IaplidajabHasi BOJHA IIpPeCTaB/sSeTCs
B BHUJIe CYMMBI JIByX MOJ, -~ MaTHUTHOH U 37IeKTpHYe-
ckon [5, 10, 11]. CootrBercTByMOIKe 3)dEKTUBHOCTH
BHeLIHeI0 M BHYTPeHHero paccesiHUs MaTeMaTHde-
CKH CBSI3aHBl JJOCTATOUHO IIPOCTBIMU BBIPKEHHSIMU
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rigorous solution to the problem of a plane

electromagnetic wave diffraction on a homo-

geneous spherical particle with arbitrary size
and an arbitrary dielectric capacitance value, was
obtained by Gustav Mie back in 1908 [1] (and inde-
pendently by Lava, Debye and Lorenz [2, 3, 4], it is
also often called the Lorentz-Mie theory [5]). Never-
theless, the properties of this solution are still being
studied [6-9].

In accordance with the Lorentz-Mie theory [1, 5],
the scattering of a plane and linearly polarized elec-
tromagnetic wave on a spherical particle is repre-
sented as a slowly converging infinite series of partial
components. In this case, each partial wave is shown
as a sum of two modes, namely magnetic and electric
modes [5, 10, 11]. The relevant efficiencies of external
and internal scattering are mathematically related by
fairly simple expressions to the pairs of complex scat-
tering factors (a,, b,) and (c,, d,), respectively [5, 12].
However, “Le bon Dieu est dans le detail” [13], these
complex scattering factors are expressed using the
combinations of Bessel and Neumann spherical func-
tions and their derivatives and are rather compli-
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C IapaMH KOMIUIEKCHBIX KO3QOUIIMEeHTOB paccessHus
(a,, by u (c,, d,), coorBeTcTBeHHO [5, 12]. Ho «Le bon
Dieu est dans le détail» [13] - 3Tu KOMIUIEKCHEIE KO3~
GUIIMEHThl PacCcesiHUsI BBIPAKAIOTCS 4depe3 KoMbu-
Hauuu chepudeckux GyHKUUMN Beccens m HenmaHa
U UX IIPOM3BOJHBIX U JOCTATOYHO CIOXKHEI [5, 12, 14].
BrIsiIcHEHHe 3THUX 0CODEHHOCTEH M COOTBETCTBYIOIIMX
CBOMCTB pacCesiHHSI H371ydyeHHUs Ha cheprUUecKoHn
YacTHLe U celvac IPHUBOAUT 3a4aCTyI0 K HEOXKHUIAH-
HBIM M MHOI/IA IapafloKCaJIbHBIM pe3y/IbTaTaM.

Ha paHHHX 3Tamax HCCIeLOBAaHUM YCHIHS yde-
HBIX OBUIM COCPeJOTOUEHBl B OCHOBHOM B obiactu
H3y4YeHUsI ONTHYECKHX CBOMCTB OKpAacKH 30jel bra-
TOPOAHBIX MeTA/IZIOB, aTMOCPepHBIX a’3po30seH, IJI0-
puu [1, 6-11, 15]. B 4acTHOCTH, B KOHIle 1960-x romoB
II0J, PyKOBOACTBOM ITpodeccopa B.d.MunHHHaA 6bLI
IpoBefileH LHKJI MCCIefOBAHHUIM II0 aHOMAaJIbHOMY
0bpaTHOMY PpacCessHHIO OUINTeKTPUYEeCKUX Me30pas-
MepHBEIX cdep U oIlpefiesieHBl ONTHMa/lIbHBIE JHAlla-
30HBI U3MEHEHHUS UX IlapameTpa pasmepa q (q=2ma/A,
Ioe a - paguyc YacTHIBI, A — JAJWHA BOTHBI H3/Iyde-
HMSI) U [IOKa3aTesIs IIpeioMieHus [16].

HoBBIM 3Tall MCCAeOOBAHUMN OITHUYECKHUX CBOM-
CTB AW3eKTPUUEeCcKUX cPep OTHOCUTCS K Hadaly
2000 romos. B 2000 romy B 3KCIIepHMEHTAX II0 Jia3ep-
HOIM OYHCTKe IIJIOCKUX ITOBEPXHOCTEI TIPYIIION yde-
HBIX 10/l pYKOBOACTBOM IIpodeccopa b. C. JIykbsiHYYKa
6p110 O6HapykeHO [17], YTO Ha IIOBEPXHOCTH IlIa-
CTHUHBI HEIOCPe[CTBeHHO MoJ chepuuYecKUMHU YacTH-
LaMU 006pa30BBIBATIMCh HAHOOTBEPCTHS. [103gHee 3TH
3¢ deKThI CTaNu U3BeCTHHI Kak «GoToHHas cTpys» [18].
OTMeTHM, 4TO GOpMHPOBaHHEe “MarHHUTHBIX» QOTOH-
HBIX CTPYHM BO3MOSKHO MJISI YaCTHL IIPOHM3BOTBHOM
$OpMBI, B YaCTHOCTH KyOHYeCKo¥, a He TOIBbKO ChepH-
4yeckoH [16]. ITH HccIe0BaHMS BAOXHOBHIIH yYeHBIX
Ha [JaJbHeHIlee H3y4YeHHe BO3MOXKHOCTEH Me30pa3-
MepHBIX chep A/ HaHOCTPYKTYPUPOBaHHUS [10BEPXHO-
CTeH Y CO3[AHUS ONTHYEeCKHX H300paskeHHUM C BBICO-
KHM paspelleHHeM [18-20].

Jpyroe coBpeMeHHOe HallpaB/eHHe UCCIef0BaHUM
3QPeKTOB pe30HAHCHOIO pacCesHHUsI Ha AU3IeKTPHU-
YeCKMX HaHOYACTHIAX CBSI3aHO C MH-Pe30HaHCHOM
MeTadOTOHHUKOM KaK aJIbTeEPHATUBOM HaHOPa3MepPHOU
OIITHKe, I7le OCHOBHOM MeXaHH3M YIIpaBlIeHUs CBe-
TOM 3aK/II04aeTCsl B MCII0/b30BAHHUU MM-Pe30HaHCOB
B TaKMX HaHOYACTHLAX (q<1) ¢ BBICOKMM IIOKa3aTe-
neM ImpenomieHHs [21]. 9To HalpaBleHHe MOAY4YHTIO0
HasBaHHe MU-TpoHUKa [22, 23].

C Tex mop momobHble HCCIeOBAHUS II03BOIHIU
HaHUTH psif INPaKTHUYeCKUX NPUMeHeHUH B MHKPO-
CKONHMM, HAHOCTPYKTyPHPOBAaHUM IIOBEPXHOCTEH,
HaHoIUTOrpaduu, PaMaH-CIIeKTPOCKONHH, IS
MaHHUNYISLUN HaHOYACTHULIAMHU, CO3JAHHUS CTPYKTY-
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cated [5, 12, 14]. Even now, the clarification of these
features and the relevant scattering properties on
a spherical particle often leads to the unexpected and
sometimes non-intuitive results.

At the early research stages, the scientists were
focused mainly on the study of optical properties of
the color of noble metal sols, atmospheric aerosols,
and gloria [1, 6-11, 15]. In particular, in the late 1960s,
the group of researchers under the guidance of profes-
sor V.F.Minin conducted a series of studies relating
to the anomalous backscattering of dielectric meso-
scale spheres and determined the optimal ranges for
changing their dimensional parameter q (g=2ma/A,
where a is the particle radius, A is the radiation wave-
length) and refractive index [16].

