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KpuTnyecku paccMoTpeHa KOHLUEeMNuuUs cospaHus

B ONTUYECKOM 061aCTU cnekTpa MaTepuasos

c o6bpaTHbIM NokasaTtesieM NpesIoMAeHUs —
MeTamaTepuanos. B nepBoii 4acTu cTaTbM caenaHa
nonbiTKa apryMeHTUPOBAaHHO A0Ka3aTb, YTO YacTb
yYeHbIX, 3aHMMAIOLUXCSA 3TOM TeMaTUKOWN, BblJaloT
XXenaemoe 3a AeACTBUTE/IbHOE, 3/l0ynoTpe6nstoT
TeopeTMYeCcKUMM pacyeTamun.B npepnaraemoin BTopon
4YaCTU KpaTKO OMUCaHbI TaKMe C/I0XKHbIe onTU4Yeckune
3¢ PekThbl, KaK: paccesHue Mu, gudppakuus
dpayHrodepa, NOBepXHOCTHbIN MJ1a3MOHHbIA
pe30HaHC, NOBEPXHOCTHbIE M1a3MOH-MOJIAPUTOHbI,
oTpuuaTtesibHas OTHOCUTEe/IbHas AU3JieKTpuYecKas
NPOHULLAEMOCTb METa/INI0B, 3BAHECLLeHTHbIE

BOJIHbI, NpeogosieHne audppakLUoOHHOro npeaena

M HapyLleHHOe MoJIHOe BHYTPEeHHee OTpaXKeHue.

2. ONTUYECKUE DDDEKTbI (ABNEHNA)
Bo3HHKaeT BOIIPOC — MOSKHO JIM HU3TOTOBUThH MeTaMa-
Tepua WK HeT! YToOpl Ha Hero oTBeTHUTH, HeobXo-
OHMMO Pa3obparbCs C PSIOOM CIOKHBIX OINTHYECKHX
3 deKTOoB, OTHENUTH CMeJIble IIPOTHO3BI PS/AA YUEHBIX
OT peanpHO HabIIOJAaeMBIX ONTHYECKHX 3)PEeKTOB.
B mepByIo ouepenb Heob6xoqUMO pa3obparscs ¢ U3HU-
YecKOM CyThI0 HabmomaeMbIXx 3¢PeKTOB, a He C HX
MaTeMaTHYeCcKUM OIIMCAaHHeM HJIM MaTemMaThde-
CKUM MOZIe/IHPOBAHHUEM.

2.1. Teopus paccesHusa Mu (Mie scattering
theory)

Teopusi Mu - Teopusi paccesHus (DUPPAKILIHU) I1JIO-

CKOU 3/IeKTPOMAarHUTHOM BOJHBI Ha OAHOPOAHOU

chepe mpom3BONBHOrO pasmepa. PaccesHue Mu

(a3po30bHOE paccesHHe) IIPOKMCXOAUT He TaK, KaK

p37leeBCKOe, U MOAYHHSIETCS APYTUM 3aKOHOMEpHO-

*  Yactb1lcm.: "®oronuka"; 2017, Ne 1, c. 108-125.
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The concept of creation of the materials with reverse
refractive index, i.e. metamaterials, in optical spectral
region has been critically considered. An attempt to
reasonable prove that a part of the scientists who are
engaged in this subject mistake the wish for the reality,
thus abusing theoretical calculations, has been made
in the first part.The second part briefly describes such
complicated optical effects as: Mie scattering theory,
Fraunhofer diffraction theory, surface plasmon resonance,
surface plasmon polaritons, negative relative dielectric
permittivity of Me, evanescent waves, overcoming the
diffraction limit and frustrated total internal reflection.

2. OPTICAL EFFECTS (PHENOMENA)

The question now arises of whether it is possible to
prepare metamaterial or not? To answer this question,
it is necessary to deal with a number of complicated
optical effects, to separate bold forecasts of a number of
scientists from actually observed optical effects. First
of all, it is necessary to deal with physical essence of
the observed effects, and not with their mathematical
description or mathematical modeling.

2.1. Mie scattering theory

Mie theory is the theory of scattering (diffraction)
of plane electromagnetic wave on the homogeneous
sphere of any size. Mie scattering (aerosol scattering)
occurs differently from Rayleigh scattering and obeys
another regularities. The following is taken for some
conventional border separating both types of scattering.
If the size of the scattering particles exceeds ~1/10 A of
incident light, the scattering is considered aerosol one.
It is also called Mie scattering or scattering on large
particles. The name is given in honor of the German
scientist Gustav Mie, who was the first to create the
harmonious mathematical theory of electromagnetic
waves scattering on isotropic spherical particles of
any size with different refractive indices in 1908. Mie
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CTSAM. 32 HeKOTOPYI YC/JIOBHYIO paHHIy, pasiess-
oy 0ba BUAA paccesiHUS, NPUHHUMAIOT Clelylo-
miee. ECIM pa3Mep pacCerBaIOIIMX YaCTUL, HAYHHAET
npeBHIAaTh ~1/10\ majgaromero cBeTa, paccesHHe
CYMTAIOT a3pO30JIbHBIM. ETo Ha3bIBaIOT TaKsKe pacce-
AaHHeM MU MM paccesHHeM Ha KPYIHBIX YaCcTUIAX.
Ha3paHue JaHo B 4eCTh HEMEIIKOTO yueHoro I'ycrasa
Mu, mepBBIM co3JaBlIero, eie B 1908 rogy, CTpou-
HYI0 MaTeMaTHYeCKYI0 TEOPHUIO PACCeSHMS JJIeKTPO-
MarHMTHBIX BOJIH Ha M30TPOIHBEIX CHeprUYeCcKHX
YJacTUIax 1b0ro pasMepa ¢ pasIMYHBIMHU II0Ka3a-
TeJlsIMU ITpesioMyieHHss. CaM MU Ha3Basl CBOIO paboTy
Heo6BbIYallHO CKPOMHO: 'K BOIIpOCY ONTHKH MYT-
HBIX CpeJi, 0COOeHHO KOJIJIOUJHBIX PaCTBOPOB MeTall-
no". CrnemoBaso o6BICHUTH PasHOOOpPa3HYIO OKpa-
CKY, KOTOPYIO ITPHOOPeTAIOT YIIOMSHYTbIe PacTBOPHI,
0co6eHHO PacTBOPHI 30710TA, B Pa3HBIX YCJIOBHUSX.
OpHaKo co BpeMeHeM TeopHus Mu npuobpesna oCHOB-
HOe 3HaueHMe [JIsI aTMOCOepHOM ONTHUKHU KU OblIa
CylIecTBEHHO pacIIMpeHa B paboTax COBETCKHUX
U 3apybeskHbIX yueHbIX (B.IlynenkuH, K.IIudppux,
I'Ban pge XmJICT, ﬂ.ﬂeﬁpmeHmKaH U MHOTHE [py-
rue) [22]. dyHOAMEHT >Ke TeOPHU ad3pPO30JILHOTO pac-
cessHUs OBLT 3anoxkeH [.Mu. 3aBupHas cynsba ero
paboTel: Ha MpoTsixkeHUU Hosee 100 jIeT OCHOBBI TEO-
pUU MU HCIIONB3YIOTCSI BO MHOTHX paboTax Io Teo-
pUM paccessHHs.

Kak >ke IPOMCXOAHUT a3po30JbHOe paccesiHHe?
B 4eM COCTOUT ero oTJIMUMe OT P3/IeeBCKOro?

JuarpaMMa HaOpaBAeHHOCTH paccesHUs Mu
Ha YaCTHIAX, Pa3Mepbl KOTOPHIX COIIOCTABHMEI C A
Majlalollero cBeTra, UMeeT BUA chepsl (puc.6, 7a).
ITon BO3JeMCTBHEM 3JeKTPHUYeCKOro IOoJsl MaJalo-
IleX BOJIHBI 3JIeKTPHYeCKHe 3apsibl B MPeIsITCTBUH
(cybMUKpPOHHON CHepHUUeCKON YaCTHIE) ITPUXOAST
B KosebaTenbHOe OBHUKeHHe. JTH BO30Oy>KIeHHBIe
3apsAAbl M3/1y4YaloT BTOPUYHOE 3JIeKTPOMarHUTHBIE
BOJIHBI BO BCeX HaIlpaB/eHUSX (paccesHHe = BO3-
OykfeHHe + IepeHd3yueHHe, PHUC.6). [IoMHMO BTO-
PUYHOTO H3JIyueHUs (epeH3IydeHHUs) BO3OYKIeH-
Hble 37leMeHTapHBbIe 3apsiibl MOT'YT IIPeobpa3oBEIBAThH
YacTh HaJalollel 3HepruH B OpPyTHe BHUABI, HAIPH-
Mep, B TeIlIOBYIO SHEpPrHI0; TaKOH IIpoLlecC Hasbl-
BaIOT IIOTJIOIIIeHUeM [23].

Ha nonsipHOM Auarpamme (prc.7a) mokasaHo pac-
npefeeHre HHTEHCUBHOCTEH PAaCCesIHUS B Pa3/nd-
HBIX HAIIpaBAeHHUIX YacTHLEH JblJa AHAMETPOM
0,4 A. UHTEeHCHUBHOCTH yKa3aHBbI OTAEIbHO /s 06enx
MOJISIPU30BAHHBIX KOMIIOHEHT i; U 1,. Hackomabko
YCIOKHSETCS KapTUHA PacCesHUS IIPU YBeJIUYeHUU
pasMepa YacTHL, BUIHO U3 PHUC.7b, Ihe mpuBefeHa
JuarpaMMa pacCcesHHs Ha KaIljle BOABI JHUaMeTpPOM
OKOJMIO 4 A,

[MornoweHune Andpakums
Absorption Diffraction
OTpaxkeHne Pedpakums
Reflection Refraction
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chepuueckas vactuua (d~A)
Dielectric spherical particle (d~A)

Puc.6. Viantocmpauus meopuu Mu. Baaumodelicmeue u3ny-
ueHus ¢ duanexmpuueckol cpepuueckol yacmuued, pamep
Komopoli conocmagum ¢ duHol 80AHbI (d=A). PaccesiHue Mu
sKkntouaem: dugpakuuto (emopuuHsbie, cepuyecku pacxo-
dauuecs om ueHmpa 4acmuubl 80AHbl), peppakyuto (npo-
XOXKOeHUe U3AyHeHUSs CK803b Yacmuuy), UHmepdepeHuuto,
dugoysuto (ocaabieHue U XaomuyHoe paccesHue), OmpaxkeHue
U noznouieHue

Fig. 6. Illustration of Mie theory. Interaction of radiation
with dielectric spherical particle which size is comparable

to wavelength (d=A). Mie scattering includes: diffraction
(secondary waves spherically diverging from the center of
particle), refraction (passing of radiation through a particle),
interference, diffusion (attenuation and chaotic scattering),
reflection and absorption

himself called his work with exceptional modesty:
"Contributions to the optics of turbid media, particularly
of colloidal metal solutions". It was necessary to explain
various coloring which the mentioned solutions obtain
in different conditions, especially gold solutions. With
time Mie theory has acquired significant importance for
atmospheric optics and has essentially developed in the
papers of the Soviet and foreign scientists (V. Shuleykin,
K. Shifrin, G.Van de Hulst, D.Deyrmendzhan and
many others) [22]. However, the foundation for the theory
of aerosol scattering has been laid by G. Mie. The destiny
of his work is enviable: for more than 100 years the bases
of Mie theory are used in many works on scattering
theory.

