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TYHHEJIUPOBAHUE

CBETA B FrPAAUEHTHbDIX
HAHOCTPYKTYPAX:
NMAPAAOKCDI, MEPCMEKTUBDI,
NMEPBLIE MPUMEHEHUA

A.Illsapubype, 0.¢. - M.H.,
ObvedureHHbLl UHCMUMym 8blcoKUX memnepamyp PAH,
HHcmumym kocmudeckux uccaedosauii PAH, Mockea

TyHHenupoBaHUue CBeTa B rpaAMeHTHbIX
AN3NEeKTPUYECKUX NIeHKaX He TOJIbKO OTKPbI10
NyTU K CO34aHNI0 HEO6bIYHbIX ONTUYECKMUX CUCTEM,
HO 1 NO3BOJINI0 0606 NTb HECKOJIbKO K/1H04YEeBbIX
MOHATUN U3 Y4€6HUKOB PUIUKMU.

MaTeMaTHKa eCTh UCKYCCTBO Ha3bIBATh
Pa3HbIe HPEI[METI)I OOHUM MMEHeM.
JI.B.Tubbc

CUCTEMBDI NMBO B ONTUKE

Abb6peBuatypa 'IIBO" B omnTuKe, B OTIHYHE
OT apMeMCKHX yCTABOB, 0O3HA4aeT 'TIOTHOe BHYTPEH-
Hee OTpa’keHHe" - sSBJIe€HHe, 3HAKOMOE K3 IIKOJIb-
HOTO Kypca QU3HMKH: Jyd CBeTa, MaJaloMUI
HaKJIOHHO M3 Cpefbl 1 ¢ 60IBIINM [T0Ka3aTeneM IIpe-
JIOMJIEHHS N, B cpefly 2 C MeHBUIMM II0Ka3aTeleM
IIpeJIOMJIEHUs] N,, OTpasuTcs obparHo B cpeny 1,
eCJIM yroJ mafeHus 6osblle TaK HAa3bIBA€MOTO KPH-
TUYeCKOro yIJa y. BelM4YHHaA 3TOro yria ompeness-
eTCS U3 COOTHOIIeHHS II0Ka3aTesed IIpesIoMJIeHHUS
cpexn 1 u 2. ICTOPUKH QHU3UKH OTMEYAIOT, YTO 3TOT
y/:[HBI/ITeJImeI?I 3¢ dexT 3Han eme HMoranH Keriep,
KOTOPBIH He TOJIBKO OTKPBII TPHU 3aKOHA obpalneHus
IIJIAaHeT, HO, COBEPUIEHCTBYS aCTPOHOMHUYECKHeE

MHCTPyMeHTBI, He OCTaBasiT 6e3 BHHMAaHHUS
U OIITHUKY.

[Ipomno Tpu Beka, U 3¢dexrT [IBO BHOBL IIpPHU-
BJleK BHHMaHHe HcclefoBaTener. IlosBUIach

3JIeKTPOMAarHUTHAs TeOpHUs CBeTa, B HAy4YHBIU
0obuxon BOLIM ypaBHeHHs MakcBeana U Ipen-
CTaBJIeHUS O CBETOBHIX BoJHaX. Iloab3ysachk
HOBBIMH HJesMH, Hpodpeccop MOCKOBCKOIO yHHU-
BepcuTeTa A.A.DHXeHBaJIbJ, TeOpPeTHYeCKH IIOKa-
3an (1], uTo cBeToBOe mose npu IIBO Ha rpaHule
cpen He obpbIBaeTCs: IPOHHKAS B OTPa’kaoIIyIo
cpeny, OHO 3KCIIOHEHIIMAJ/IbHO 3aTyxXaeT. DHeprusd
IIPOHMKAKUIEH BOJIHBL MOHOTOHHO YMEHBIIAeTCS
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LIGHT TUNNELING IN GRADIENT
NANOSTRUCTURES:
PARADOXES, PROSPECTS,
FIRST APPLICATIONS

A.Shvartsburg

Joint Institute for High Temperatures of the Russian
Academy of Sciences, Moscow

Space Researches Institute of the Russian Academy of
Sciences, Moscow

Light tunneling in gradient dielectric films not

only revealed the ways for the creation of unusual
optical systems but also allowed the generalization
of some key concepts from physics textbooks.

Mathematics is an art to call
the different entities by one
name.