A new stage in the study of the dielectric sphere
optical properties dates back to the early 2000s. In
2000, during the experiments on laser cleaning of
flat surfaces, a group of scientists led by professor
B.S.Lukianchuk [17] found that the nanoholes were
formed on the plate surface directly under the spheri-
cal particles. Later, these effects became known as
the photonic jet [18]. Note that the formation of
“magnetic” photonic jets is possible for particles of
arbitrary shape, in particular, cubic, and not only
spherical [16]. These studies have inspired the sci-
entists to further study the possibilities of meso-
scale spheres in relation to the surface nanostruc-
turing and development of high-resolution optical
images [18-20].

Another modern area of research into the reso-
nant scattering effects on the dielectric nanoparticles
is related to the Mie-resonance metaphotonics as
an alternative for the nanooptics, where the main
light control mechanism is the use of Mie-resonances
in such nanoparticles (q<1) with a high refractive
index [21]. This area was called Mie-tronics [22, 23].

Since then, such studies have made it possible to
find a number of practical applications in the fields
of microscopy, surface nanostructuring, nanolithog-
raphy, Raman spectroscopy, nanoparticle manipula-
tion, development of the structured near-field, etc.
that have already been described in detail in the refer-
ences [18-20, 24-26].

In this case, we will be interested in the spherical
dielectric particles with a dimensional parameter g
of the order of 10. Such particles occupy an under-
explored niche between the nanoparticles (g<1) and
particles to which the geometric optics is applied
(g~100) [18]. Recently, a number of practically impor-
tant properties have been discovered for such parti-
cles [16, 18, 19, 27], and we will briefly consider one of
the newest properties below. It should be noted that
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PHPOBAHHBIX O/IMKHEIIONbHBIX ITO7IeH U MHOTHUX JpYy-
TUX, Y>Ke JIOCTaTOYHO IOAPOOHO OMMCAHHBIX B JIUTe-
parype [18-20, 24-26].

B pmaHHOM ciy4ae Hac 6yayT MHTepecoBaTh cde-
pHUYecKHe AU3/IeKTPUYeCKUe YaCTUIBI C IIapaMeTpPoOM
pasmepa g mopsanka 10. Takue YacTHILBI 3aHHMAIOT
MaJIOMCC/IeJOBAaHHYIO0 HUIIY MeXKIy HaHOYACTHLAMH
(9<1) u yacTUIlaMH, [JIsi KOTOPBIX CIIpaBelJIMBa reo-
MeTpH4YecKas ONTHKa (q~100) [18]. [l TaKKUX YaCTHIL
B IIOCTIelHee BpeMsi oOHapysKeH Psf IIPaKTHYeCKH
Ba’KHBIX CBOMCTB (16, 18, 19, 27], U OoOHO M3 CaMBIX
HOBBIX MBI KPaTKO PaCCMOTPUM HIKKe. 3aMeTHM, YTO
[I0OKa 9TH HKCC/IefOBAaHUSA HOCAT QyHIaMeHTalbHBIN
XapaKTep U UX IPUKIafHOe 3HaUeHHe elle [IPeJCTOMT
OLIEHHTb.

Jns  [HU3eKTPUYeCKUX CPephudYecKUX 4YacTHIL
BCerfa HaH[eTCd TaKoe 3HaueHHe IIOKa3aTenad IIpe-
JIOMJIEHHUSI, IIPHU KOTOPOM [/IMHA BOJIHBI H3/Iy4YeHHUSs
BHYTPH YacTHIBI OyIeT COIIOCTAaBUMOM C ee AHaMe-
TPOM, T.e. 4=Ti/n. B 3TOM c/ly4ae 4YacTHIIA CTaHO-
BUTCSL Pe30HATOPOM, IIOCKOJIBKY HapyllaeTcs YCI0-
BHe KBa3MCTALMOHAPHOCTH Ipouecca. OITHYecKue
CBOMCTBA TAaKOM YaCTHIIBl OMMCBHIBAIOTCS Pe30HAHC-
HBIMH YacTOTaMH M COOTBETCTBYIOLIMMHU Pe30HAHC-
HBIMHM MOLAMH, PACCMOTPeHHBIMH B 1941 rogy Ctpat-
ToHOM [28]. Takoil pe3oHaTop obyaaeT BBICOKOM
I0OPOTHOCTBIO IIPH YC/IOBUM MaJIbIX JUCCUIIATHUBHBIX
II0Teph B MaTepHaJjie YacTULIbl. BHYTPHU AU3/IeKTpHUe-
CKUX chep IIpH COOMIONEHUH Pe30HAHCHBIX YCIOBHUHU
Y IIapaMeTpoB pasMepa M MaTepHana MOTYT Habiro-
IaThCs 3GGEeKThl CHIBHOIO YCHUIEHUS 3IeKTPOMarHUT-
HOro 11ossg. Tak, [/ YaCTHUILEL C IIapaMeTpoM pa3mepa
g=0,53 (4TO COOTBETCTBYeT IIHKY IUIIOIBHOIO Ppe3o-
HaHCa) U BBICOKOTO KOMIIJIEKCHOrO Ko3$PHuIlHeHTa
npenomiaenuss m=7,07+0,07i, B obnacTu mpocTpaH-
CTBEHHBIX MAaKCHMYMOB HHTEHCHBHOCTb B03Oyskmae-
MOTro B cpepe MarHMTHOIO [0/ IIpuMepHo B 400 pas
Gosbllle MHTEHCUBHOCTH B Iajalollel BoiHe [29, 30].
IIpy 3TOM pe30HaHCHOe paccessiHHe MM Ha [JH3JIeK-
TPHUUECKHX CPepax C BBICOKHMM II0Ka3aTeleM IIPeIoM-
JIeHHSI M C IIapaMeTpPoOM pa3mMepa OKOJIO 1 IIpUBOOMUT
K cepun pesoHaHco dano (19, 29, 31]. Cpenu npy-
ruX 0CO6eHHOCTEHM PacCesiHUSI Ha MaJIbIX JHUIIeKTPHU-
YeCKHX YaCTHULAX MOXKHO OTMeTHTb CyIleCTBOBaHHE
3pdeKTOB aHAIIO/I1, aHOMAJIBHOIO PaCCesHUS U BO3-
HUKHOBEHHE ONTHYeCKHX BHUXpeH, 00yCIOBIeHHBIX
CJIOKHOM LIHUPKY/ISILIMEN SHepruu KaK BHYTPH, TakK
U BOMH3U NIOBEPXHOCTH 4acTULE! [19, 32, 33]. Bnu-
SHHe OKpYyKalolllell cdepy cpenbl B 3THX Ppaborax
He HCCIIef,0BAJIOCh.

Topasmo MeHee HcclefoBaHHasi 06/1acTh 0cobeHHO-
CTeH paccesiHHs 3JIeKTPOMarHUTHOM BOJIHBL Ha JIH3-
JIeKTpHUUYeCcKor cdepe OTHOCUTCS K IapaMeTpy pas-
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so far these studies are of a fundamental nature and
their applied significance has yet to be assessed.

For the dielectric spherical particles, there will
always be such refractive index at which the radia-
tion wavelength inside the particle will be compa-
rable to its diameter, i.e. g=m/n. In this case, the
particle becomes a resonator, since the process quasi-
stationary condition is violated. The optical properties
of such a particle are described by the resonant fre-
quencies and the relevant resonant modes considered
in 1941 by Stratton [28]. Such a resonator has a high-
quality factor subject to the low dissipation losses in
the particle material. Inside the dielectric spheres,
under the resonant conditions and parameters of size
and material, the effects of a strong electromagnetic
field enhancement can be observed. Thus, for a par-
ticle with the dimensional parameter q=0.53 (that
corresponds to the dipole resonance peak) and a high
complex refractive index m=7.07+0.07i, the magnetic
field intensity excited in the sphere is about 400 times
greater than the intensity in the incident wave [29, 30]
in the field of spatial maxima. In this case, the reso-
nant Mie scattering on dielectric spheres with a high
refractive index and with a dimensional parameter of
about 1 leads to a series of Fano resonances [19, 29, 31].
Other features of scattering on the small dielectric
particles includes the availability of anapole effects,
anomalous scattering, and occurrence of optical vorti-
ces due to the complex energy circulation both inside
and near the particle surface (19, 32, 33]. The influ-
ence of environment surrounding the sphere was not
investigated in these works.