What is the mechanism of aerosol scattering? How
does it differ from Rayleigh scattering?

The directional diagram of Mie scattering on the
particles which sizes are comparable with A of incident
light is sphere-shaped (fig. 6, 7a). Under the influence of
electric field of the incident wave, the electric charges
in an obstacle (submicron spherical particle) come to
oscillating motion. These excited charges radiate
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Puc. 7. MonsipHble duazpammbl UHMEHCUBHOCMU paccesHUS C8ema HA QU3AeKMpPUYecKUX Yacmuuax pasAuYHbIX duamempos
Fig. 7. Polar charts of light scattering intensity for dielectric particles of different diameters
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H3 Teopuu Mu cjiefyeT, 4TO 3a HCKJIIOYEHHUEM
cjiydaeB € OOJBIION ITPOBOAMMOCTBIO MM AHIJIEK-
TPHU4YeCKOI IIPOHHUIIaeMOCTbI0 HHTeHCHUBHOCTD pacce-
SIHHOI0 cBeTa I JocTHraeT MakCMMyMa KakK B HaIllpaB-
JIeHUH, COBIIaJaloIeM C HallpaB/ieHHUeM I1aJalolero
cBeta (0°), Tak u B obparHOoM HampasieHuu (180°)
Y UMeeT MUHUMYM IpH yrie 90° (puc.7b, 8) [24].

XapaKkTepHBIMH TOYKaMHU HabnofeHUs IIpHU
M3y4YeHHUH IIpollecca paccesiHUs SIBASIOTCS (puc. 8):
30Ha IpsiMOro paccsiHus (~45°), 30Ha 60KOBOro pac-
cesuus (x90°) u 30Ha obpaTHoro paccesHus (~180°);
30HA MIPSIMOTO Jiyya BO BHHMaHHe He IMpPUHUMA-
eTcsi. YeM 6osiblile OTHOIIEHHE AHMAaMeTpa YaCTHIIBL
K A, TeM 6ojbllle SHEPrUH PACCEeHBAETCS BIIepes
110 HampaBiaeHH0 DMHU. IIpoliecc cMelleHU s HHTeH-
CHUBHOCTH BIlepe]] II0 HampaBieHuUio SMHU (puc.8)
CTAHOBHUTCS SIPKO BHIPa’KeHHBIM y>Ke A7 3HaUeHUH
d/A=0,3 [25].

IIpu manpHeHnIleM yBeJTHYeHUH pa3Mepa 4acTHIL]
IpakTHU4eCcKH BeChb paccesiHHBII CBeT b6ymeT pacmpo-
CTPaHATbCSA B HaIlpaBjaeHUH, 61K3KoM K 0° (Teopus
®payHrodepa, d>2\).

IIpy yBeJIMYeHHH JHaMeTpa YacCTHL, Ha II0/IsAp-
HBIX IMAaTPpaMMax IIOSIBISeTCS. psifi 6OKOBBIX MaKCH-
MYMOB U MUHHUMYMOB MHTE@HCUBHOCTH PacCesIHHOI0
cBeTa. MX IosiBIeHHe XOPOLIO 06bsICHSIeTCS TeopHeH
I'orirenca-Kupxropa. MecToHaXoXAeHHe U aMILIH-
TyZa U3/lydeHU I BTOPUYHBIX BOJIH Ha IO PHBIX JHa-
rpammax (puc.7b, 8) 3aBHCAT OT pa3MepoB U GOPMBI
Ka>KA0H OTAe/IbHO B3STOM YaCTULIBL. [IpH paccesHHUU
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secondary electromagnetic waves in all directions
(scattering = excitation + re-radiation, fig. 6). In addition
to the secondary radiation (re-radiation) the excited
elementary charges can transform a part of incident
energy to other types, for example, to heat energy; such
process is defined as absorption [23].

- d=0,2A

d=0,6A
M3ny4aTens 3o0Ha
Emitter d=2A npamoro
4 . ny4ya
KpacHbIi Forward
Red beam
area
g | N
» 4
ObpatHoe 4 Mpsmoe
paccesiHue paccesHue
Backscattering bokosoe Forward
paccesnne scatterina

Puc.8. XapakmepHble mo4ku HabAoOeHus u pacnpedeneHue
UHMeHCUBHOCMU paccesiHus 8 3asUcumocmu om duamempa
yacmuuypi

Fig. 8. Representative points of observation and distribution of
scattering intensity depending on particle diameter
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Ha HeCKOJIBKMX YacTHLAX 3TH MaKCUMYMbl U MHUHU-
MYMBI U3/Ty4UeHU s yCPeLHSIOTCS.

XoTsl pellleHHe, NpeJIOKeHHOe MH, II0IydeHO
o fupakMU Ha OnHOM cdepe, OHO IPUMEHHUMO
Takke K IUPpakUHU Ha n0boM udmcie chep mpu
YCJIOBHH, UTO BCe OHU MMEIOT OAHMHAKOBBIK JHaMeTp
M ONMHAKOBBIM COCTaB, PacIIpeleseHbl XaOoTHYeCKHU
M HaXOAsTCS APYr OT APyra Ha PacCTOSHUAX, O0b-
IIKX I10 CPAaBHEHUIO C JJIMHOU BOJHEI [25].

2.2. Teopusa pudppakuuun PpayHrodpepa
(Fraunhofer diffraction theory).
PaccesHue npu d>2A (4acTHbIV cyyan
Teopuu Mu)

PaccMOTpHUM, UTO IIPOUCXOAUT, KOIAa CBeT MajaeT

Ha YaCTHLY MHKPOHHBEIX pa3mepoB. Korga MHKpPO-

yactuna (bonee 1 MKM) MomajaeT B IepeMeHHOe

SMII maparplled BOJHBI, KaXAas ee MoJeKyJa

HJIH aTOM CTaHOBHUTCS AUIIONBHBIM H3/ydaTeseM.

Ilox BAMSHHEM IIONS Mafalolllell BOJIHBl MHUKpoOUa-

CTHULIA MongpU3yeTcsi. Ha Hee melicTBYeT He TOJBKO

Iojie TMafaloler BOJHBI, HO U MHOTIOYHCIEHHBIe

II0Jisl 3JIeMeHTOB, COCTABJISIONMX MUKPOYACTHUILY.

Morekynbl U aTOMBl MHKPOYACTHIBl "yIIaKOBaHBI'

IJIOTHO, T.e. HaxoxsTcs ONIKM3KO APYyr OT Opyra,

U UX Helb3sl CUUTATh HE3aBUCHMBIMHU H3JydaTe-

JTSIMHA PacCesIHHOIO CBeTa, KaK 3TO INPHUHHMAaJIOCh

IIPU P3JIeeBCKOM paccesHHU. HeobXOOMMO YUHUTHI-

BaTh HHTepbepeHIIMIO BOJH, PACCeSIHHBIX OTHeNIb

HBIMU H3/1y4aTeAsIMH, KMes B BUIY IIPH 3TOM, UTO

CBeT, pacCessHHBIM Ka’kJOH MOJIEKYJIOH, OTAHYa-

eTcs 1o dase, COCTOSHHUIO MONSIPHU3ALUU U MECTY

BO3HHKHOBeHUS [22].

Ha monspHbIXx nuarpaMmmax (puc.9) mokasaHa
yIJIOBasl 3aBUCHMOCTDb pacIpefie/leHHs HHTEHCHB-
HOCTH PacCesiHHOrO CBeTa. JJuarpamMmma faeT caefylo-
Y10 KHPOPMALIHIO:

* YHCJa Ha BHeIIHeM IpaHMIle AUarpaMMBbl O3Ha-
YaloT YIJIbl paccesiHUS;

* PpacCTOsiHHe MeXXAY LIeHTPOM JHATPaMMBI U I1BeT-
HOM KPHUBOM paclpefie/ieHHs ITI0Ka3blBaeT UHTEH-
CHBHOCTb CBETA, PacCessHHOIO B JAHHOM HaIlpaB-
JIeHUHU;

* 0OCb pajgHalbHONM HHTEHCHUBHOCTU (Iorapud-
MHYecKas IIKaaa) U KOHLIeHTPUUYeCKHe Kpyru
[I0OKa3bIBAIOT, YTO HHTEHCUBHOCTD IIPH IIepexofe
OT OAHOTO Kpyra K CefyIOLeMy H3MeHseTCs
B 10 pas.

K mpuMmepy, cBeToBas BOJIHA AJIHHON 650 HM
(KpacHBIH CBeT) IIafiaeT Ha KAIUIIO BOABL JHAMETPOM
20 mxM (puc.9a). Ha guameTpe TaKOM KaIlulH "yio-
SKUTCSL" oKomo 30 A KpacHoro ceera [26]. ITosTomy
IIpU PacCesiHUM Ha MHKPOYACTHIe Bo30Oyskpaercs

i g

The polar chart (fig. 7a) shows distribution of
scattering intensities in the different directions by an
ice particle with a diameter of 0.4 A. Intensities are
specified separately for two polarized components, i, and
i,. Figure 7b, where the scattering chart is given for a
water drop with a diameter of about 4 A, shows the extent
of scattering pattern complication with the increase in
the size of particles.