J.W.Gibbs

TIR SYSTEMS IN OPTICS

The abbreviation "TIR" in optics, as opposed to the
army regulations, means "the total internal
reflection” - the phenomenon which is known from
the school course in physics: light ray, which is
obliquely incident from the medium 1 with higher
refractive index n, to the medium 2 with lower
refractive index n,, will be reflected back into the
medium 1 if the incidence angle is higher than
so-called critical angle y. The value of this angle is
determined on the basis of the ratio between
refractive indices of the medium 1 and medium 2.
Physics historians note that this amazing effect
was known by Johannes Kepler who not only
discovered three laws of planetary motion but also
had great interest in optics improving the
astronomical tools.

Three centuries has passed and the TIR
effect drew attention of researchers again.
Electromagnetic light theory has occurred, and
Maxwell equations and concepts concerning the
light waves have become scientific practice. Using
the new ideas A.A.Eikhenwald, professor of the
Moscow University, theoretically showed [1] that
in case of TIR occurrence at the media interface
the light field does not stop, penetrating into the
reflecting medium it decays exponentially. The
energy of penetrating wave monotonically decreases



RRRRR RN RN R N R R R RN R R R NN AR R RN NN R A AR RN RN
TECHNOLOGY EQUIPMENT AND TECHNOLOGIES m
RRRRR RN RN R N R R R RN R R R NN AR R RN NN R A AR RN RN

Ha PacCTOSIHUSIX MOPsAKa AJIHHBL CBETOBOU BOJIHBI,
M 3TO 3aTyXaHHe HHKaK He CBA3aHO C IIOIJIoLle-
HHEeM BOJIHBI. Pe3y/bTaT JMXeHBa/lIb/a I0Ka3aJl, 4To
3ddeKT MMeeT BOTHOBYIO IIPHPOAY U He MOKET OBITH
OIMCAaH IIPHUBBIYHBIM $3BIKOM TIeOMeTpH4YeCKOH
ONTUKH — CBETOBBIMHU JIyYaMH. ITOT BHIBOJ, IIOJIY-
YMJI BCKOpe HaIIsi[HOe IIOATBepPKAeHHEe B OIIBITe
JI..ManpgensuitaMa U I1. CeneHH.

B 5ToM ompITe CTeKASHHASA IIPH3Ma IIOrpy>Ka-
7ach HUKHEU IPaHbI0 B JKUJKOCTb, B KOTOPOM pac-
TBOpeHO QJloopecLieHTHOe BelllecTBo (puc.l). CBer,
najgas 4depes MpPU3My Ha T'PAHHUIY SKUAKOCTH IIO[
yraoM, OOJBIIMM KPHUTHYECKOrO, HCIIBITBIBAET
Ha rpaHulie s¢¢dext IIBO. OnHAKO YacTh CBETOBOI'O
IIOTOKa, IIPOHMKASA B TOHKHI CJIOH INPUTPAHHUYHOU
SKHMJIKOCTH, BBbI3bIBaeT ee QIOpeclieHTHOe CBeye-
Hue. LiBeT QrroopecueHIHUU OTIMYAeTCS OT ILBeTa
[ajfamollero H3jy4YyeHHs, a CBeYeHHe IIOrpaHHY-
HOTO C/10SI JaeT BO3MOXKHOCTb HabnionaTb 3$deKT.
DTOT OMBIT IOATBEPAUI M Lpyroe IpefcKas’aHue
JMxeHBa/Ib/a: CBETOBOM IIOTOK, 3aTyxas, IIPOHH-
Kaja B JKUOKOCTh Ha MaJIylo, HO KOHEUYHYIO IJy-
OHHY, COM3MEPUMYIO C ATMHOK BOJIHBI, U, YTO OBLIO
COBCEM HEOXUIAHHO, - 3aTyXaHHe He OBIJIO CBSI3aHO
C IIOIJIOeHHEeM BOJIHBI. Takoe 4acTUYHOe IMIPOHUK-
HOBeHMe CBeTa uepe3 HeNpo3pauHbIl 6apbep momy-
YMJIO COKpallleHHOoe Ha3BaHue "HIIBO" ("HapyueH-
Hoe [IBO").