A much less explored area of the electromagnetic
wave scattering on a dielectric sphere relates to
a dimensional parameter of the order of 10 [16, 19,
27]. For example, it was recently demonstrated in [34]
that the weakly scattering mesoscale (the particle
diameter is larger than the wavelength) dielectric
spheres located in the vacuum can support the high-
order Fano resonances related to the internal Mie
modes. The relevant internal scattering efficiencies
are expressed by the complex scattering Mie coeffi-
cients (c,, d,).

In the case of a dielectric mesoscale sphere, the
high-order internal resonance mode interferes with
a wide range of all other modes [34, 35]. This effect is
shown on Fig.1 for a non-absorbing spherical particle
with a refractive index n=1.9 located in water [36]
(in contrast to the results in [34, 37, 38] that were
obtained for the particles located in vacuum). In
this case, the optical contrast of the sphere with
the dimensional parameter q=32.27657 (the incident
radiation wavelength of A=632.8nm) is 1.43. These
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Mepa mopsazmka 10 [16, 19, 27].
Hanpumep, HemaBHO B [34] 6bU10 IE/EoP 10° IE/EoP 10°
IIPOJIEMOHCTPUPOBAHO, YTO C1abo i i
paccenBamInue Me3opasMep- 2,0 2,0
Hble (QUaMeTp 4YacTULbI 6oJblie
JUIMHBI BOJIHBI) AU3IeKTPUYeCKUe I I
cheprl, pacCIoOOKeHHBIE B BaKy- H1,0 H1,0
yMe, MOIYT IIOALEepP>KHUBATb Pe30-
HaHCHl PaHO BBICOKOTO IIOPSAKA, ®2 2
CBSI3aHHBle C BHYTPeHHUMHU 0 0
mopgaMu Mu. COOTBETCTBYIOIIHE e
3QPeKTUBHOCTH BHYTPEHHEro pac- /P X105 /P TGE
CesTHUS BBIPa’KAIOTCSL 4Yepe3 KOM- 25
IUIeKCHble KO3QPUIIMEHThl pacces- 2,5 6
HUs Mu (c,, d,). 2,5 5

B caydae [AM3IEKTPUYECKOL I ;2 Ha
Me30pa3MepHON cheprl MOJa BHY- M. i3
TPeHHero pe30HaHCa BBICOKOTO 1,5 5
[opsaKa UHTepdepHpyeT C LIKPO- 1,0 .
KHM CIIeKTPOM BCE€X OCTaJIbHBIX 0,5
Moz (34, 35]. Ha puc. 13101 3¢ dexT 0 0
[I0KAa3aH /g HeIoIlolaloulen a) xla yla
chepuueckor YacTHULBL C IIOKas3a- IE/E P IE/E P
TejlleM IIpeioMieHHss n=1,9, pac- 500
[I0JIOKeHHOU B Boze [36] (B oTiu- 180
4he OT pe3yabTaToB [34, 37, 38], 160
KOTOpble OBUIM IIOJYYeHBI MAJIs . :1;‘3
YacTHL], PACIOJIOKeHHBIX B BaKy- B H 100
yMe). B JaHHOM cilydae ONTHUe- Zg
CKUH KOHTPACT cdeprl C Ilapame- o
TpoM pasmepa 4=32,27657 (onuHa 20
BOJIHBl IIafjAIONIEro H3/1y4eHUs ' ) 7 3 2 o = 7 3 5 0
A=632,8 HM) coctaBinget 1,43. OTH x/a yla
IIapaMeTpPhl COOTBETCTBYIOT pPe30- |H/Ho? |H/H,
HaHCHOM Moge [=55. Ha puc. la iég i;g
[I0Ka3aHO pacIlpeleieHHe 3JIeK- 180 180
TPHUUECKOTO U MarHUTHOTO II0JIeH :iig :iig
B [BYX IUIOCKOCTSX, KOTJAa IIpPH s H120 s U120
MOJETUPOBAHUN OBUIM yUYTEHBI h j oo " j 100
Bce Mozbl 1<[<77. Ha puc. 1b mpen- 1 1
CTaB/leHa 3Ta >Xe KapTHUHa, Ine 40 40
yUYTeHBl BCe YJIeHBl, KpOMe eIMH- 30 30
CTBEHHOI'O Pe30HaHCHOIO YjeHa 2 = ® L 2
|=55. B 3ToM ciydae o0671acTh ) x/a via
JIOKQUIM33aLUKU H3JIy4eHUS HMeeT Puc. 1. PacnpedeneHue UHMeHCUBHOCMU 3AeKMpU4ecKo20 U MAazHUMHO020 nonet 6 0yx
BUJ, XapaKTepHBIH 1711 GOTOHHOH nAocKocmsIx 051 cepuyeckol Yacmuubl € noKasamenem npenomaenusi n=1,9, pacnono-
crpyu [18, 25]. Takum obpasoM, eHHoll 8 800e: a) npu ModeAuposaHuU BbiAU y4meHbl 8ce Modbl 1<1<77; b) yumeHsl ece
eIUHCTBeHHBIN 4ieH [=55 B gaH- MOObI, 3 UCKAYEHUEM eOUHCMBEHHO20 Pe30HAHCHO20 YAeHa ¢ Modoll =55 [36]
HOM Cjy4yae IIPMBOJMT K yBeluye- Fig. 1. Distribution of electric and magnetic fields intensity in two planes for a spherical
HHIO0 MHTeHCUBHOCTH PacCesSHHOI0 particle with a refractive index n=1.9 located in water: a) all modes 1<1<77 are consid-
u3yuyeHus B 1000 pas. ered in simulation; b) all modes are considered, except for the only resonant member

HutepdepeHnus M POKHUX with a mode 1 =55 [36]
U Y3KHX CIeKTPaJbHBIX JIMHHUH

PHOTONICs vOL. 16 N24 2022 309



m METATPOHUKA

i g

IIPUBOIUT K XapakTepHOU QopMe
pe3oHaHca ®aHO BBICOKMX IIOPSZ-
KOB, a TakoKe [IJIs CIIeKTPOB HaIlpsi-
SKeHHOCTH 3JIeKTPUYeCKOro U Mar-
HUTHOTO 10/ Ha IIOBEPXHOCTHU
YaCTHULIBL, PACIIOIOKEHHOM B BOJIE,
T.e. B TouKax (x=0; y=0; z=R),
B 06/1acTH 3HaueHHUM I1apaMeTpa
pa3sMepa mopsanka q=~30 [36], moka-
3aHHBIE HA pHCYHKe 2. Tumud-
HBIM [JHala30oH IapaMeTpoB
pasmMepa, HeoOXOMUMBIX [JIS IIOTTY-
YeHMsI TaKHMX Pe30HAHCOB, 3aBH-
CUT OT IIOKa3aTejisl IIpeIoMJIeHHUS
YaCTUIBl M OKPY’KaIOIIeH Cpefbl.
s TakUX pe3oHaHCcoB PaHO K03d-
GULIMEHTHl YCH/IEHUS HaIPssKeH-
HOCTH IIOJISI B pacCMaTpHBaeMOM
cjlydae MOTYT OOCTHIATh 3KCTpe-
MaJIPHBIX 3HAaUeHHH IopsaKa 10°.
IIpu 3TOM XapakTepHas ¢opma
®aHO pe3oHaHCOB HabmomaeTcs
TaKKe B MOAYISAX CAMHX aMIIIM-
TyA paccesHHUs (29, 34]. OTMeTUM,
YTO C POCTOM II0Ka3aTejisl [IPeIOM-
JeHus MaTepHana chepbl YMeHb-
IIaeTCsl HOMeP Pe30HaHCHOM MOJIBI
M pacTeT MaKCHUMIBHO [OCTH-
JKMMass MWHTEHCHUBHOCTb II0JIS
B pe3oHaHce. OgHaKO JIs II0Ka3a-
Teslsl IpeloMJIeHUst Oonblle ABYX
JIOKJIM3alMs IO/ CMeIlaeTcs
[I0 HaIlpaBJeHHUI0 OT BHeIIHeH
CPaHUIIBL COephl K ee LIeHTPY, YTo
Ka4eCTBEHHO MOXHO OOBSICHHUTB
Ha OCHOBe GOpMYJbl i $oKyca
cdepryeckoll ITHUH3L. B cBolo oue-
penb, yBelHYeHHe pa3Mepa cdep
IIPUBOAUT K Bo30Oy>KmeHHIO Oosee
BbIPa)KeHHBIX CBEPXPe30HAaHCHBIX
Moz, ¢ 6osee CHUIBHOM JIOKaJIM3a-
LIMEeH 104,