It follows from Mie theory that, except for cases with
significant conductivity or dielectric permittivity, the
intensity of scattered light I reaches its maximum both
in the direction coinciding with the direction of incident
light (0°) and in the opposite direction (180°), and has its
minimum at an angle of 90° (fig. 7b, 8) [24].

Representative points of observation when studying
the scattering process are the following (fig. 8): forward
scattering area (~45°), lateral scattering area (~90°) and
backscattering area (~ 180 °); forward beam area is not
taken into account. The more the relation of diameter of
the particle to A is, the more energy is scattered forward
in the EMR direction. Intensity shift process in the EMR
direction (fig. 8) becomes pronounced already for values
of d/A=0.3[25].

With further increase in the size of particles,
practically all scattered light will propagate in the
direction close to 0° (Fraunhofer theory, d>2\).

With increase in diameter of particles a number of
lateral maxima and minima of intensity of scattered
light appears on polar charts. Their emergence is well
explained by Huygens-Kirchhoff theory. The location
and amplitude of radiations of secondary waves on polar
charts (fig. 7b, 8) depend on the sizes and shape of each
particle taken separately. With scattering on several
particles, these maxima and minima of radiation are
averaged.

Though the solution proposed by Mie is obtained
for diffraction on one sphere, it is also applicable to
diffraction on any number of spheres provided that all of
them have the identical diameter and identical structure,
distributed chaotically and separated by the distances
large in comparison with wavelength [25].

2.2. Fraunhofer diffraction theory.

Scattering when d> 2 A (special case of
Mie theory)

Let’s consider what occurs when light falls on a particle
of micron sizes. When a microparticle (over 1 micron) is
captured into variable EMF of incident wave, its each
molecule or atom becomes a dipole emitter. Under the
influence of incident wave field, the microparticle is
polarized. It is exposed not only to the incident wave
field, but also to numerous fields of the elements
composing the microparticle. Molecules and atoms
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Puc.9. MonspHbie duazpammbl UHMEHCUBHOCMU paccesHuUs: a) KpdcHozo Ad3epd (A=650 HM) Ha Kanae 80dbl dUAMEmMpom

20 MKM, b) KpacHo20 Aazepa Ha 30A0moli yacmuue duamempom 1,5 Mkm (KpacHas AuHus) u 0,5 mxm (CUHSS AUHUS)

Fig. 9. Polar charts of scattering intensity: a) red laser (A = 650 nm) on a water drop with a diameter of 20 um; b) red laser on gold
particle with a diameter of 1.5 um (red line) and 0.5 pum (blue line)

MHOXeCTBO BTOPHYHBIX BOJIH PAaCCeSHHOIO CBeTa.
AMIIIUTYABI 3TUX BOJIH 3aBHCAT OT pa3Mepa paccer-

BaIOH.LefI YaCTHULBI. bonblas yactmya Manas vyactnua
IIpy paccessHMM Ha YacTHIle 30/10Ta JHAMETPOM A>1MKm A>d
Manbiv yron paccesHums BoNbLLIOW yron paccesHms
1,5 MxM (puc.9b, KpacHast KpuBasi) HHTEHCHBHOCTb yronp yronp
Large particle Small particle
JIsl MaJbIX yIJIOB paccesiHUS — oT 0° mo =~15° - mpu-
A y p A p A>1um A>d

MepHo B 100 pas Gonbure, yem B O6PaTHOM HallpaB- Small scattering angle Large scattering angle
neHuu., s CUHEW KPUBOM (ZHMaMeTp HaCTHIIBI
0,5 MKM) 3Ta pa3HHILIA 3HAYUTEJIBHO MeHblIe [27].

Oudpaknus @dpayHrodpepa (cTaTHUUeckoe pac-
CessHHe JIa3epHOro CBeTa, JasepHas AUPPaKLHUM,
nasepHas AUGPAKTOMeTPHS) HCIIOAB3YeTCsl [JIs
olpefie/leHHs pa3Mepa 4YacCTHL IIyTeM H3MepeHHs
YIJIOBOHM 3aBHCHUMOCTH HMHTEHCHBHOCTH PacCesHHUS
(pric.10).

TepMuH “cTaTH4YecKoe paccesHHUe' IMepeKIH-

KaeTcs C TepMHHOM 'nubdy3HOe oOTpakeHHe". A

IIpu nuddy3sHOM OTpaskeHHH (CM. PHC.6) majaro-

UM JIyd OTPaskaeTcs I0J, HeCKOJbKUMH YIIaMH, Y3Koe pacnpeaesnerve Lmpokoe pacnpenenenme
BblCOKAasA MHTEHCMBHOCTb HU3Kada MHTEHCUBHOCTb
a He II0J OOHHUM, KaK B CJIy4yae C 3epKaJbHBIM OTpa- o o
Narrow distribution — Wide distribution —
keHueM. OudoysHoe oTpaxkeHue Habmmopaercs, high intensity low intensity

€CJIM HEePOBHOCTH IIOBEPXHOCTH HMEIOT IIOPSALOK
IOIVHBI BOJTHBI (MJIU IIPeBBIIIAIOT ee) U PaCIIoNoKeHbI
becriopsimouHO.
P Puc.10. Jugppakuus AazepH020 Ny4Ka Ha 4aCmMuuax pasHblx
Ecnu guamerTp dacTunsl bonblie, dyem A mapga- pasmepoe

IOLEro CBeTa (YacTHULBl PasMepOM A0 HECKOIBKHX |  Fig.10. Diffraction of laser beam on particles of different size
MHUKPOH, pHuc.10a, 11-dpayHrodep), To IPOUCXOAUT
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[IpeMMYILIeCTBeHHO Npoliecc JUPpaKUUU. Ecnu pas-
Mep YaCTHI] TaKOH Ke WJIM MeHbIIe A IIafaioliero
CBeTa, TO ropaszo 6osblle CBeTa pacCeUBaeTCs IIOf,
OOMBPIIMMHU yITaMHU IO cTopoHaMm (puc.10b) u oTpa-
skaetcs Haszap (puc.9b, Au 0,5 MKM).

MeTomoM na3epHOM AUOPAKLKUU ONpPeensioT
pasMepsl 4acTHI], H3Mepsisi MHTeHCHUBHOCTb pac-
npefeneHHs B IIPSIMOM HaIlpaBlIeHHH /IS MaJjbIX
yrioB (<35°).

HMHTeprnpeTanlusi MOJeNIH PpacCcesiHUS CBeTa
10 TeOpUH MH pacCHpoCTpaHseTCS Ha BeCh JHaIla-
30H pa3MepoB YacTHUILl, BK/IIOYasi TEOPHIO paccessHUs
Panes u nudpakuuoo PpayHrodpepa Kak YacTHBHIe
caydau. Ecau Bce yacTUIBL B ITpobe 6ombire, yeM A
cBeTa, Teopus ®payHrodpepa JOMHHHUPYeT.

Jlns Toro, 4TobBl MOHATH AUPPAKILHIO, Ipen-
CTaBHM J1y4 CBeTa KaK IIMPOKHUI BOJHOBOM (POHT,
KOTOPBIM yZapsieT YacTUILy XU YaCTUYHO OKpYyKaeT
ee, 1ogo6HO BOASHOI BOJIHe, YAAPSIOLIEHCS O CpaB-
HUTeNIbHO 6oblIoe MpensTcTBHe. [Ipu HaloKeHUH
Pa3/IMYHBIX YacTeH Pa3bUTOro BOJHOBOro GPOHTA
(nHTepdepeHLINS), MPOUCXOASIIEM 3a YacTH-
1er, obHapyXXuBaeTCcs XapaKTepHas JAudpak-
LMOHHasg KapTuHa (puc.ll, ®dpayHrodep), omnu-
cpiBaeMasi Teopuen ®payHrodepa MU 3aBHUCAMIAS
0T AHaMeTpa 4acTHI (YeM IIJIOTHee PACIIONI0KeHBI
oudpaKkIMOHHBIe KOMbLla, TeM O6oJyblle YacTHLaA,
u Haobopor) [27].

Hapsny c nudpakuuen, Npu NPOXOKAEHUH ecTe-
CTBEHHOTO CBeTa 4Yepe3 CYOMHUKPOHHYIO YacTHIY
HabnomaeTcss QUCIepCHsl CBeTa. B ILieHTpe - Kpac-
HBIM WU OPaHXXeBblM, Ha JUPPAKIMOHHBIX KOJb-
1ax - ronybon u cuHUM LBeTa (puc.ll, ®payHrodep).
[TokasaHHas HJUTIOCTPALUs — U300paskeHHe WHTEH-
CHBHOCTH paccesiHUS CBeTa cheprUvIeCKOH YacTHIIeH,
KOTOpasi MOKeT OBITh TOUHO OIMCaHA C IIOMOLIBIO
dyHkunu Beccens [27]. PyHKkuuu beccenst npuMeHs-
IOTCSI [P pellleHHMH MHOTHX 3aJa4 O PacIpocTpaHe-
HHHU BOJIH.

B okoH4aTe/npbHOM QOpMe TeOpHH MH CBeT, pac-
CesTHHBIM YaCTHIIEH, IIpeACTaBIseTCs CyMMoM bec-
KOHEUHOI0 MeJJIeHHO cxofsilierocsi psiaa. Kaxpmoe
cllaraemoe psifia IpeAcTaBIsieT COOOM CJIOKHOIO
BHUZA QyHKIHIO. YeM MeHBIlle pa3Mep YacTHULBI, TeM
MeHbIIIe CJlaTaeMbIX MOKHO YUYUTBIBaTh IIPU CYMMH-
poBaHUU psza [22].

Ecny pa3mep 4acTHIBI CTAHOBUTCS MeHee 1/10A,
TeopHsi MU IepexoIUT B TeOpHUI0O Pasiest (paneeBcKoe
paccesiHUe), ecau 6oiblle 2\ - TO B TEOPHIO paccesi-
HUsa PpayHrodpepa (puc.ll). Eciu guamerp cdepsl
OYeHb BeJIMK I10 CpaBHeHHIO C A (d>>)), To HauMHAIOT
paboTarh 3aKOHBI TeOMETPHUUYECKOHM OITHUKH, 60b-
Ias 4acCTh [a[AI0IIero CBeTa OTPaskaeTcs.