">KypHan PocCCHICKOTO (QH3UKO-XHUMHUYIECKOI0
obmecTtBa" HamewaTtan paboTy DHxeHBaIbIa
B 1909 romy. B Te romel Ha $oHE CTPEMHTEIBHOIO
PasBUTHS OPYroll BeTBH 3/JeKTPOMarHeTH3Ma -
PamuoOTeXHHKH - KoHLenuusa HIIBO, yTouHsgmIas
NIPHUBBIYHBIM 3aKOH IIpe/IOMJIEHHS CBeTa, MorIJa
IOKa3aThCs M3SIIHON, HO HEIIPAaKTUYHOMU TeOpHeH.
Ho "HudYero HeT NpaKTH4YHeH, 4yeM XOpollasi Teo-
pn;{!"- FOBOPHUJI aMepHKaHel OaBapa KoHaoH, oguH
M3 IIMOHEPOB CIIEKTPOCKONKMU. M TOYHO: He IIPOILJIO
U JBaflaTH jeT, Kak Teopuu HIIBO HacTan CBOH
vepen.

r.FAMOB: OT HMBO BOJIH A E EPOWNS

K TYHHEIUPOBAHUUIO YACTUL,

"Bropoe gpixaHue' B Teopuio HIIBO BHec
I'.A.TaMoOB. ﬂBanuaTHTpexneTHHﬁ BBIITYCKHHK
JIeHUHTPaJICKOTO YHHUBEPCUTETA, OH OBLI HaIlpas-
JeH, KaK CKa3aau Obl cerofgHs, Ha CTa>KHPOBKY
B JIEUIILIUT U TaM, B IpYyIIIle CAMOTO MOJOLOTo (26
net!) npodeccopa l'epmanuu B.Terzenbepra, B3sics
3a "ropsuyo’ 3amady, BO3HUKIIYIO B sabopaTopuu
[IepBOOTKPEIBATEISI aTOMHOIO sifpa Pesepdoppa:
OBIJIO0 M3BECTHO, YTO U3/Iy4YeHHe, BO3HUKAOIIee IIPH
PaoMOAaKTHBHOM paclaje aTOMHBIX sJep ypaHa,
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Puc.1. Onbim Mandeabwmama-CeneHu: ay4 céema nadaem
uepe3 60K08YH0 CMeHKy Npu3mbl 8 HanpasneHuu AB Ha ee
HUKHIOK0 2pAHb, N02PYIKEHHYH 80 (HAYOPEeCUUPYIOLLYHO XKL=
KOCMb, N0O y2n0M, 6OGAbLIUM, YemM Y20/ NOAHO20 BHYMPeHHez0
OMPpa>keHUs Ha 2paHuye Npusma — Xuokocms; BC - ompaxeH-
HbIL Ay4. B MOHKOM cA0e XXUOKOCMU, NPUAe2atoLem K HUXKHel
2paHuU npu3mbl, BUOHO ceeveHuUe payopecueHuyuu, bbicmpo
ocnabesaroLyee 8 2nyoUHe XXUOKocmu

Fig. 1. Mandelstam-Seleni experiment: light ray is incident
through the prism side wall in the direction AB to its lower
border immersed into the fluorescent liquid at the angle,
which is higher than the angle of total internal reflection at
the border "prism-liquid”; BC - reflected ray. The fluorescence
glow, which quickly decays in the liquid depth, is seen in the
thin liquid layer which is adjacent to the prism lower border

at the distances of the order of light wavelength and
this decay is not connected with the wave absorption
in any way. Eichenwald results showed that the
effect has wave nature and cannot be described in
the common language of geometrical optics - on
the basis of the light rays. This conclusion was
soon graphically confirmed in the experiment of
L.I.Mandelstam and P.Seleni.