M3 puc. 2 TakKe OTYETIHBO
BUJHO, YTO aCMMMeTpHS HHTEeH-
CHUBHOCTEH Pe30HaHCOB 3epKaJIbHA,
KOrja IIpeBajupyeT MarHHUT-
HOe WM D3JIeKTpHuYecKkoe IIoje,
a MUpHHA Pe30HaHCHOM JIHHHUU
Gosblle ISt IIOJISL, KOTOPOMY COOT-
BeTCTByeT MaKCHMYM HHTEHCHB-
HOCTH. Bosee Toro, Kackaibl pe3o-
HaHcoB ®aHo, HabmogaeMble IIPU
paccesHHU H3My4eHHUs Ha cr1abo-
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Puc. 2. M(HmeHcuBHOCMU MA2ZHUMHbIX U 3AeKmpu4ecKux noael ¢ xapak-
MepHbIM 041 SIPKO 8bIpAXXKEHH020 KAackada pe3oHaHcos ®aHo npopurem
HA N0BEPXHOCMU YacmuUubl ¢ Nokasamenem npenomaeHusl n=1,9 u napa-
Mempom pazmepa 0koAo g =30, pacnoaoxxeHHol 8 8ode (onmuyeckuli
KoHmpacm cgepsl 1,43) npu T=70 °C [36]. BudHo YepedosaHue npeumy-
WeCMBEHHbIX MA2HUMHO020 U 3AeKmMpUYecko20 pe3oHaHcos8. Huxe noka-
3aHbl pe30HAHCHbIe UHMEeHCUBHOCMU 8 06Aacmu 3HAaYeHus napamempa
pasmepa q=32,07941 (caesa) u q=32,27657 (cnpasa) 3moli e yacmuupbl,
Xapakmepu3syouLuecst pe3kum cy>KeHuem WupuHbl pe30HAHCHOU AUHUU
Fig. 2. Intensities of the magnetic and electric fields with a profile
typical for a pronounced cascade of Fano resonances on the particle
surface with a refractive index of n=1.9 and a dimensional parameter
of about q =30 located in water (the sphere optical contrast is 1.43)

at T=70°C [36]. It is possible to note the alternation of predominant
magnetic and electric resonances. The resonance intensities in the field
of dimensional parameter q=32.07941 (left) and q = 32.27657 (right) of
the same particle are shown below being specified by a sharp narrowing
of the resonance line width.
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OUCCHUIIATUBHBIX JU3IEeKTPUYECKUX Me30MacIuTab-
HBIX CcPepax B paMKax TeopuH JlopeHIla-MH, COIpPO-
BOKIAIOTCS CUHIYISPHBIMU $a30BBIMU 3ddeKTaMU
C OIPOMHBIMH 3HAa4YeHMSMHU JIOKAJIBHOIO BOJIHOBOIO
BEKTOpPA U reHepalyell ONTHYEeCKUX BUXPEH C xapak-
TepHBIM pasMepoM Spa, 3HAUKUTE/IIbHO MeHBIIero
IudpakiiMoHHoro Impenena [16, 18, 19, 27, 34, 35,
37, 38]. Takue 3ddeKkTbl 0OHAPYKEHBI B NHIIEKTPU-
YeCcKMX Me30pa3sMepHBIX YacTHIaX, KOorjaa IapamMeTp
pa3mepa YacTHULIB § IIPeBhIIIAeT HeKOTOpOoe 3HaUeHHe,
3aBHCAIIee KaK OT ee OIITHYECKOI0 KOHTPACTA U Iapa-
MeTPOB Cpelibl, TaK U abCOMIOTHOrO 3HAYEHUS [10Ka3a-
TeJIs IIPe/IOM/IeHHUS.

TaxKke HHTepecHO OTMETHTh, YTO B KacKaZe CBepx-
Pe30HaHCHBIX MoZ, (PHC. 2) HabII0gaeTCs BBIPOsKeHHbIe
XapaKTepHbIe Yepenyroluecs Kackagpl ¢ IIepruogaMH
oKkoio Ag=~0,35u Aq~0,20, HO aBCOMIOTHBIE BETUYHUHEI
MHTEHCHUBHOCTEHM MAarHHUTHBIX K 3JeKTPUUYEeCcKHX
[10JIeHl HEMHOTO OT/IMYAIOTCSI B 3aBUCUMOCTU OT MOZbI
(MarHUTHOM MU 37eKTPUYecKor) U IlapaMeTpa pas-
Mepa. IIpu 3ToM CIeKTpalbHOe I10/I0’KeHHe Pe30HaHC-
HBIX [IMKOB MOSKHO KOHTPOJIMPYeMO HU3MEHSITh, MeHs
rnapaMeTp pa3Mepa U OTHOCHUTENBHBIM I10Ka3aTeslb
IIpeJIOMJIEHHs MaTepuajia cpepsl, a TakKe YCIOBHS
BHEIIHEIo OKpy>KeHHs. Takas KBasHUIIePHOIUYHOCTD
MOYKeT HaUTH Psif, MHTEPEeCHBIX IIPUTOKEHU, BKIIIO-
4yas cenekuuio cbep I AOCTHKEHHS HaWIydlller
JIOKJIU3aLUK [0/, YIy4IIeHMs pa3pelleHUs Cy6-
BOJTHOBOM QOKYCHPOBKHU M, BO3MOKHO, /IS CO3TAHHA
KBa3UIIEPUOLUYECKON YACTOTHOM I'PebeHKH.

Pemrarmniyio pojib B BO3HHUKHOBEHHH Pe30HAHCOB
®aHO HUIrparOT MarHUTHbIE OUIIOJIbHBIE Pe30HAHCEHI
H30IMPOBAHHBIX AUIIEKTPUYECKUX YaCTHI. Bo36ysK-
JeHHas Ha JIMHe BOJIHB MAarHUTHOIO pe30HaHca Mar-
HUTHAas AUIIONbHAS MOAA JH3IeKTPUYECKOH YaCTHIIBI
MOXXeT OBITH Oolee CHUIBHOM, YeM OTK/IHK 3IeKTPU-
YeCKOro OHIIONSI, U TeM CaMbIM BHOCHUTh OCHOBHOM
BKIaZ, B 3bdeKTUBHOCTh paccesHHs (CM. pHUC. 2).
Takue coepuyeckre YaCTHLBI HMEIOT YHHUKaJbHOE
pacmosioskeHHe TOpAYHMX TOYeK Ha IIOIocaX Cephl
1 00yC/IOB/IEHB CIIeUPHUYECKHMM IIOBefIeHHEM BHY-
TPeHHHUX MOJ Mu. M3 CTPOTHUX aHATUTHYECKHX pacue-
TOB ciefyeT [34], uTo A1st ®aHO pe30HAHCOB BBHICOKOIO
MOpsiiKa IIPU OIpefe/ieHHBbIX 3HAauyeHUIX IapaMe-
Tpa pa3Mepa 6onee 10 U IoKa3zaTessl IIpeTOMJIEHHS
foree 2 yBelruYeHHe HAIIPSDKEHHOCTH IO BHYTPH
YaCTHLBI, PACIIONIOKEHHON B BaKyyMe, MOXKET JOCTH-
raTth IopsnKka 10%-108, 4yTO CBSI3aHO, KakK yKas3bIBa-
7I0Ch, C Pe3KUM CyKeHHeM HIHPUHBl pPe30HaAHCHOH
nuHuH (16, 19, 27, 34, 36-39].