=

OTobpakeHwue, peppakuns
®peHenb 1 obpasoBaHue pasyru
Fresnel B Kanne JoXAs 3a cyeT
FISSY avcnepcum
Reflection, refraction
and rainbow formation
inarain drop due to
dispersion
®dpayHrodep |
Fraunhofer
d>2A I
Mwn
Mie
d=A
Panen
Rayleigh
d<<A
Puc.11. PaccesiHust MW Ha yacmuuax pasau4Hozo pasmepa
Fig. 1. EMR scattering on particles of different size

of microparticle are "packed" densely, i.e. they are in
close proximity from each other, and they cannot be
considered as independent emitters of scattered light as
it was accepted for Rayleigh scattering. It is necessary
to consider interference of waves scattered by separate
emitters, meaning that the light scattered by each
molecule differs by phase, polarization and emergence

location [22].

The polar charts (fig. 9) show angular dependence of
distribution of scattered light intensity. The chart gives
the following information:

« numbers on external border of the chart signify
scattering angles;

« distance between the center of the chart and color
distribution curve shows intensity of light scattered
in this direction;

« radialintensity axis (logarithmicscale) and concentric
circles show that intensity changes by 10 times upon
transition from one circle to the other one.

For example, the light wave 650 nm long (red light)
falls on a water drop with a diameter of 20 pm (fig. 9a).
The drop of such diameter will "keep within" about 30
A of red light [26]. Therefore a lot of secondary waves of
scattered light will be excited as a result of scattering on
a microparticle. The amplitudes of these waves depend
on the size of the scattering particle.

When light is scattered on a gold particle with a
diameter of 1.5 pm (fig. 9b, red curve), the intensity
for small scattering angles, i.e. from 0° to ~ 15°, is
approximately 100 times more than in the opposite
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2.3. ToBepXHOCTHbIW NJIA3MOHHbIV pe30HAHC

(Surface Plasmon Resonance, SPR)
IIpu B3aUMOJEHUCTBUU MU ¢ Me HaHOYaCTUIAMU
IIOABH KHBIE 3JIEKTPOHBI IIPOBOAMMOCTH YaCTHULL CMe-
IIAIOTCS OTHOCUTE/IBHO I10JIOKUTE/IBHO 3apsSKeHHBIX
MOHOB MeTAaJ/IJIOB peIlleTKHU. DTO CMellleHHe HOCUT
KOJJIeKTUBHBIM XapaKTep - ABHUXKeHHe 3JeKTPo-
HOB COIJIaCcOBaHO II0 ¢ase. Ecau pasMep 4YaCTHIIBI
MHOTO MeHbIlle A MaJallero cBeTra, TO IlepeMe-
IleHHe 3IeKTPOHOB IIPUBOAUT K BO3HHKHOBEHHIO
OUIIONSA. B pesynbraTe BO3HHUKAET CHJIA, CTpeMsIla-
SICS BO3BPATHUTh 3/IeKTPOHBI B IIOJIO’KeHHE PaBHOBE-
cysi. BelnuMHa BO3Bpalllaioliell CHUJIBI ITPOIOPIHO-
HaJ/IbHA BeJIMYKHe CMelleHUs, KaK sl TUIIUYHOIO
OCLIMJIZISITOPA, II03TOMY MOKHO TOBOPUTE O HAJTMYH U
CcoBCTBEHHOM YacTOTHI KOJJIEKTHBHBIX KOJIeOaHHH
3JIEKTPOHOB B 4YacTulle. ECiM vacToTta KonebaHUM
[MaJaoNero CBeTa COBMamaeT ¢ COBCTBEHHOM YacCTo-
TOM KojnebaHUN CBOGOJHBIX 3JIeKTPOHOB BOIH3U
IIOBEPXHOCTH Me dYacTHIbl, Habniomaercs peskoe
yBeJINYeHHe aMIUTUTYbl KojebaHUH "3/1eKTPOHHOU
IJIa3MBbl", KBAHTOBBIM aHAJIOTOM KOTOPOM SIBNISIETCS
[UIA3MOH. DTO siBJIeHMe I10JIyYHJIO Ha3BaHHe [10BepX-
HOCTHOTO IIJIA3MOHHOTro0 pe3oHaHca (Surface Plasmon
Resonance, SPR) [28].

SPR - 3¢deKT, BBI3BAHHBIN KOJJIEKTHUBHBIMH
OCLUMJIIALUAMU  3JIEKTPOHOB  IPOBOSHMMOCTH
Ha IIOBEePXHOCTH Me HaHouacTHUIBI (Ag, Au, Cu),
a C/IefoBaTeIbHO U KonebaHusMmu SMII (puc. 12).

SPR COIpOBOXKIAETCS CYIeCTBEHHBIM IIOIJIOIILe-
HHEM CBeTa B BHUAUMOM obsactu crekrpa. [iuHA
BOJIHBI, Ha KOTOPOM HabIofaeTcss MakKCUMYM IIMKa
[IOIJIOIIEeHU S, 3aBUCUT OT MeTajlJla HAHOYACTHULIBI, ee
pasmepa u dopmsl [29-32].

Korma Me wyacTuna caumkoM 6onbrast (cybmu-
KPOHHAs), a TaKXe B cjlydae oOJydeHHUS CBETOM
[IOBEPXHOCTH MeTasi1a SPR He Habniomaercs. DHep-
rus ODMHU moxkeT:

e oTpakaThCs (KaK OT 3epKaja);
* IepeH3siy4yaTbcs (HaIIpUMep,

OT YepHOH Me I10BepXHOCTH);

e MOIJIOMIATHCS B CAMOM MAaCCHBe MeTajja (Ta ke

YepHas II0BePXHOCTH).

HK-usny4deHue

2.4. TloBepxHOCTHbIe N1a3MOH-MONSAPUTOHDI
(Surface Plasmon Polaritons, SPPs)
H3yyenue SPPS Ha4yajaoCh B CBA3U C MCC/IeAOBaHHEM
pacrpocTpaHeHUsI PaAHUOBONH. [loHSTHe "MOBepX-
HOCTHBbI€ 3J1eKTPOMAaTrHUTHBbIE BonHb' (II9B) BBEI
B Hayky A.3omMmepdenps, Korma B 1899r. paccmo-
Tpen 3amady ob oceBOM TOKe B JJIMHHOM IIPSIMOM
IIPOBOAE M MOAYy4YHJ pelleHUS YpaBHeHUH Mak-
CBeJlJIa, U3 KOTOPBIX ClIefyeT, YTO aMILIMTyJa 3JIeK-
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direction. This difference is much less for blue curve
(particle diameter is 0.5 pm) [27].

Fraunhofer diffraction (static scattering of laser
light, laser diffraction, laser diffractometry) is used for
determination of the size of particles by measuring
angular dependence of scattering intensity (fig. 10).

The term 'static scattering" has something in
common with the term "diffuse reflection". The falling
beam is reflected at several angles as a result of diffuse
reflection (fig. 6), and not at one angle as with specular
reflection. Diffuse reflection is observed, when the
surface irregularities have wavelength order (or exceed it)
and are located randomly.

If particle diameter is more than A of incident
light (particles up to several microns in size, fig. 10a,
11-Fraunhofer), then diffraction process occurs primarily.
If the size of particles is the same or less than A of
incident light, much more light is scattered on the
particles at large angles (fig. 10b) and reflected back (fig.
9b, Au 0.5 pm).

The sizes of particles are determined by laser
diffraction method measuring intensity of propagation
in forward direction for small angles (<35°).

Interpretation of light scattering model of according
to Mie theory is applied to a whole range of the sizes
of particles, including Rayleigh scattering theory and
Fraunhofer diffraction as special cases. If the size of
particles in a sample exceeds A of light, Fraunhofer
theory dominates.

In order to understand diffraction, imagine a beam of
light as wide wave front hitting the particle and partially
surrounding it, similar to water wave hitting rather
big obstacle. When superposition of different parts
of the broken wave front (interference) occurs behind
the particle, the characteristic diffraction pattern (fig.
11, Fraunhofer) described by Fraunhofer theory and
depending on diameter of particles (the more densely
diffraction rings are located, the more particle is, and
vice versa) is revealed [27].

Along with diffraction, light dispersion is observed
when natural light come across submicron particle.
Red and orange colors are in the center, light-blue and
blue colors are on diffraction rings (fig. 11, Fraunhofer).
The shown illustration is the image of light scattering
intensity for spherical particle which can be accurately
described by means of Bessel function [27]. Bessel
functions are applied when solving a number of wave
propagation tasks.

In the final Mie theory, light scattered by particle
is represented as the sum of infinite slowly converging
series. Each addend of the series represents a complex
function. The lesser particle size is, the lesser addends
can be considered for series summing [22].
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TPOMAarHUTHBIX KojaebaHUM ObICTPO cIlafaer IpHU
yOaleHUH OT IOBePXHOCTH IIPOBOJA. DTH pelleHUs
OBPIM MM HHTEPIPETHPOBAHBl KaK JOKa3aTelIbCTBO
Hanuuus [13B.

DKCIIepUMeHTaJ/IbHOoe IposiBjieHHe II9B Ha rpa-
HHUIle C MeTaJIZloM obHapyskeHo P. Bynom B 1912 romy
IIPU pacCessHUU 3MeKTPOHOB B TOHKOM Me doinbre.
SIBNeHHe B TO BpeMs He OBLJIO IIOHSTO M OCTABAJIOCh
M3BeCTHBIM KaK "aHoManuu Byma" BIoTh mo 60-X
rOJIOB.

Bcnen 3a A. 3oMMepdenbloM HeMeLKUH Teope-
THK B. KOH yCTaHOBHJ, YTO IIJIOCKAs I[IOBEPXHOCTHb
pasmena Au3JIeKTPUKAa M XOPOIlIero IMPOBOSHHKA
OKa3bIBaeT HallpaBisiiolllee BO3[EHCTBHE Ha PacIIpo-
CTpaHeHHe 06beMHOM BOJIHBL U 4TO [19B BO3MOKHA
Ha IUIOCKOM T'PaHUIle pasfena cpef C MaJbIMH I0Te-
PAMH UHTeHCUBHOCTH. MHTepmpeTanus I19B B Tep-
MHHaX [I0BepXHOCTHBIX I1JIa3MOH-TIONIPUTOHOB (SPP)
maHa Yro ®aHo [33, 44].