In this experiment the lower bound of glass prism
was immersed into the liquid in which the fluorescent
material has been dissolved (Fig. 1). The light incident
through the prism on the liquid bound at the angle,
which is higher than the critical angle, experiences
TIR effect at the bound. However, the part of light
flux penetrating into the thin layer of bound liquid
causes its fluorescent glow. The fluorescence color
differs from the light of incident radiation and the
glow of bound layer gives opportunity to observe the
effect. This experiment proved the other Eikhenwald
prediction: during decay the light flux penetrated
into the liquid at low but finite depth which is
commensurable with the wavelength and, whatis the
most unexpected, the decay was not connected with
the wave absorption. Such partial light penetration
through the non-transparent barrier received the
short name "FTIR" ("frustrated TIR").
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CONEPKUT ABAa THIIA YACTHIL], KOTopble Pesepdopn
HasBal 'anpda’ u "6era’. M3BecTHa OblIa U IIpHU-
poma 3THUX M3JIydeHHM: B YaCTHOCTH, B anbda -
YaCTHILEe OMO3HAJIM SIPO aToMa rejlMs, COCTosIIee
M3 [BYX HEHUTPOHOB M [ByX IIPOTOHOB (Ha3BaHHUe
"mpoToH" ToxXe mpennoxkun Pesepdopx!). OmHAKO
B 9TOM CTPOMHON KapTHHe IIOSBUJIOCh U TeMHOe
ISITHBIIIKO: IOKKJAas MaTepHUHCKoe sApo, aabda-
yacTULa [AoJkKHa O6bl71a IIpeojosieTh IOTeHLU-
anbHBIN bapbep, CO3MAHHBIN SIIEPHBIMH CHIAMH
IPUTSKeHUs. PacdyeThl MOKa3bIBalHM, 4To pabora
YaCTHLBL II0 IIpeofoeHHI0 6apbepa OKa3bIBaaach
Gosblre, yeM 3HEPrUsi CAaMOM YacCTHIBI. B KoTo-
PBIF pa3 BO3HHUK C06JIa3H OOBSIBUTH O BO3MOKHOM
HapyLleHHH 3aKOHA COXPaHEHHS SHepPruM, Ha 3TOT
pa3 - B MUKPOMHMPpe...

B mouckax pemeHusi [aMoB 06paTuI BHUMaHUe
Ha BHeIIHee CXOJACTBO HeJABHO IPeJIOKeHHOIO
ypaBHeHHUs IIpénuHrepa, ONHCBIBAIOIIETO ABHKe-
HHUEe aTOMHBIX 0OBEKTOB Yepe3 IOTeHI[HaJIbHBIM
6aprep, U BOJHOBOIO ypaBHEHUSI, OIHCHIBAIOLIETO
IIPOXOXKJeHHe CBeTa 4Yepe3 CJIOKM HEIPO3PauHOro
MaTepuana. IlpeacTtaBnsisi ¢opManbHO [BHKeHHe
aTOMHOTO 00BeKTa C IIOMOIIbI0 0CODOro THIIA BOJIH,
TaK Ha3bIBaeMbIX BOTHOBBIX QYHKIIHE, MOXKHO OBLTI0
YBUAETb aHAJIOTHI0 MeXAY IIPOHHKHOBEHHEM
anbda-dyacTUL, Yepe3 IOTeHIHAJbHBIN Oapbep
Y IIpocauyMBaHHeM 3/1eKTPOMAarHUTHBIX BOJIH uepe3
HeIIpO3PadyHbIH CJI0K B peskume HITBO. HesaBrUcHMO
OT 3arafiku anbda-pacraja, KOHLEMNLHUS II0JTHOI0
BHYTPeHHero OTpa’keHUs '"BHMTajla B BO3Ayxe',
BCIIJIBIBAsl U B IPyTOM OTKPBITHHU, CAETaHHOM TOXe
B AHIVIMHU elleB 1924 rony, - oTpaskeHHUH PagHOBOJIH,
M3/yUYeHHbIX Ha3eMHBIM IepeJaTuHuKOM, OT CJI0s
MOHH30BAaHHOIO Tas3a, OKpYXalolero 3emsio
Ha BbIcoTe 90-100 KM (TOrza ele He FOBOPUIU IIPO
uoHocdepy, Ha cayxy 6pu1 "ciom XsBHcamnpga').
OT aHaAJIOTUHU ypaBHEHUM OCTaBaJICs OLHUH IIar
[0 AaHAJOTHUM PellleHUM — U 3TOT WIar ObLI CAesaH:
B 1928 romy mosBunack dopmyna 'amosa [2], BeIpa-
JKalomasi, B OTJIMYHEe OT IPHUBBIUYHOM MeXaHHUKH,
SKCIIOHEHIIMATbPHO Majylo, HO KOHEYHYIO BepOsT-
HOCTb IIpOJIeTa YaCTHUIBl CKBO3b Oapbep, MHBIMHU
CJIOBAMH - BEPOSITHOCTh pacIafia aTOMHOTIO sipa.
9ToT 3deKkT He mmocsiraeT Ha 3aKOH COXpPaHeHHS
SHepruy: B ONpefleleHUHM HMIIyJIbCa KBaHTOBOM
YaCTHULBl P U KOOPAHHATHL X BCeTZa MPUCYTCTBYIOT
"HeoIlpefle/IeHHOCTH" AP U AX, CBSI3aHHBIe C IIOCTO-
sHHOM I1naHKa # PyHIAMEHTaIbHbIM "'TIPUHIIUIIOM
HeoIlpeJeneHHOCTH [lelizeHbepra: ApAX=#/2; npu
3TOM 'HeoIlpeJeleHHOCTh MMIIYJIbCa YaCTHUIIBI,
IposeTaloIen yepe3 6aprep, DOMyCKaeT "HeoIlpee-
JIEHHOCTB' KOOPAHHATHI 32 bapbepoMm.
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The Russian Physical and Chemical Society
Magazine published Eikhenwald paper in 1909.
During those years against the background
of swift development of the other branch of
electromagnetism - radio engineering - the concept
of FTIR, which defines the conventional law of
light refraction more precisely, could appear to
be refined but unpractical theory. But, "there is
no more practical thing than good theory!" - said
the American Edward Condon, one of spectroscopy
pioneers. And indeed, twenty years have not passed
and the turn of FTIR theory came.