BaskHOIT 0COOEHHOCTBIO pe30HaHCOB PaHO BBICO-
KOro MOpsAKa B TaKHMX YaCTHULIAX SBJISIeTCS BBICOKas
CTeIleHb JIOKAJIM3ALMXU MAarHUTHBIX U 37IeKTPUYeCKUX

parameters correspond to the resonant mode [=55.
Figure la demonstrates the distribution of electric
and magnetic fields in two planes, when all modes
1<1<77 were considered during the simulation. Fig-
ure 1b shows the same pattern, where all members
are considered, except for the only resonant member
1=55. In this case, the radiation localization area has
a view typical for a photon jet [18, 25]. Thus, in this
case the only member [=55 leads to an increase in the
scattered radiation intensity by a factor of 1000.

The interference of wide and narrow spectral lines
leads to the typical form of the high-order Fano
resonance, as well as for the stress spectra of the
electric and magnetic fields on the particle surface
located in water, i.e. at the points (x=0; y=0; z=R),
in the range of a dimensional parameter of the order
q~30 [36], shown in Figure 2. The typical range of
dimensional parameters required to obtain such
resonances depends on the refractive index of the
particle and the environment. For such Fano reso-
nances, the field intensity enhancement factors in
the case under consideration can reach extreme val-
ues of the order of 10°. In this case, the typical form
of Fano resonances is also observed in the scattering
amplitude moduli [29, 34]. It should be noted that
with an increase in the sphere material refractive
index, the resonant mode number is decreased and
the maximum achievable field intensity in the reso-
nance is increased. However, for a refractive index
greater than two, the field confinement shifts from
the outer sphere boundary to its center that can be
qualitatively explained on the basis of formula for
the spherical lens focus. In turn, an increase in the
sphere dimensions leads to the excitation of more
pronounced super-resonance modes with the stronger
field confinement.

It is also clearly seen in Fig. 2 that the asymmetry
of the resonance intensities is mirrored when the
magnetic or electric field prevails, and the resonance
line width is greater for the field to which the inten-
sity maximum corresponds. Moreover, the cascades
of Fano resonances observed in the case of scattering
on the weakly dissipative dielectric mesoscale spheres
as a part of the Lorentz-Mie theory are accompanied
by the singular interface effects with the large values
of local wave-number vector and generation of the
optical vortices with a typical core size that is much
smaller than the diffraction limit [16, 18, 19, 27, 34, 35,
37, 38]. Such effects are found in the mesoscale dielec-
tric particles when the particle dimensional param-
eter q exceeds a certain value that depends on both its
optical contrast and environment optical parameters
and the absolute value of the refractive index.

PHOTONICs vOL. 16 N24 2022 31



METATPOHUKA

Iojied, IIpeBbIIAOMEN AMGPAKLUHOHHBIN Ipefe,
KaK BHYTPH YaCTHLBI, TaK U Ha ee IIOBEPXHOCTHU [34,
37-39]. ITocinenmHee CBSI3aHO C 06pa3OBaHI/IEM obnacrex
C TUTAaHTCKUMH 3HAYeHHUSIMH JIOKAJIbHBIX BOJTHOBBIX
BeKTOpOB [16, 27, 34], aHanoruvHo 3¢pdekTaM Cymepoc-
LLIALKY [34, 40]. B CBSI3K C 3TUMMU «Cylleppe30HaH-
CaMH» [IPOIeMOHCTPHUPOBAHO I0SIBJIeHHe MarHUTHBIX
doToHHBIX CTpyH [16-19] M T'MIaHTCKHMX MarHHUTHBIX
nonewt [19, 27, 34, 36-39], KoTOpble MOTYT OBITH IIpH-
BJIeKATeJIbHBIMH [/ MHOTUX (QOTOHHBIX IPHJIOXKE-
HUH. IIpu 3ToM A1 chepudecKUx YacTHULL C I1apame-
TpaMHu pa3smMepa mopsaka 20 ¥ BhIlIe W II0Ka3aTeaem
[peJIoM/IeHHs] MeHbIlle 2 B PeXKHMe Cylleppe3oHaHca
3pdeKT cBepxycuaeHHS QOKYCHPOBKH B YaCTHLAX
obecrieunBaer npuMepHO B 4000 pa3 bosee CHIBHYIO
HaIpsDKeHHOCTh mond (T.e. 6oree 4yeM Ha MOPSAOK
6onpie, yeM IJisi MajbIX dacTui] ¢ =~0,5 [29, 30]),
yeM /I MaJalollero U3jlydeHHs, U AeMOHCTpUpYeT
BO3MOXKHOCTb IpeofioneHUsl AUGPaKIHOHHOIO IIpe-
Iena [27, 34, 38], HeCMOTPS Ha BBICOKYIO UYBCTBUTE/b"
HOCTb K BeJIMYHHe JUCCUIIAaTUBHBIX [1I0Tepb B MaTepH-
ajie YaCTHIIBL.

HaunBHBIK OTBeT Ha Bompoc «Kak MaKCHMH3HPO-
BaTh JIOKAIH3ALHIO U3y4eHUSl B AUIIeKTPUUYECKON
YJacTUIe?» 3aKII0YaeTcsi B TOM, YTOOBI «cleNaTh Tak,
4yTOOBl MHUHHMH3UPOBATh AUCCHUIIATUBHYIO I1OCTOSIH-
HYyI0 MaTepHaja 4acTHLbl». OJHAKO, Ha YAHBIeHHE
,0Ka3a710Ch, YTO IIPAaBU/IbHBIM OTBET IPSIMO IIPOTHBO-
IIOJIOKHBIM : MaJlasi JHUCCUIIALMS SHEpIruyd B MaTepu-
ane cdeprl TakKe MOXKET CIIOCOOCTBOBATH (@ He YXYA-
IIaTh) CyOAMPPAKLIMOHHOM JOKAIHU3aLUK Ions [38],
T.e. ee QUCCUIATHBHAs IIOCTOSHHAs MAO/IKHa OBITH
MaJIoH, HO He HYJIeBOH.