Hagum ompengeneHde SPP. 3To - cocTaBHasg
YacTHUIla, BO3HUKAIOMAS IIPU B3aUMOAEeHCTBUH SMHU
U 37IeMeHTapHBIX BO3Oy>KIeHUM Cpelbl, IIPUYtM B3a-
HMOJZIEHCTBHe, IIPUBOASILEe K UX CBSI3H, CTAHOBUTCS
0CODEeHHO CHJIBPHBIM, KOIZId YacTOTHI O M BOJIHOBEIE

i g

Matrix

Puc.12. Cxema 8036y>x0eHus KonebaHul nAa3MOHA HA NOBEepX-
Hocmu Me cepel nod delicmeuem 6HeWHe20 U3Ay4eHus

Fig. 12. Scheme of excitation of plasmon oscillations on Me
sphere surface under the influence of ambient radiation

If the particle size becomes less than 1/10 A, Mie
theory transits into Rayleigh theory (Rayleigh scattering),
if more than 2 A - into Fraunhofer scattering theory (fig.
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Puc.13. [MosepxHOCMHbIe NAA3MOH-N0ASIpUMOHbI (SPPS): a) cxema npoxoskdeHus 3AeKmpomMazHUMmHoz0 usaydeHus (SMU) yepes
Me gonbay c obpazosaruem SPPs (npucymcmaytom cpasy e d8yx cpedax — dusnekmpuke U npo8odHUKe); b) 3nekmpomazHumHoe
none SPP Ha zpaHuue Me-dusnekmpuk. SPP o6seduHsiem IMU u KonebaHus 3apsioa Ha nosepxHocmu Me. MazHumHoe noae SPP
HanpasneHo NapannenbHo 2paHule pazoenda cped, HanpsPKEHHOCMb 3AEKMpUYecko20 NoAsi UMeem HOPpMAAbHYH COCMABASOULYIO
K N08epxHOCMU, CUAOBbIe AUHUU 3d2ubatomcs mak, Ymobbl y00sAemaopuUmb 2paHUYHbIM ycAosusm (Nopoxdarom nekmpudeckud
3aps0 Ha nosepxHoCMU)

Fig. 13. Surface plasmon polaritons (SPPs): a) scheme of passing of electro-magnetic radiation (EMR) through Me foil with

SPPs formation (existing in two media simultaneously: dielectric and conductor); b) SPP electromagnetic field on Me-dielectric
interface. SPP integrates EMR and charge oscillations on Me surface. SPP magnetic field is directed parallel to media interface,
electric field intensity has normal component to surface, power lines are bent so that to satisfy boundary conditions (generating
electric charge on surface)
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BeKTOpHI Kk coBmazmaroT (pe3oHaHc). B aton obnactu
06pa3yloTcs CBsI3aHHBIe BOJIHBI (IIOISIPUTOHBI), KOTO-
pble 006/afaloT XapaKTepHBIM 3aKOHOM JMCIIEpCHH
o (k). TIonSIPUTOH COCTOMT YaCTUYHO K3 SHepruu SMHU
Y SHePruH CO6CTBEHHBIX BO30Y>KI€HU CPe/bl.

PaccCMOTpHUM, YTO IIPOMCXOOMT, KOLZAA CBET IIPO-
XOIUT 4Yepe3 TOHKYW (x50 HM) Me donsry (puc.l3).
IIpy nomagaHuy MM Ha II0BEpXHOCTH Me Kpome
KJIaCCUYEeCKOTO0 OTPaskeHHs IIPOMCXOOHT JIOKa/IbHOE
B03Oy>KZleHHe 3JIeKTPOHOB IPOBOAMMOCTH Me, KOTO-
phle, B CBOIO O4Yepenn, CO3MAIOT CHepHYecKH Pacxo-
Isineecss BTOpUYHOoe DMH TOM ke MJIMHBI BOJIHBI
(o TrorreHcy). SMH MouTH BO BCeX HaIlpaB/IeHHUSX
FacMTCS 3a C4YeT HMHTepdepeHIHH, KPOMe OJHOIO
HaIlpaB/IeHUS — BAOJIb ITIOBePXHOCTH pasfena Cpen.
9710 u ecThb SPPs. 3a cyeT MaJIol TONIIMHBL Me Ha mIpo-
THBOIIOJIO)KHOM OT MCTOYHHKA CBeTa IIOBEPXHOCTH
Gonpru BO3HMKAIOT BTOPHYHBIE I1JIA3MOH-IIOJISIPU-
TOHBI (BO3MYIIleHHe 3/IeKTPOHHOM IVIOTHOCTH Ha IIpo-
THBOIIO/IOKHOM CTOPOHE GOJIbI Y BBI3bIBAET IIOSIBJIeHHe
BTOPUYHBIX SPPS, 3Heprus Iepenaercs MmoCpeacTBOM
SMII depes 3/1eKTPOHEL IIPOBOLHMMOCTH, pHC 13a).

Kak crnencTBue, Ha NPOTHBOIIOJIOXKHOM CTOPOHE
bonpru Bocco3gaeTcss UCXOAHBIM CUTHaJ (KaK NTUIA
deHuKc). CUrHas, pasymeeTcs, oclableHHBIN. DTOT
CHUT'HAJI pacIIpoCTpaHsAeTCs Jajiklie, 3a Gonery. Yeno-
BeYeCKHMH I71a3 BOCIHPHHHMAeT 3TOT 3PPeKT Kak
YacTUYHOe MPOXOXKIAeHHe CBeTa yepe3 oibry, Xors
Ha CaMOM [ejie CHUTHaJI II0YTH IIOTHOCTBIO IIOTJIO-
TUJICH, Ilepenancs rnocpenctsoM SMII u 6BLJI 3aHOBO
CreHepUpPOBAaH Ha IPOTHBOIIOIOKHOMN CTOPOHe IIpe-
MATCTBUS (POIBIH).

CoopmynupoBaTh, 4TO TaKoe SPPS, MOXKHO cjie-
ayomuM obpasom: SPPs sBIsIeTCS Pa3HOBHUHOCTHIO
I[I3B u mnpencTaBiseT KOMIIJIEKC HeO,ELHOPO/ILHOI;I
P-IOISAPHU30BAHHOL BONHBI M BOJHBI MHAYLHPOBAaH-
HBIX CBOOOJHBIX 3aps/iOB, PAaCIPOCTPaHSIOUIMICS
BIO/b IPOBOASILIEN IOBepXHOCTH [45]. HampskeH-
HOCTb Ito/1g SPPS MaKCMMaJbHa y TPAHHMIIBL pa3jesia
Cpen W 3KCIIOHEHIIHAIBHO YOBIBaeT 110 Mepe yaase-
HUS OT Hee.

[IpUHUMUII [POXOXKAEHUS CBeTa 4Yepes3 IIPersT-
CTBHe 3a c4eT 3¢ PekTa SPPS TaKOH Ke, KaK IIPH IIPO-
XOKJeHUH DMII depe3 He3aszeMJeHHBIH Me 3KkpaH
(morsnomenue DMII - OpHEeHTALKA 3/IeKTPOHOB B Me —
IIOBTOPHAasi reHepanys IMII).

2.5. OTpuuartesibHasi OTHOCUTEIbHaS
AudneKTpuyeckas npoHuuaemocTtb Me.
NMoka3atenb NnpenomneHus Me meHblue
eANHULbI

ABTOpHI CcTaTell 0 MeTaMarepuanax [1-8, 19], omepu-

pYIOT TaKHUMHU IIOHSATHUSIMHU KaK OTHOCHTEJIbHAS O3~
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11). If the sphere diameter is very large in comparison
with A (d >> A), laws of geometrical optics are applied,
while the most part of incident light is reflected.

2.3. Surface Plasmon Resonance, SPR

When EMR interacts with Me nanoparticles, mobile
conduction electrons of particles are displaced
relative to positively charged grid Me ions. This shift
has a collective nature: the movement of electrons
is coordinated by phase. If the size of particle is
much less than A of incident light, movement of
electrons leads to dipole emergence. The result is the
force aiming to return electrons in balance position.
The value of the returning force is proportional to
displacement value, similar to typical oscillator;
therefore one may speak about availability of natural
frequency of collective oscillations of electrons in
a particle. If oscillation frequency of incident light
coincides with the natural oscillation frequency of
free electrons near Me particle surface, the sharp
increase in oscillation amplitude of "electronic
plasma’, quantum analog of which is plasmon, will
be observed. This phenomenon was called Surface
Plasmon Resonance, SPR [28].

SPR is the effect caused by collective oscillations
of conduction electrons on ME nanoparticle surface
(Ag, Au, Cu), and consequently by EMF oscillations
(fig. 12).

SPR is followed by significant light absorption
in visible spectrum. Wavelength, where absorption
peak maximum is observed, depends on nanoparticle
metal, its size and shape [29-32].

When Me particle is too large (submicron), and
also in case of radiation by light of Me surface, SPR is
not observed. EMR energy can:

« Dbe reflected (like from mirror);
+ Dbereradiated (for example, IR-radiation from black

Me surface);

+ Dbe absorbed in Me array (the same black surface).

2.4. Surface Plasmon Polaritons, SPPs
Research of SPPs has begun in connection with
radiowave propagation research. The concept of
"surface electromagnetic waves" (SEW) was introduced
by A.Sommerfeld when in 1899 he considered a
task about axial current in long straight wire and
obtained the solutions of Maxwell equations from
which it follows that amplitude of electromagnetic
oscillations quickly attenuates upon moving away
from wire surface. He interpreted these solutions as
the proof of SEW existence.

Experimental demonstration of SEW on the
border with metal was given by R. Wood in 1912
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JMeKTpHUYeckass npoHulaemocts (OAII), mokasartenb
IIpe/IOM/IeHHsI U MarHHUTHas IIPOHUIIAeMOCTb, IIPH-
YeM BCe 3TH BeJHYHHBI SKOOBL MOI'YT IIPUHHUMATh
OTpHIIATeNIbHbIe 3HAaUeHHU s HIIH O6bITh <1. Kak ke 3T0
MOXKHO OOBSICHUTD C GU3UYECKON TOYKU 3PEHU !