G.GAMOV: FROM FTIR OF DE BROGLIE
WAVES TO TUNNELING OF PARTICLES

The second wind in the theory of FTIR was given by
G.A.Gamov. Twenty years old graduate of Leningrad
University was sent to Leipzig for training, as we
would say today, and there he started studying
the "hot" task, which has arisen in the laboratory
of Rutherford, the discoverer of atomic nucleus, in
the group of the youngest (26 years old!) Cerman
professor W.Heisenberg: it was known that the
radiation occurring during the radioactive decay of
uranium atomic nuclei contains the particles of two
types, which Rutherford called "alpha" and "beta".
The nature of this radiation was also known; in
particular, the nucleus of helium atom consisting
of two neutrons and two protons (the name "proton”
was also suggested by Rutherford!) was identified
in alpha particle. However, the dark spot appeared
in this harmonious picture: leaving the mother
nucleus alpha particle had to break the potential
barrier, which was created by the nuclear attraction
forces. Calculations showed that the particle work
concerning the barrier breakage appeared to be
greater than the energy of the particle itself. And
again the temptation to declare about the possible
violation of energy conservation law has occurred,
this time - in microworld...

While searching the solution Gamov paid
attention to the outward similarity of recently
suggested Schrodinger equation, which described
the motion of atomic objects through the potential
barrier, and wave equation, which described the
light transmission through the layer of non-
transparent material. Presenting formally the
motion of atomic object with the help of the waves
of special type, so-called wave functions, it was
possible to see analogy between the penetration of
alpha particles through the potential barrier and
leakage of electromagnetic waves through the non-
transparent layer during the performance of FTIR.
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Pabora FamoBa BBena B 53bIK QU3HUKH HOBYIO
byHIAMEeHTa/lIbHYI0 KOHIEILIUI0 - TYHHEeJIHpPOBa-
HHe, KOHIeIIHIO, oOIyIo [/ BOJTHOBBIX IIOJIeH
pasnu4yHOM GH3MYeCKOM IPHUPOAEI. B mpoleccax
TYHHEJIHPOBAHHUS BOJHOBBIE IIONS H3MEHSIOTCS
B IIPOCTPAHCTBE AIlepUOAUYECKH, KII0UYeBOe IIOHS-
THe "mJIWHA BOJHBEI' He BO3HHKAaeT, a pasa BOIHEI
He MeHsleTCs. Bosee mmonyBeKka 3Ta KOHIEIILIHS ACCO-
LIUMPOBAIaCh C 3KCIIOHEHIIMAJIbHO MAJIBIM IIPOIIY-
CKaHHEeM II0TOKOB YaCTHIl U BOJH, TYHHEIHUPYIO-
X 4Yyepe3 Hemmpo3pauHble baprepsl. HoBas sKU3Hb
3TOM KOHLEIILIHMH, IIOJIOKUBINAS KOHEL, IIPHUBBIY-
HOH "MaJiocTH", Hauajach C I[IOSIBJIeHUEeM B OIITUKe
U 3IeKTPOHHKe 0c0ob0ro BHIA HCKYCCTBEHHBIX
MaTepHaJIoOB, TaK Ha3blBaeMBbIX MeTaMaTepHaJIOB,
M HOBBIX CII0COO0B CO3AHUSI MUHUATIOPHBIX HAaHO- 2)
Pa3MepHBIX OITOIEKTPOHHBIX CHCTEM - TaK Ha3bl-
BaeMbIX HAHOTeXHOJIOTHI. 1