YKa3aHHBIM BbIllle HOBBIK QU3HUUECKUH 3)PeKT -
OITHYEeCKHUM Cylleppe30HaHC B Me30pPa3MepHBIX IH3-
JTeKTPUYeCKUX cdepax, 0OYCIOBIEHHBIM PpPe30HaH-
coM PaHO BBICOKOTO IOPSIAKA — MOKeT CTaTb HOBBIM
Cr10coboM MOCTHSKEHUSI CBEPXBBICOKHMX MArHHTHBIX
noseri. CyTh 3TOM BO3MOXKHOCTH 3aK/IIOYAeTCs B Clle-
AyIoIleM: KaK Y>Ke OTMedasioch, B JHU3TeKTPUYeCKHX
Me30pa3MepHBIX YacTHUIAX, KOTAa [IapaMeTp pasmepa
YaCcTULBL § IIpeBblIIaeT HEKOTOpoe 3HaudeHUe, 3aBU-
csilllee OT ee IIOKasaTeslsl MpeOM/IEHHs, BO3SHUKAIOT
onTHveckre BUXpHU [34]. CremoBaTenbHO, B COOTBET-
CTBUH C 3akoHOM buo-CaBapa, COOTBeTCTBYMOIIHe
KOJIbLIeBble TOKM CO3/aI0T MarHHUTHBIe II0jsl. Moge-
JHMPOBaHHe Ha OCHOBe TeOpHH JIopeHI1la-MH I10Ka3aJo,
YTO BHYTPU Me30MacIITabHOM C/1abofHCCUIIaTUBHOM
OH3/IeKTPUYeCKOM YaCTHLBI, pa3sMellleHHOH B BaKy-
yMe, MarHHUTHOe II0JIe MOXKeT OBITh ITOTeHI[HAIbHO
ycuieHo bosee, yeM Ha 4 mopsiika, UTO MOYKeT JIaTh
3HA4YeHHsI MAarHUTHOM MHIYKIKU Hopsiaka 10° T [34].
9To 3HaueHHe O6IM3KO K MEXKAaTOMHBIM MAaTrHHUT-
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It is also interesting to note that the cascade of
super-resonance modes (Fig. 2) demonstrates the pro-
nounced typical alternating cascades with the periods
of about Aq~0.35and Ag~0.20. However, the absolute
intensity values of the magnetic and electric fields
differ slightly depending on the mode (magnetic or
electric) and a dimensional parameter. In this case,
the spectral position of the resonance peaks can
be changed in a controllable way by changing the
dimensional parameter and the relative refractive
index of the sphere material, as well as the envi-
ronmental conditions. This quasi-periodicity can be
used in a number of interesting applications, includ-
ing the sphere selection to achieve the best field
confinement, improve the subwavelength focusing
resolution, and possibly to develop a quasi-periodic
frequency comb.

The decisive role in the occurrence of Fano reso-
nances is played by the magnetic dipole resonances
of isolated dielectric particles. The magnetic dipole
mode of a dielectric particle excited at the mag-
netic resonance wavelength can be stronger than the
electric dipole response, and thus make the main
contribution to the scattering efficiency (see Fig. 2).
Such spherical particles have a unique location of
hot points at the sphere poles and are due to the spe-
cific behavior of internal Mie modes. It follows from
the rigorous analytical calculations [34] that for the
high-order Fano resonances at certain dimensional
parameter values greater than 10 and the refractive
index greater than 2, the increase order in the field
strength inside a particle located in the vacuum can
reach about 104-108 that is related, as indicated, with
a sharp narrowing of the resonance line width [16, 19,
27, 34, 36-39].

An important feature of the high-order Fano reso-
nances in such particles is the high confinement
degree of magnetic and electric fields that exceeds
the diffraction limit, both inside the particle and
on its surface [34, 37-39]. The latter is related to the
formation of regions with the enormous values of
local wave-number vectors [16, 27, 34], similar to the
super-oscillation effects [34, 40]. In connection with
these “super resonances”, the occurrence of magnetic
photonic jets [16-19] and giant magnetic fields [19, 27,
34, 36-39] has been shown that can be attractive for
many photonic applications. Moreover, for spheri-
cal particles with the dimensional parameters of the
order of 20 and higher and a refractive index of less
than 2, in the super-resonance mode, the focusing
over-enhancement effect in the particles provides
for about 4000 times stronger field strength (i.e.,
greater by more than an order than for the small
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HBIM IonsiM [41, 42] 1 CpaBHHMO C BO3MOXKHOCTSIMHU
MarHHTHO-KYMY/ISTUBHBIX FeHepaTopoB [43, 44]. IIpu
3TOM IIPH TaKMX IIOJISIX MOXKHO OXMAATH 3PPeKThHI
MarHUTHOM HeJTHHEHMHON ONTHUKH [34], B KOTOPBIX
M3MeHeHMe II0Ka3aTe/s MPEeJIOM/IEHUS BBI3BIBAETCS
MarHUTHBIMHA 3¢dexkTamMu. OJHAKO BOIIPOC AHCIIEpP-
CHHM B MaTepHajiax chepryecKux YacTHI] IIPU TaKUX
YCIOBHUSX ITIOKA OCTAETCS OTKPBITHIM.

B To >Xe BpeMs CBOMCTBA CyIleppe30HAaHCa OIIpe-
JeISAI0TCA He TOJBKO IIapaMeTpoM pasmepa cdepsl
M ee KOMIUJIEKCHBIM IIOKa3aTeleM IIPeJIOM/IeHHS,
HO U OKpY>Kalolllel Cpefioki. II03ToMy, ec/ii H3MeHHUTCS
OKpY>KeHHe (HaIpuMep, BMeCTO

i g

particles with g~0.5 [29, 30]) than for the incident
radiation. It confirms the possibility of overcoming
the diffraction limit [27, 34, 38], despite the high
sensitivity to the dissipation loss value in the particle
material.

A naive answer to the question “How to maximize
the radiation confinement in a dielectric particle?”
is to “make it so as to minimize the dissipative con-
stant of the particle material”. However, surprisingly
enough, it turns out that the correct answer is exactly
the opposite: a small energy dissipation in the sphere
material can also contribute (rather than worsen) the

BakyyMa OyneT HpPHCYTCTBOBAThb
BO3/lyX WJIM [PYTOH ra3 MIH KU~
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Mepa 4YacTHULEl He COBIAJAoT
C TaKOBBIMHU [JISI BaKyyMa KU CMe-
IIAIOTCSA B CUHIOO 001acTs [36, 39].

CooTBeTCTBeHHO MJid cdepsl,

Puc. 3. 3¢pexm cyneppe3oHaHca: caesa — das Henoznow,aroleli Mesomacumad-
HOU Yacmuubl, pacnoAoeHHol 8 akyyme, ¢ napamempom pazmepa q=26,94163
U nokasameaem npeaomieHus n=1,5 (3mu 3HaveHus coomeemcmeayom pe3o-

pacronoskeHHOM B Boze [36], nu3me-
HeHUe 3pdeKTUBHOIO I10Ka3aTes
IpeJIoMTIeHUsT cpelbl Ha 2-107°
(4TO SKBHUBAJIEHTHO, HaIpUMep,
M3MEHEeHHI0 TeMIIepaTypbl BOJBI
npuMmepHo Ha AT=0,0106 °C)
TaKke MPHUBOOUT K IBYKPATHOMY
MMAJeHUI0 HHTEHCHUBHOCTU II0JIS
IUISL TOTO SKe ITapaMerpa pasmepa.
[1pu 9TOM pe30HaHCHbIe 3HAYEHHUSI
IapaMeTpa pa3smepa Takke H3Me-
HSIOTCSI I10 CPaBHEHHIO C BaKyy-
MoM [36]. CiemyeT OTMeTUTh, UTO
IIPY COOTBETCTBYIOIEM H3MeHe-

HAHCHoU mode, 8036y»Kdaemoll 8HymMpu 4acmuubl ¢ NAPUUAAbHbIM 80AHOBbIM
nopsiokom =35, zpaguk npusedeH 8 AuHeliHom Macwimabe); cnpasa — 0s cepei
8 8030yxe ¢ nokazamenem t1,,=1,000241307 - UHMeHCUBHOCMb YMeHblaemcs
npumepHo 6 10 pa3 no cpasHeruto ¢ eakyymom (1, =1,0) 0ag mo20 >xe napame-
mpa pazmepa (2padux npusedeH 8 U Aozapudmuyeckom macuumase) [39]

Fig. 3. Super-resonance effect: on the left - for a non-absorbing mesoscale
particle located in the vacuum, with the dimensional parameter q=26.94163 and
a refractive index n=1.5 (these values correspond to the resonant mode excited
inside the particle with a partial wave order [ =35, the diagram is shown on a lin-
ear scale); on the right - for a sphere in the air with an index of n,,=1.000241307;
the intensity is decreased by about 10 times compared to the vacuum (n,,=1.0)
for the same dimensional parameter (the diagram is shown on a logarithmic
scale) [39]
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HUU pe30HAHCHOIO I1apaMeTpa pasmepa chepsl, pac-
IIOJIOKeHHOM B Cpefie (OTHOCHTEIBHO TAaKOBOTO IJISI
BaKyyMa), 3Ha4eHHsI THTeHCHUBHOCTH II10JIsI B TOPSTYHX
TOYKAX IMPAaKTHYeCKH OyAyT TaKHMMH >Ke, KaK AJIs
cdepsl B BakyyMe [36, 39].