Cpasy oTMeTHM, YTO AJIs1 MeTaJJIOB KaK TaKo-
BbIX IMOHATHSA OJIIl He CyIIecTByeT, OHO IPUMEHHMO
TOJIBKO O/ OH3/IeKTPHKOB. DMK B Me He paciipo-
CTpaHseTCs - OHO 3aTyxaeT.

OOHaKO TYT eCTh HEKOTOPhIE OTOBOPKH.

JHeprus B BUIe SPPs MOXKeT pacHpoCTPaHSThCS
[I0 TpaHHUIle pasfesna Me-IU3IeKTPUK HUIH B BHE
SMII BHYTpH Me.

Heobxomumo YYUTBIBATh, 0 KaKOM SMII MBI TOBO-
puMm. EC/iM moCTOSSHHOE, TO Me MCKITI0YAIOTCs, a eC/IU
IepeMeHHOe, TO y Me nosiBiisieTcst OAII (ITpH BEICOKKX
yactoTax OAII YMeHbH.IaETCF{). Korma BUAMMBIH CBET
IajzaeT Ha II0BEPXHOCTh Me, TO B TOHKOM IIPUIIOBEPX-
HOCTHOM cJIoe (3a CUeT YaCTOThI, CBONMCTBeHHON YMHU)
obpa3syercss mepemenHoe SMII (camo SMH MOKHO
paccMaTpHBaTh KaK YacTHBIM Cly4dal IIepeMeHHOIo
SMII). M MeHHO 3TOT C/Iy4Yail Hac U HHTepecyeT.

BaskHo, 3a3emieHa 11 Me ¢orbra (Hac HHTepecyeT
MMEHHO TOHKHUI, He 6ojee 30-50 HM, ciou Me). Eciiu
3a3eMJieHa, TO BCS SHeprus yiaeT B 3eMiito, OI1 6y,ueT
3aIrpeniesIbHO BBICOKOH (6osee 1019), 1, COOTBETCTBEHHO,

OCHOBbI MUKPOBOJIHOBOW ®OTOHMWKK

Ypuk BuHceHT [K.-mn., MakKunHu JkeitcoH [I., Bunabamc Kent [x.

Mpu noddepxke [lenapmamenma npomblwAeHHOCMU 06bI4HbIX 800PYXeHUL,
6Goenpunacoe u cneuxumuu Murnpommopaa Poccuu
Mepesod ¢ anzauiickozo d.m.H. M.E.beakuna, K.¢.-m.H. U.B.MeabHukoea, K.¢.-m.H. B.I.5lkoenesa

Mod pedakyueii d.m.H., 0.3.H., npo¢. C.0.boesa, akad. PAH, d.¢.-m.H., npod. A.C.Cuzoea
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with scattering of electrons in thin Me foil. At that
time the phenomenon has not been understood and
remained known as "Wood anomaly" up to 60th.

After A. Sommerfeld, the German theorist V. Kohn
established that the flat interface of dielectric and
good conductor made directing impact on propagation
of bulk wave and that SEW was possible on flat
interface of media with insignificant intensity losses.
SEW interpretation in terms of surface plasmon
polaritons was given by Ugo Fano (33, 44].

Let’s define SPP.

SPP is the compound particle emerging when
EMR interacts with elementary media excitations,
the interaction, leading to their coupling, becomes
especially strong when frequencies w and wave vectors
k coincide (resonance). The coupling waves (polaritons)
possessing characteristic law of dispersion w (k) are
formed in this area. The polariton consists partially of
EMR energy and energy of own medium excitation.

Let’s consider what occurs when light passes
through thin (-~ 50 nm) Me foil (fig. 13). When EMR
hits Me surface, the local excitation of conduction Me
electrons occurs, in addition to classical reflection;
excited electrons, in turn, creating spherically
divergent secondary EMR with the same wavelength
(according to Huygens). EMR is attenuated due to

M: TEXHOCOEPA,
2016.-376C.,
ISBN 978-5-94836-445-2
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paccykmeHus o BenmuduHe OJII TepsioT cMbIci. Eciu
donbra He 3a3emiieHa, TO SHeprus (B BUJe IepeMeH-
Horo SMII CBeTOBOI BOJIHEI) IIPOMJET CKBO3b QOJIBIY,
U MBI MO3KeM 3abuKcupoBaTh OJI1 Me.

OTHOCHUTenbHAS JHU3JIeKTpUYecKas po-
HHUIIAeMOCTh € TeCHO CBs3aHa C IIOKas3aTejaeM
IIPeJIOMJIeHHM S 1

n-Jie,

rae |L- MarHUTHAs IIPOHUIIAEMOCTb.

B nmornomaroiux cpegax OAII comepsKUT MHHMY IO
KOMIIOHEHTY E=g, +ie,, II03TOMY ITOKa3aTeJb IIPeIoM-
JIeHUS

- it
CTAHOBUTCS KOMIIJIEKCHBIM
n=n+ik.
B obrmacTu ONTHYECKUX YACTOT, TAe [=1, men-

CTBUTEJIbHA YaCTb IIOKa3aTeysd IIpeJIOMJ/IEHUS OIIM-
ChIBaeT COOCTBEHHO I[IpeJIoOMJIeHHE

’ 2 2

€ +/E] +E

n=.2 1*%
2

interference almost in all directions, except one
direction, namely along media interface. That is what
SPPs are. At the expense of the Me small thickness,
secondary plasmon polaritons occur on foil surface
opposite to light source (perturbation of electronic
density on the foil opposite side causes emergence of
secondary SPPs, energy is transmitted by means of
EMF through conduction electrons, fig. 13a).

This results in the original signal recovery on
the opposite side of foil (similar to secular bird). The
signal is weakened, of course. This signal extends
further, beyond the foil. Human eye perceives this
effect as partial passing of light through foil though
actually the signal was almost completely absorbed,
transferred by means of EMF and was newly generated
on the opposite side of the obstacle (foil).

It is possible to formulate what the SPPs are as
follows: SPPs are a kind of SEW and represent the
complex of heterogeneous p-polarized wave and
wave of induced free charges propagating along the
conductive surface [45]. Field intensity of SPPs is
the most at the media interface and exponentially
decreases with moving away from it.

The principle of light passing through obstacle due
to SPPs effect is the same, as when EMF passes through
Me ungrounded screen (EMF absorption - orientation
of electrons in Me -repeated EMF generation).

11,0
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Joo 2
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0

Puc.14. MNpoxosxdeHue caema yepe3 caoucmyto cmpykmypy Me-dusnexmpux (a) [47] u npoguau 3nekmpuyeckozo (WMpuxAuHus)
U MazHUmMHo20 (CNAOLWHAS AUHUS) NoAell BHYMPU MHO20CA0LIHO20 Memamamepuand. BudHbl 8036ysKdaembie N08EPXHOCMHbe

Fig. 14. Passing of light through Me-dielectric laminated structure (a) [47] and profiles of electric (dash line) and magnetic (firm
line) fields in multilayer metamaterial. Excited surface waves are visible on borders between the layers (b) [48]
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€
a MHMMas JyacTb k = 2—2 — IIOTJIOIIeHHe.
n

JU1a MacCMBHOI0 Ag ITpU A=589,3HM11=0,20+3,441.
[ToxkasaTenp mpenoMeHHsT Me, BKIIOYAIOMIHUN OeU-
CTBUTE/IBHYIO 4acCTh <1 MU MHMMYIO 4aCTh, MOKHO
MHTEePIIPEeTUPOBATh KaK 3KCIIOHEHIIHA/bHO-3aTyXa0"
IlyI0 BOJIHY, He CII0cObHYI0 MPOUTH Yepe3 Me (Hecro-
CoOHYI0 HaIlpsIMyIO, HO CIIOCOOHYIO MMPOMTH IOCPen:-
cTBOM IpeobpasoBanus SMU - DMII - DMHU, pasnen
2.4). Y Ag MHHMasl 4acThb MUHHMAJIbHA II0 CpPaBHe-
HUIO C fApyrumu Me (HanpuMep, nas Au
Nn=0,188+5,391 [46]), mosToMy Ag - CaMBIH IepCIIeK-
THUBHBIF MaTepHa/l C TOYKHU 3PeHUsd CO3LaHHUS
MeTaMaTepHaJsoB.

CpaBHMM IIPOXOXKIEHHE CBeTa Yepes AU3IeKTPUK
(cM. puc.2a), Me donsry (cMm. puc.13) u uepes ciou-
CTYIO CTPYKTypy Me-mH3neKTpuK (puc.14). B quanex-
TPHUKe BOJIHA IIPEJIOMJISeTCs, OTKJIOHSSACh B CTOPOHY
HOPMaJIU K IIOBEPXHOCTH, TeM Oosblile, yeM 6osnblle
IOU3IeKTpUYecKas IocTosHHas (puc.l4a). B Me ke
BO3HHKAIOT SPPs (prc.14b), sHeprus HampaBieHa I1ep-
[IeHAUKY/ISIPHO IIOBePXHOCTH Me, 4TO pOopMasibHO,
B PaMKax MaTeMaTH4eCKOHM MOJeIH, MOKHO OIIH-
caTh, Kak oTpunarensHyno OJIT.

2.6. DBaHecUeHTHble BOJIHbI (3BaHecLeHTHoe

none - evanescent field)

DBaHeCleHTHBIe BOJIHEI (0T j1aT. evanescentis "ucue-

3aIOLIMH, 3QeMepHBIN') - 3aTyXalollke BOJIHBI, BO3-

HUKaomye BOIM3U IPaHULBl pasfiesa IBYX AHU3-

JIeKTPUKOB M HAyIIHe BAOJb IPAaHHUIBl pasfesa

(puc.15).

OcobeHHOCTH 3BaHeCIHeHTHBLIX BOIH (0TIHYHe
oT SPPs):

e PpaCIpOCTPAHSIOTCA BOIU3U IIOCKOM I'PAaHUIIBI
paszena B OLHOM U3 cpef, (MeHee IIJIOTHOM);

* BO3HHKAIOT Ha I'PaHUIIe OBYX JU3IeKTPHKOB;

e yrona 6, o KOTOPBIM CBeT IafaeT Ha TPaHUILY
paszena, OOMKeH ObITh GOsbllle MM paBeH YITY
II0JIHOI'O BHYTPeHHero oTpaskeHUs (puc. 15).