1.4

U(z)

0 01 02 03 04 05 06 07 08 09 10
z/d

HENNOKAJIbHAA HAHOONMTUKA
ANSNEKTPUYHECKUX METAMATEPUAJIOB:
KOraA ®OPMYVY/Jibl ®PEHENA

HE OMUCbIBAIOT OTPAXXEHWUE CBETA? 0.9
HaHOONTHUKA AUIIEKTPUUYECKHUX METaMaTepHaJIOB
H3y4yaeT B3aHMOEHCTBHE CBETA C TOHKMMHU HAaHO-
pasMepHBIMU IUIEHKAMH K IIOKPBITHUSIMH, COCTOS-
MMM H3 UCKYCCTBEHHBIX AM3TEKTPHUKOB. M3 3TOMH
CeronHSIIHEHN "ropsiuer” o67IacTH B HACTOSAILEH CTa- 0.8
The BBbIJEJNeHa JUINb OfHA Ipobirema, CBA3aHHAs
C KOHKPETHBIM KJIACCOM HAHOIUIEHOK, II0y4aeMBbIX ,
MarHeTPOHHBIM HaIlBIJIEHHEM aTOMOB TaHTasla 1.0 15 2,0
U KpeMHHUS B aTMOcdepe KHCI0poa Ha KBapLEBYIO 2id

MOZUIOXKY. B Iporiecce HaTblIeHHUS HOMIOKKA ABH- |

KETCS TI0 ONpe/ieIeHHOMY 3aKOHY, KOHTPOTHPYIO- | Puc.2. [1poduau HOpMAAU308aHHbIX 3HaYeHUL nokaamens
meMy MpOLEHTHoe cofepkaHue obpasyromuxcs | U(@)=n(z)ng' npenomaenus enympu zpadueHmuozo cnos
oxucnoB Ta,0s u Si0, B HAIIBUIEHHBIX CJI0SIX; [I0Ka3a- | [PO3PayHO20 OusAeKmpuKa 6 3asucumocmu om 6e3pas-
Te/U TIpeSIOMJICHUS STHX OKHC/IOB PasiHumbl, Tak | MEPHOU KoopduHamsl nonepex cnos 6 z/d modenu (1) (a).

YTO TaKOe MBUKEeHUe, YIIPABIsIeMOe KOMIIbIOTePHOH HenpepbigHbil npouAb HOpMUPOSaHHozo nokasamens
A » YIIP p npenomaeHus U(z) 8 dsyxcaoliHoli cmpyKmype ¢ pa3pbl8Hbim

IpOrpaMMOM, aBTOMAaTHYecKH obecreunBaer 2paduesmom U npoguast Ha 8HympeHHell 2paHuLe mexody
3alaHHO€e IMPOCTPAHCTBEHHOE paclpeeeHue MoKa- | caoamuz=d (b).

3aTess IIpPeJIOMJIEHUS B IIJIeHKe U BbI3BAHHBIE 3TOU Fig. 2. Profiles of normalized values of refractive index
HeOTHOPOJHOCTBIO 3GPEeKTH. B 37TeKTPOTHHAMUKE U(z)=n(z)ng! inside the gradient layer of transparent dielectric
FOBOPST IIPO HeJIOKaIbHbIE 3dGEKTH, KOra OTKIHK depending on the dimensionless coordinate across the layer

. z/d in the model (1) (a). Continuous profile of normalized
Cpelbpl Ha 3JIeKTPOMAarHHUTHOE II0JIe B 3aJaHHOU S . o .
N refractive index U(z) in two-layer structure with discontinuous
TOYKe 3aBHCHUT He TOJIbKO OT IIOJS B 3TOH TOUKe,

. g gradient of the profile U at the internal boundary between the
HO 1 OT 3HaYeHUH I10/Is1 B HEKOTOPOM 0671aCcTH, OKPY- layers z=d (b).