JanpHeNMe epcrleKTUBLL HccaeoBaHus 3bdeKTa
CyIeppe3oHaHCa Ha Hall B3IJIS, CBA3aHBI C TeM, YTO
IUIS. MHOTLOCIOMHOM ChepHuYecKOM 4YacTHLHBl (IIpu
KOHLIEHTPUYeCKOM PACIIONIOKeHHUH CJI0eB) paccesiH-
HOe I107Ie BHEe YaCTHUIIbl TAKOKe ITPeACTABISIEeTCS. B BUE
MYJIBTHUII0/IBHOT'O Pa3/IOKeHUs1, B KOTOPOM BhIPaskKeHH,
CBSI3bIBAIOLIME Pa3jIUYHble IIapliMajbHble CeYyeHHUSs
C Ko3pPHULIIeHTaMH paccesHHusi, GOpMaabHO COBIIA-
JAIOT C TAKOBBIMH /1S OOHOCTIOMHOM YaCTHIIEI [45-47].
OpHako caMU K03OOUIIMEHTHl paccessHUS OIpele-
JISIIOTCS Yepe3 PeKyppeHTHble COOTHOIIEHHS, YHCIIO
KOTOPBIX 3aBUCUT OT KOJIUYeCTBa c10eB chepsl. B To ke
BpeMsl, B TaKOK KOHOUTYPALIHHU I10SIB/ISIETCS LOMOIHU-
TeJIbHAsI CTeIleHb CBOOOMBI: MeHsISl IIPOCTPAHCTBEHHOE
pacIionoXkeHHe CJI0eB U UX KOMIIJIEKCHBIE TI0Ka3aTenu
IIpe/IoOM/JIeHHS, MOKHO YIIPaB/ISATh IIOJIOKEHHEM pas-
JTUYHBIX Pe30HAHCOB, B TOM YHC/Ie J0OMBATHCS BBIPOK-
JeHHs pe3oHaHCOB. Ilo-BupumoMy, 3$dexTh cymep-
Pe30HAHCOB B 3TOM C/Iy4ae MOTYT IpHobpecTH HOBbIE
CBOKICTBA, PacCMOTpeHHe KOTOPBIX SIB/ISIETCS IpeaMe-
TOM OyRyIIHMX KCCIeI0BAHUH.

BbIBO/J bl

BrisicHeHHe 0COOeHHOCTEH peIleHUH YpaBHEHUM
JlopeHLIa-MH U COOTBETCTBYIOLIUX CBOLKCTB pacces-
HUS U3/1y4eHHUs Ha cheprUdecKol 4acTHLle, HeCMOTpS
Ha JOJIYI0 HMCTOPHIO BOIIpOCa, ellle AajJieKo OT TOro,
YTOOBl CUMTATBCS 3aKPBITBIM, M IOAYAC MPHBOIUT
K HEOKUJAHHBIM KM WHOIJA HEeOOBIYHBIM Ppe3y/IbTa-
TaM, PAacCMOTPeHHBIM [Is Majblx dactul B [15, 19,
30, 48, 49] 1 HeKOTOPHIX APYTUX. B Toxke BpeMs AJd
bonee KpyIHBIX, Me30pa3MepHBIX YacCTHI], OTKPBIBA-
I0TCSI HOBBIe 3¢ deKTsI [16-20, 25-27, 34, 36-39, 50].

Bce KpaTKo TIIpe[CTaBleHHBble BbILIe Pe3yJb-
TaThl IIOJIy4YeHbl MCKIIOYHUTE/NbHO B paMKaxX Kiac-
cru4ecKon TeopuH JlopeHLa-Mu 6e3 Kakux-nubo ee
MomubUKAUMN WIK 0600IeHul. OTKPBITHS HOBBIX
3pPeKTOB CTaJl0 BO3MOKHBIM IIPH H3YyYeHHUH 3Ha-
YeHHH IIapaMeTpOB 33Ja4dMd M TaKUX aCIeKTOB IIpO-
61eMbl, Ha KOTOpble paHee He 06pallanock JOJDK-
HOTO BHUMAaHHS, T.e. C U3MeHeHHeM YIJIa 3peHus
Ha H3BeCTHble ¢opmyibl Teopuu JlopeHUa-Mu HIH,
o ompepeneHuo JI. M. MaHIenbpIITaMa, CO “BTOPOM
CTeleHbI0 IOHUMAHHUS» [19]. 3TO II03BOIUIO BCKPBITH
HeoOBbIYHYI0 QH3HKY HOBOTO SIBJIEHUS U IIepCIIeKTUBBL
ee [IpMMeHeHHs .

Pe3fOMHUPYsI, MOKHO 3aKJIIOYHTh, UTO Cabomuccu-
[IaTUBHbIe Me30pasMepHble AU3JIeKTpHYecKue cde-
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sub-diffraction field confinement [38], i.e. its dissi-
pative constant must be low, but not equal to zero.

The new physical effect mentioned above, namely
the optical super-resonance in the messcale dielec-
tric spheres due to the high-order Fano resonance,
can become a new way to obtain the ultrahigh
magnetic fields. This possibility can be explained
as follows. As noted previously, the optical vorti-
ces occur [34] in the mesoscale dielectric particles,
when the particle dimensional parameter q exceeds
a certain value depending on its refractive index.
Therefore, according to the Biot-Savart law, the rel-
evant ring currents develop the magnetic fields. The
simulation based on the Lorentz-Mie theory showed
that inside a mesoscale weakly dissipative dielectric
particle placed in the vacuum, the magnetic field
could be potentially enhanced by more than 4 orders
that could provide the magnetic induction values
of the order of 10° T [34]. This value is close to the
interatomic magnetic fields [41, 42] and is compa-
rable with the capabilities of magnetic-cumulative
generators [43, 44]. In this case, such fields can dem-
onstrate the effects of magnetic nonlinear optics [34],
when any changes in the refractive index are caused
by magnetic effects. However, the question of dis-
persion in the spherical particle material under such
conditions still remains open.

Moreover, the super-resonance properties are
determined not only by the sphere dimensional
parameter and its complex refractive index, but also
by the environment. Therefore, if the environment is
changed (for example, there will be air or another gas
or liquid instead of vacuum), the super-resonance
properties will be also changed. On the basis of
rigorous analytical calculations according to the
Lorentz-Mie theory, the high sensitivity of the super-
resonance effect based on the mesoscale spherical
particles to the efficient refractive index value of the
environment was demonstrated for the first time [36,
39] (see Fig. 3). Thus, in the case of air, in contrast to
the vacuum (34, 37, 38], a twofold drop in intensity
of the magnetic and electric fields at hot points is
observed with a change in the medium refractive
index of the order of 107. In this case, the resonant
values of the particle dimensional parameter do not
coincide with those for vacuum and are shifted to the
blue region [36, 39].