B skcmepuMeHTe [49] 3aperucTpupoBaHa MOLY-
nsa0usg OpodUIsi UHTEHCUBHOCTHU CTOSIUel SBaHecC-
LIeHTHOI BOJIHBI C IIepuofoM 239,2 HM BIO/Ib I10BEPX-
HOCTH IIPHU3MBI. B036y>KIAIONIHMI aproOHOBBIHM Ja3ep
reHepHpyeT HU3/ly4deHHe Ha JJIMHe BOITHH (B BAKyyMe)
514,5 HM. D beKRTHUBHOCTH c6opa GOTOHOB IBAHECLIEHT-
HOTI'O IO/ AU3JIeKTpUYecKUM ocTtpueM COTM - 63%,
YTO COOTBETCTBYeT 3QpPeKTUBHOMY JHUAMETPY OCTPHUS
80 HM. [UTHHA 3aTyXaHUS BIOJIb OCH Z (BBICOTA IBAHEC-
LIEHTHOM BOJIHBI) cocTaBisgeT 103,9 HM.

Jlyq cBeTa, MaJaloOIIHMH CO CTOPOHBI ONTHYECKH
6osee MIOTHOM cpenbl (CTeK/ISIHHAS IPHU3MaA) Ha IIJI0-
CKYIO TPaHHUILY ee pasfesa C ONTHYEeCKH MeHee ILJIOT-
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Reflecting
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Puc.15. Cxema pezucmpauuu pomoHo8 crmosiyell 36aHecueHm-
HOU 80/AHbI, C8S3AHHOLI C 8EpXHEL N0BEPXHOCMbIO NPU3Mbl,
npu NOMOLU CKAHUPYIOWLe20 0NMUYECK020 MYyHHEeAbHO20
mukpockona (COTM) [49]. Ha exode 8 npuamy — noAsipu3o-
8aHHbIl ceem. [paHuya pasdena — cmekno-e8030yx. Ha eepx-
Hell no8epxHoCMU Npu3Mbl MOXKem pacnoaazamscsl 06pasey,
(z=0). D8aHecueHMHAs 80AHA IKCNOHEHUUAABHO 3amyxaem
npu yoaneHuu om noéepxHOCMU Npu3mbl

Fig. 15. Scheme of registration of photons of the standing
evanescent wave connected with upper surface of prism by
means of scanning optical tunnel microscope (SOTM) [49].
Polarized light is at the inlet to prism. Glass-air interface.
Sample can be located on upper surface of prism (z=0). The
evanescent wave exponentially attenuates with moving away
from prism surface

2.5. Negative relative dielectric permittivity
of metal
Metal refractive index is less than one.

Authors of articles about metamaterials [1-8, 19]
operate with such concepts as relative dielectric
permittivity (RDP), refractive index and magnetic
conductivity, and all these values allegedly can accept
negative values or to be <1. How it can be explained from
the physical point of view?

We shall note at once that for metals themselves RDP
concept does not exist, it is only applicable to dielectrics.
EMR in Me does not extend, it attenuates.

However, there are some exceptions.

Energy in the form of SPPs can propagate along
Me-dielectric interface or in the form of EMF in Me.

It is necessary to consider, what EMF we are talking
about. If constant one, then Me are excluded, and if
variable one, then Me acquires RDP (RDP decreases with
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HOM Cpelod (BO3MyX), He MOXKeT BBIUTH H3 CTeKja
M IIOJIHOCTBIO OTPa’kaeTcsi OT TPAHUIIBL pasnena (CM.
puc.15). Tem He MeHee DMII B ONITUYeCKH MeHee IJIOT-
HOU Cpefie OTUYHO OT Hy/4, IIpaBAa IpH yOaleHUU
OT IPaHMIBl pa3fiesia OHO SKCIIOHEHIIMAJIbHO YMEHb-
maeTcs. DTO He HacTosmasi cBObonHAs 37eKTPOMar-
HUTHAasl BOJIHA, IIOCKOJIBKY 3TO II0JIe He MOXKeT CyIIle-
CTBOBATh CaMo I10 cebe, 6e3 rpaHUIIEI pa3nena. OLHAKO
OHO obnamaeT BceMHM CBOMCTBAMHU beryluen IOBepX-
HOCTHOM BOJIHBI, T.e, 3JIeKTPOMarHUTHOM BOJIHBI,
PaCIpOCTPaHAIOIIENCS. BAOAb IIOBEPXHOCTH K 3aTy-
Xalolllel IpU yAaJIeHHH OT Hee. 3TO U eCTb IBaHeC-
LleHTHas BOJIHA, BCeIJa COMPOBOXKAAOIIAS ITPOLIECCH
IIOJIHOTO BHYTPeHHero oTpakeHus. Ee aMmiuTtyaa
IIPOIIOPLIMOHAIBHA, a ee da3a CoBNafaeT C AMILIMTY-
Iou 1 da30H HaCTosLeH 371eKTPOMarHUTHOU BOJIHBI,
pacIpocTpaHsomercs B mpusme (50, 51].

2.7. MpeoponeHue anppakLMOHHOIro
npepena (Overcoming the diffraction
limit) Ha npumepe COTM

HccmenyeMsblil obpasel pacriosnaraeTcs Ha IIOBEpX-

HOCTH ITPH3MEI B 00JIaCTHU OeHCTBUSA 3BAHECIIeHTHOIO

o1 (pnc.lG). ToHKOe OIITHYeCcKoe BOJIOKHO IIOJHO-

CUTCHA HEHOCPEHCTBGHHO K CI(aHpreMOfI HOBerHO‘

=

Evanescent Field

Incident
Light

Puc.16. Ss8aHecueHmHoe noAe, 803HUKAtOLWee Had 06pasuom

8 COTM. Tonozpagus 0b6pasua NpocmpaHcmeeHHo MOOYAU-
pyem 38aHecuyeHmHoe noAe, U UsmeHeHue e20 UHMeHCUBHoCmu
peaucmpupyemcst ocmpuem 30H0d, CKAHUPYIOWUM noepx-
Hocmb 06pasua

Fig. 16. Evanescent field emerging over sample in SOTM.
Sample topography spatially modulates evanescent field, and
the change of its intensity is recorded by probe tip scanning
the sample surface

high frequencies). When visible light falls on Me surface,
variable EMF is formed in thin near-surface layer (at the
expense of the frequency inherent to EMR) (EMR itself
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cTH (Ha paccTosHHe, MeHbllee A) B 0671aCTh 3BaHec-
LIeHTHOTO IOJIS.

DBaHeCLIeHTHOe I10JIe He MOyKeT YIaJIMThCS OT Ipa-
HUIIBl pasfiesia, OJHAKO eCJIU PSAOM OKaskKeTCs Apy-
rasi ONTUYeCcKH IIOTHAsl Cpefia, TO 3BaHeCIeHTHOe
Iojie "IiepenprIrHeT” B Hee, IIPEBPATUBIIHCEH B 06BIY-
Hyio Gerymyio BOJIHY. DTO "NepemnpeirMBaHHe" ecTb
He YTO MHOe, KaK TYHHe/JIHPOBaHHe CBeTOBOIO M3Jy-
YeHHMsl M3 OITO3/eMeHTa B CKaHHPYIOIlee BOJIOKHO.
B 30HIe NMPOUCXOLUT KOHBEPCHS 3BaHECI[EHTHOTO
I0/IsT B PaCIpPOCTPAHSIONIYIOCS MOJY OIITOBOJTIOKHA,
KOTOPAasi II0ChLIAETCS B AeTEKTOP.

Brarogapsi MasibIM pa3MepaM OCTPH I UIJIbI (OKOJIO
50-100 HM), MOSKHO IIPOBOLUTD U3MEPeHHUs C CyOMHu-
KPOHHOHN TOYHOCTBIO (paspemiaromasi CIIoCOOHOCTb
COTM nopsiaka 100 HM).

2.8. HapyuweHHoOe NnojiHoe BHYTpeHHee
oTpaxeHue (Frustrated Total Internal
Reflection, FTIR)

PaccMoTpHM IpoxokAeHHe DMH yepes aBe IJIOCKHeE

[apaJulejibHble IIJIACTUHKUA OJHOTO M TOrO >Ke IIPo-

3pauHoro marepuaia A (HasoBeM uX A; U A,), pas-

JleJleHHble CJIoeM ApPYyroro Mpo3payHOro MaTepHana,

Ipoue Bcero - Bo3Ayxa. IToCKOIbKYy CKOPOCTH CBeTa

B BO3/lyXe IIOYTH PaBHa ero CKOPOCTHU B BaKyyMe, IIpU

mepexofie M3 A B BO3[lyX BO3MOKHO I10JIHO€ BHYTPeH-

Hee OoTpa’keHHe. EC/IM IIMpPHMHA BO3AYIIHOILO CJIOS

3HAUUTE/IBHO MIPEBBIIIAET A, TO HATUUHe [IJIACTUHKHU

A, HUUero He U3MeHUT. CBeT, KaK U paHblle, OygeT

3aTyXaTh I10 SKCIIOHEHTe IIPH BbIXOJe U3 A;.