KaIOIler 3Ty TOUKYy. I[losiBJIeHHe TpafueHTHBIX IIPO-
3pauyHBIX HAHOIUIEHOK, II0Ka3aTeb IIPeIOMJIeHHUS
KOTOPBIX HAIlpaBJIEHHO MOAYIHpYyeTcsl B mpocTpaH- || Notwithstanding the mystery of alpha decay, the
CTBe Ha PAaCCTOSHHSX IOpsiIKa A MM JaXke MeHb- || concept of the total internal reflection "was in the
IINX, YeM A, IPUBJIEKJO0 BHHMaHHe K CHIBHBIM || air" revealing itself in the other discovery, which
HeJIOKQIBHBIM 3QPeKTaM B OTpakeHHUH, mporycka- || was also made in England in 1924, - reflection of the
HUM M [JUCIOePCHMHU BOJIH B TIpaJHeHTHHIX || radio waves emitted by ground transmitter from

0,95

U(z)

0,85

0,75
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Puc.3. Sxkcnepumenmanbhbiii (1) u meopemuueckud (2) cnek-
mpbl NPONYCKAHUs Nepuodu4eckol 2padueHmHol HaHOCMpyK-
mypbl, cocmosiweli u3 11 caoes (d=140 Hm); Np=2, N =1,5
Fig. 3. Experimental (1) and theoretical (2) spectra of
transmission of periodical gradient nanostructure consisting
of 11 layers (d=140 Hm); Ny=2, Npyin=1,5

min

IIPO3pauHbIX HAHOCTPYKTypaX. Takue 3PPeKThl
yoobHO IIpOoC/TefUTh Ha IIPOCTOM OJHOMEPHOM
3ajlaye, KOrja IOKa3aTesb MPeIoOM/IeHHUS IIOCKOH
IUIEHKU N MOAYJIHPYeTCS B HAINpPaBIeHUHU z, IIep-
MeHAUKY/ISPHOM K IPaHHUIIAM IJIeHKU: n(z)=1n,U(z)
; 3/leCh N, - 3HAaUeHUe N Ha [I0OBePXHOCTH IIJIEHKH Z =
0, Ha KOoTopyw magaeT cBeT, U(z) - be3pasmepHas
GyHKIIMS, ONHCBIBAKOIIAsg paclipefie/leHHe II0Ka3a-
Tessl IpenoMyeHHUs! (IpodUIb N) BHYTPHU IUIEHKH.

IIlppMep TakKoro pacmpejeneHHs, 3aJaHHOTO
byHKLMeN
2\1
U(z)=(1+ﬁ+523 ] ;=04 5, =04 ()
Ll LZ

IOKa3aH Ha pHC.2a; KOMOMHAIIMHM 3HAKOB S;=-1,
s,=+l 1 s;=+1, s,=-1 B (1) COOTBETCTBYIOT BBIIIYKJIOMY
1 BOTHYTOMY n1podunsm [3]. BennuuHsl L, u L,, nuMe-
IOl ie pa3MepPHOCTD AJIMHBL, SIB/ISIIOTCSI CBOOOAHBIMU
IapameTpaMu mMofenu 1 (puc.2), CBSI3aHHBIMHU C TOJI-
IUHOM /1051 d ¥ MaKCUMyMOM (MHHHMYMOM) IIPO-
¢unsg U, . YacTo HUCIIOIB3yeMYI0 MOZENb "TTPOGHUIS
Panes” [4] U(z)=(1+z/L)" MOXHO CYHUTATh YaCTHBIM
cniydaeMm bonee rubkroro pacmpepfenenus (1), coor-
BeTCTByWOIIeM Ipefeny L, »e. Hameuisia mocieno-
BaTeabHO CJIoM (1), MOXKHO MOJYy4YHUTh MepHUOfHUe-
CKYIO TPaJlMeHTHYI0 HAHOCTPYKTYPY, CMe>KHbIe CJIOU
KOTOPOM IOoKa3aHbI Ha puc.2b. CiemyeT OTMeTUTH,
YTO TEeXHOJIOTHS HAIlbLJIEHUS Ha ABKIKYIYIOCS IIOA-
JIOKKY I103BOJISIeT IIOJIy4aTh pa3sHooOpasHble IIPO-
éunu U(z), HO HucIionbp3oBaHHe Momenu 1 (prc.2)
ocobeHHO ynobHO, TaK Kak B paMKaX 3TOH MOJeIHU
BOJIHOBBIE IO/ B I'PafiMeHTHBIX CpeflaX OIMChIBA-
IOTCSL TOYHBIMH AHAIUTHUYECKHMH PpelIeHHUSIMH,
BBIDaSKEHHBIMH 4Yepe3 3JeMeHTapHble QYHKIIUH.
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the layer of ionized gas surrounding the Earth at
the height of 90-100 km (at that time ionosphere
was not spoken of, the familiar phrase was
"Heaviside layer"). One step separated the analogy of
equations from the analogy of solutions and this
step was made: in 1928 Gamov formula occurred [2];
as opposed to the conventional mechanics, it
expressed the exponentially small but finite
probability of particle transit through the barrier,
in other words, the probability of atomic nucleus
decay. This effect does not infringe on the energy
conservation law: in the determination of the pulse
of quantum particle p and coordinate x there are
always "uncertainties” Ap and Ax which are
connected with the Planck’s constant # on the basis
of the fundamental Heisenberg "uncertainty
principle": ApAx>#r/2, where the "uncertainty” of
pulse of the particle transiting through the barrier
allows the "uncertainty" of the coordinate behind
the barrier.