Thus, for a sphere located in water [36], a change
in the medium efficient refractive index by 2:10°°
(that is equivalent, for example, to a change in
water temperature by approximately AT=0,0106 °C)
also leads to a twofold drop in the field intensity for
the same dimensional parameter. In this case, the
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pUYecKire YacTHUIBl I103BONSIOT 3deKTHBHO YIIpaB-
JSATh MAarHUTHOM M 3/1eKTPHUYeCKOHM KOMIIOHEHTaMU
O HOBPEeMeHHO, MOAJePKHMBAIOT KaK Hepe30HaHCHBIM
PeKMM JIOKaIM3aluu 1oss (GopmupoBaHHe (GOTOH-
HOM CTPYyH), TaK U OTIMYHBIN OT PeXKHMa MO, LIeIl-
uymen raaepen [51] cymeppe3oHaHCHBIM 3bdeKT.
IIpu 5TOM IOC/IeNHUI CIpaBedJIUB TOJBbKO I chep
1 He IOJJep>KUBaeTcsa [l LIHWIHMHAPOB. B pexxume
CyIlleppe3oHaHCa MOXKeT IeHepHPOBaTbCsl PEKOPLHO
BBICOKMH YPOBeHb HAIIPSDKeHHOCTH 3JIeKTPHUYeCKOro
M MarHUTHOTO IIOJIeH, He YCTYHAIOUUEH TaKOBOMY
IUIs IJIA3MOHHBIX CTPYKTYP [52, 53], Ho 6e3 mpuBieye-
HMUS IUIa3MOHHEBIX 50PeKToB U MaTepHaioB. C TOUKHU
3peHUs] MeIULHUHBI U OHOPOTOHHMKM TaKoHM 3pdeKkT
MoskeT ObITh IONIe3eH AJis 60pwbpl ¢ BUpycamu [54].
OpHako 530deKkT Cylmeppe3oHaHCa Ype3BBIYANHO
4YyBCTBUTEeNIEH K H3MeHEHHIO IlapaMeTpa pasmepa
YACTHULBI M [T0Ka3aTe/lo Ipe/IoM/IeHHS OKPY>Kalollen
cpenpl [36, 39]. TTosToMy pe3yabTaThl MCCAeIOBAHHUM
s3ddeKTa cymeppesoHaHca A1 chep B BaKyyMme IIpen-
CTaB/IAIOT OIpelie/IeHHBIN aKaJleMHU4YeCKUH HHTepec,
HO He MOTYT OBITh IPSIMO IIPUMEHEHBI B PeabHBIX
YCIIOBHSIX.

C IpaKTH4ecKOM TOYKH 3peHHS 3QPeKkT cyreppe-
30HaHCa obnagaeT 6OJBIIMM IIOTEHLIMAJIOM OIS 3KC-
TpeMa/bHOU (QOTOHHKM, H3y4eHHs CBOMCTB Mare-
PHAJIOB IIPH 3KCTPeMa/bHBIX YCIOBMSIX, YCHJIEHHS
KOMOHHAIIMOHHOTO PacCesiHUsI, CEHCOPOB U HeIMHek-
HOM OITHUKH, CO3AHUS KBA3HUIIEPHOAUYECKON YacTOT-
HOU rpebeHKU (MeTpONOrvs) MU T.II., SBISIOIIHECS
aKTyaJIbHBIMU HaITpaBlIeHHUSIMH B 0671aCTH COBpeMeH-
HOM Me30pa3MepHOL AU3/IeKTpHUUeckol OTOHUKH [27].
IIpuMeuaTeneH TOT $akT, YTO AaHHBIN 3bdeKT yaa-
7I0Ch IIPOAEMOHCTPHPOBATh He TOJBKO B OINTHYe-
CKOM, MHOQPAaKpPaCHOM M TepareploBOM AHaIla3oHaXx,
HO U IlepeHecTH B aKYCTHUKY [55] Ha OCHOBe pelleHHsI
ypaBHeHUH [enpmronbua [56]. OgHaKO 5TH U Apyrue
[IpaKTH4YecKHe NPHMeHeHUs ellle TOJIbKO IIPefCTOUT
HccleqoBaTh. TeM He MeHee, C y4eTOM JPYTHX HOBBIX
ONTHYeCKHX 3QPeKTOB, OTKPBITEIX B IIOC/IeIHEEe BpeMsl
B 06/1acTH Me30pa3MepHBIX YacTHI], KaK CO CpeJHUM
U OOMBUIMM IOKa3aTeneM IpenomieHus [16-19, 25-27,
36-39], Tak u c ManbIM [57] MOXKHO KOHCTaTHPOBATbh,
4TO CPOPMHPOBAIOCH HOBOe HAaydHOe HaIlpaBjeHHe,
[I0/y4HBIllee Ha3BaHHe «Me30TPOHHKa» [16,58].
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resonant values of the dimensional parameter are
also changed in comparison with the vacuum [36]. It
should be noted that in the case of a relevant change
in the sphere dimension resonant parameter located
in a medium (relative to that for vacuum), the field
intensity values at the hot points will be almost the
same as for a sphere in vacuum [36, 39].

In our opinion, further prospects for studying the
super-resonance effect are related to the fact that for
a multilayer spherical particle (with a concentric layer
arrangement), the scattered field outside the particle
is also represented as a multipole dissociation, when
the expressions connecting the various partial cross
sections with the scattering factors formally coincide
with those for a single-layer particle [45-47]. However,
the scattering factors are determined on the basis of
recurrent relations, the number of which depends
on the number of sphere layers. Moreover, in such
a configuration, an additional degree of freedom is
developed: any changes in the spatial arrangement
of layers and their complex refractive indices can
control the position of various resonances, including
the resonance degeneration. Apparently, the super-
resonance effects in this case can obtain new prop-
erties, the consideration of which is the subject of
future research.

CONCLUSIONS

Despite the long-term historical background, the
clarification of solutions of the Lorentz-Mie equations
and the relevant scattering properties on a spherical
particle is still far from being considered completed,
and sometimes it leads to the unexpected and even
unusual results, considered for the small particles
in [15, 19, 30, 48, 49], etc. Moreover, new effects are
being discovered for the larger mesoscale particles [16-
20, 25-27, 34, 36-39, 50].

All the results briefly described above were obtained
exclusively as a part of the classical Lorentz-Mie
theory without any modifications or generalizations.
The discovery of new effects became possible when
studying the problem parameters and such aspects of
the problem that had not previously been given due
attention, i.e. with a change in the “angle of view’
to the well-known Lorentz-Mie theory formulas or, as
defined by L.I. Mandelstam, with the “second degree
of understanding” [19]. This made it possible to reveal
the unusual physics of the new phenomenon and its
application prospects.

To sum it up, we can conclude that the weakly
dissipative mesoscale dielectric spherical particles
make it possible to efficiently control the magnetic
and electric components in a simultaneous way, sup-

’
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port both the non-resonant field confinement mode
(photon jet formation) and the super-resonant effect
different from the whispering gallery mode [51]. The
latter is valid only for the spheres and is not appli-
cable to the cylinders. In the super-resonance mode,
a record-high stress level of electric and magnetic
fields can be generated that is not inferior to that
for the plasmonic structures [52, 53], but without
involving any plasmonic effects and materials. In
view of medicine and biophotonics, such an effect
can be useful for fighting viruses [54]. However, the
super-resonance effect is extremely sensitive to the
changes in the particle dimensional parameter and
the environmental refractive index [36, 39]. There-
fore, the results of studies of the super-resonance
effect for the spheres in vacuum are of certain aca-
demic interest, but cannot be directly applied in the
real conditions.

From a practical perspective, the super-resonance
effect has great potential for the extreme photonics,
research of the material properties under the extreme
conditions, Raman scattering enhancement, sensors
and nonlinear optics, development of a quasi-periodic
frequency comb (metrology), etc. being the current
trends in the field of modern mesoscale dielectric
photonics [27]. It is noteworthy that this effect was
demonstrated not only in the optical, infrared, and
terahertz ranges, but it was also transferred to acous-
tics [55] based on the solution of the Helmholtz equa-
tions [56]. However, these and other practical applica-
tions are yet to be explored. Nevertheless, with due
regard to other new optical effects recently discovered
in the field of mesoscale particles both with medium
and high refractive index [16-19, 25-27, 36-39], and
with low [57], it can be stated that a new scientific
field has been formed called “mesotronics” [16, 58].
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