EcIu >Ke IIMPHUHA BO3YIIHOIO CJI0SI MEHBIIe A,
CUTyallis H3MEHUTCHI. B 3TOM cjlydae IOKHHYB-
mas A, BOJIHA BXOAUT B IUIACTHHKY A, U TaM 'BO3-
poskIaeTcss’ B BUJe HOPMAJIbHOM, a He 3aTyXalolek
BOJIHBI, TOJIBKO C MeHbIIeN aMIUIUTYHou [52].Bepo-
STHOCTb KBAaHTOBOI'O TYHHEJIHWPOBAHHS YaCTHLIBI
BCerjga MeHbllle efUHHUIbL. TOUHO TaK ke aMIIJIMTyAa
nobpaBmiericsi 1o A, CBETOBOM BOJIHBl YCTyIlaeT ee
aMmauTyne B A;. OgHako M. Xy1mep 1 ero KoJjijierd [53]
[I0Ka3aJI4 B TEOPUH U IIOATBEPAUJIM B 3KCIIEPUMEHTe,
YTO MOXKHO B IIPUHIIUIIE T06UThCs 100%-HOT0 BO3POXK-
JeHUs UCXOLHOM BOIHBL. [I7Is 9TOro Hafo pPa3fenuTh
A, 1 A, He IIPOCTO CjI0€M BO3[yXa, a HEeCKOJIbKUMH
CJIOAMHM: CHayaja TOHKasg IUIEHKA JPYyroro IIpo-
3pavyHOro MaTepHana B;, IIOTOM BO3AyIIHBIK CJIOH,
[IOTOM TaKas >Ke IJIeHKa B,, ImoTom, HaKoHell, IlJa-
CTUHKa A,. W IJIeHKH, W BO3AYIIHBIK CJIOH ONSITh-
TaK{ JOJIKHBL OBITh FOpPa3fio MeHbllle II0 TOJILIKHeE,
yeM A. PacyeThl IIOKa3bIBAIOT, YTO IIPH IPaBHJIb-
HOM mozibope yria mafeHHsI UCXOMLHOTO Jyda U Apy-
FUX IIapaMeTpOB 3KCIIepHMMeHTa B HJeajle MOXKHO
OOBUTBCSL TOro, YTO 4Yepe3 IJIACTUHKY A, BBIHIET
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can be considered as special case of variable EMF). This is
the case that we are interested in.

It is important, whether Me foil is grounded
(we interested in the thin Me layer not exceeding 30-50
nm). Ifitis grounded, all energy will go to the earth, RDP
will be incredibly high (more than 10%), and, therefore,
considerations of the RDP value will lose meaning. If the
foil is not grounded, energy (in the form of variable EMF
of light wave) will pass through foil, and we can record
Me RDP.

Relative dielectric permittivity € is closely connected
with refractive index n.

n =i,

where |1 is magnetic conductivity.
RDP contains imaginary component (¢ = ¢, +1¢,) in the
absorbing media, therefore refractive index

N =4ué
becomes complex
n=n+ik.

In the field of optical frequencies where p =1, the real
part of refractive index describes the refraction itself

’ 2 2

€ +4/E] +E

n= 1 1 2’
2

and imaginary partk = 25—1{1 describes absorption.

For massive Ag when A =589.3nm 1= 0.20 + 3.44i. Me
refractive index including real part < 1 and imaginary
part can be interpreted as exponential-attenuating wave
incapable to pass through Me (incapable directly, but
capable to pass by means of EMR - EMF - EMR
transformation, chapter 2.4). Ag imaginary part is
minimum in comparison with other Me (for example, for
Au f = 0.188 + 5.39 i [46]), therefore Ag is the most
perspective material from the point of view of
metamaterial creation.

Let’s compare passing of light through dielectric
(fig. 2a), Me foil (fig. 13) and through Me-dielectric
laminated structure (fig. 14). In dielectric the wave
refracts deviating towards normal to the surface in direct
proportion to the magnitude of dielectric constant (fig.
14a). Meanwhile, SPPs are emerging in Me (fig. 14b),
energy is directed perpendicular to Me surface what can
be formally described, within mathematical model, as
negative RDP.



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
= METATRONICS
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

CBeT C HeHM3MeHEHHOM aMIUIMTYLOH. ITO MPOHCXO-
OUT IIOTOMY, 4TO B, 1 B, JeHCTBYIOT KaK OIITHYECKHe
Pe30HaTOPHI, YCH/IMBAIOLKe IIPOXOJAIINH Yepe3 HUX
cBeT. AHajoru4Hble 3QPeKkTH B QHU3HKe IMOJIYIIPO-
BOZHHUKOBBIX I'eTePOCTPYKTYp OB OMMCAHEL ellle
B 70-e rofpl o, Ha3BaHHWeM Pe30HAHCHOIO TYHHe/IH-
poBaHUS (KPyIHeHIIHI BKJIAJ B UX HCCIeJOBAHHe
BHec Jiaypear HobesneBckon npemuu 1973 rozma Jleo
Jcaku), HO B ONTHKe OHM JI0 CHX IIOp He Habmoma-
nuCh (BO BCSIKOM Cjy4ae, TaK yTBepKAAT XyIep
U ero COaBTOPBL).

B oKkcrepuMeHTe aHIJTMHCKHUX OQHU3HUKOB [53]
MIOJISIPM30BaHHBIN J1a3epHBIHN J1y4 C JAJIHMHON BOJTHBI
700 HM BBIXOAHJ M3 KBaplieBOM IIPU3MBI, IlepeceKall
[JIEHKY IIPO3PadyHOro Cyl1bPuza LIKMHKA TONLHMHOU
209 HM, 131-HAaHOMeTPOBBIK BO3JYIIHBIH IIPOMEXY-
TOK, OPYIYI0 TaKyIO >Ke NUHK-CYAbQUOAHYIO IIJIeHKY
M I0IIaJla/l BO BTOPYI IIPHM3My M3 KBapua. IlpaBna,
3KCIIePUMEHTATOpaM He ynanock HobuThcs 100%-
HOT'O IIPOXOKAEHHS H3/IyUYeHHsI, KOTOpPOoe HEeMHOIO
IIOIVIOLIAJIOCh B Cynbdupe LMHKA. OOHAKO peasb-
HBIM yPOBEeHb IIPONYCKAHMS CBeTa ObUI TOCTATOYHO
BBICOK - ITpUMepHO 85%. Eciau 6bl IIPOCTPAaHCTBO
MeXIy KBapLeBBIMU INPH3MaMHU ObLIO 3aIIOTHEHO
OJHHUM TOJIBKO BO3JYXOM, TO CTeIeHb IIPOIYCKaHHUs
He IIpeBbICcHIa OBl 30%.
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2.6. Evanescent waves (evanescent field)
Evanescent waves (from lat. evanescentis "disappearing,
ephemeral”) are attenuating waves arising near
interface of two dielectrics and moving along the
interface (fig. 15).

Features of evanescent waves (distinctions from SPPs)
are as follows:
 they propagate near plane interface in one of the

media (less dense);

« they arise on border of two dielectrics;

+ angle 6 at which light falls on the interface must
exceed or be equal to the angle of total internal
reflection (fig. 15).

Modulation of intensity profile of standing evanescent
wave with the period of 239.2 nm along prism surface
was recorded in experiment [49]. The exciting argon laser
generates radiation at wavelength (in vacuum) of 514.5
nm. Efficiency of collecting photons of evanescent field
with dielectric tip of SOTM is 63% that corresponds to the
tip effective diameter of 80 nm. The attenuation distance
along z axis (height of evanescent wave) is 103.9 nm.

The beam of light falling from the optically denser
medium (glass prism) on plane interface with optically
less dense medium (air) cannot leave the glass and
is completely reflected from the interface (fig. 15).
Nevertheless EMF in optically less dense medium is
other than zero, though it exponentially decreases
when moving away from the interface. It is not a
real free electromagnetic wave since this field cannot
exist on its own without the interface. However, it
possesses all properties of traveling surface wave, i.e.
electromagnetic wave propagating along the surface
and attenuating when moving away from it. This
is the evanescent wave that always accompanies
processes of total internal reflection. Its amplitude is
proportional, and its phase coincides with amplitude
and phase of real electromagnetic wave propagating in
prism [50, 51].

2.7. Overcoming the diffraction limit using
SOTM as an example

The investigated sample is located on prism surface in
the scope of evanescent field (fig. 16). Thin optical fiber
is brought directly to the scanned surface (at a distance
smaller than A) in the area of evanescent field.

The evanescent field cannot move away from the
interface, however if there is another optically dense
medium nearby, evanescent field will "jump" into
it, having turned into normal traveling wave. This
"jumping" is no other than tunneling of light radiation
from optic element into scanning fiber. Evanescent field
is converted into propagating mode of optical fiber in the
probe and is further sent to a detector.
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Thanks to small sizes of needle tip (@about 50-100 nm),
it is possible to take measurements with submicron
accuracy (SOTM resolution capacity is about 100 nm).

2.8. Frustrated Total Internal Reflection, FTIR
Let’s consider EMR passing through two plane parallel
plates of the same transparent material A (let’s call
them A, and A,) separated by a layer of other transparent
material, for instance, air. Since light speed in air is
almost equal to its speed in vacuum, total internal
reflection is possible upon transition from A to air. If
width of air layer considerably exceeds A, the presence
of plate A, will change nothing. Light will attenuate
exponentially at the exit from A, as before.

If width of air layer is less than A, the situation will
change. In this case the wave leaving A, enters into plate
A, and "revives" there in the form of normal, but not
attenuating wave, only with smaller amplitude [52].

The probability of quantum tunneling of particle is
always less than one. Similarly, amplitude of light wave
which has reached A, is inferior to its amplitude in A,.
However I. Hooper and his colleagues [53] have shown
in the theory and have confirmed in experiment that in
principle it is possible to achieve 100% of revival of initial
wave. For this purpose it is necessary to separate A; and
A, not just with air layer, but with several layers: first,
thin film of other transparent material B,, then air layer,
then same film B,, and, at last, A, plate. Furthermore,
both films and air layer should be much thinner than
the length of light wave. Calculations show that with
correct selection of incidence angle of initial beam and
other parameters of experiment it is possible to realize
an ideal and to achieve that light with unchanged
amplitude will come out of plate A,. It is due to the fact
that B, and B, work as the optical resonators amplifying
light passing through them. Similar effects in physics of
semiconductor heterostructures have been described in
the 70th as resonant tunneling (the largest contribution
to their research was made by Nobel laureate in 1973 Leo
Esaki), but they have not been observed in optics so far
(at least as claimed by Hooper and his coauthors).

In experiment of English physicists [53] polarized laser
beam with the wavelength of 700 nm was leaving quartz
prism, crossing film of transparent zinc sulfide 209 nm
thick, 131 nm air gap, another same zinc sulfide film
and was captured in the second quartz prism. However,
the experimenters did not manage to achieve 100% of
passing of radiation which was slightly absorbed in zinc
sulfide. However, the real level of light transmission was
rather high, about 85%. If the gap between quartz prisms
had been filled only with air alone, transmission degree
would not exceed 30%.

To be continued
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