The work of Camov introduced the new
fundamental concept into the physics language -
tunneling, the concept which is common for the
wave fields of different physical nature. During
the tunneling processes, the wave fields vary
aperiodically in space, the key concept "wavelength"
does not occur and the wave phase does not change.
For more than half of century this concept was
associated with exponentially small transmission
of the fluxes of particles and waves tunneling
through non-transparent barriers. The new life
of this concept, which put the conventional
"smallness’ to an end, started with the occurrence
of the special type of artificial materials, so-called
metamaterials, and new methods of creation of
miniature nano-sized optoelectronic systems,
so-called nanotechnologies, in optics and
electronics.

NONLOCAL NANO-OPTICS OF DIELECTRIC
METAMATERIALS: WHEN FRESNEL
FORMULAS DON'T DESCRIBE THE LIGHT
REFLECTION?

Nano-optics of dielectric metamaterials studies the
interaction of light with thin nano-sized films and
coatings which consist of artificial dielectrics. Only
one issue connected with the specific class of
nanofilms, which can be obtained on the basis of
the magnetron deposition of tantalum and silicon
atoms in the oxygen atmosphere to the quartz
substrate, is marked out from today’s "hot" area in
this article. During the deposition process, the
substrate moves according to the certain law, which
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VIMeHHO 3Ta MoJe/lb UCII0/Ib30BaTach B MOCKOBCKOM
00O "®otpon - ABTO" B paborTax, CBSI3aHHBIX
C HaIbUIeHHWeM TPafUeHTHBIX JH3JIeKTPUYeCKUX
HAaHOCTPYKTYp, U3MepeHHeM K pacyeToM HX CIeK-
TPOB OTpa’keHHUSI M IIPONYCKaHUS B BUIHUMOM
u HK-guanasoHax; Ipu 3ToMm npoduis (1) dopmupo-
BajCs IepeMeHHBIM IIO TOJNIIMHe IIJIeHKHU
(d=140 HM) COOTHOIIEHHEM colep>KaHHs OKHCJIOB
Ta,05(n=2,05)u SiO, (n=1,48), Tak 4TO 3HaUYeHHA N
MaKCHUMaJbHBl HAa  IIOBEPXHOCTSX  IIJIEHKH
(n=n,=2,05) ¥ MUHUMAaJbHBl B ee LeHTPAJIbHON
IIOCKOCTH (n =1, =1,48) [Sl. [I7Is1 IPOCTOTEI 37€Ch
pacCMaTpUBAIOTCS JIMIIb CAy4aul HOPMaJIbHOTO
najieHUs U3j1ydeHHUs Ha rpaHuIy z=0.

CreKkTp IPONyCKaHUS MepPHOAUYECKON HaHO-
cTpyKTypHI |T|°, comepskamedi 11 TAKMX IPalHeHTHBIX
C/10eB, ITOKa3aH KPUBOM 1 Ha pHC.3. DTOT CIEKTP
IIoJlydeH B OKCIIePUMeHTe, OJHAKO BBIYMCIHUTH
BenuuuHb [T’ ¢ MOMONIbIO TPUBBIYHBIX GOPMYI
dpeHensi oKa3aaoCh HEBO3MOXHO: 3TH (OPMYIIBI
OIMCBIBAIOT IPOXOXKEHHeE CBeTa Yepe3 O HOPOJHYIO
IIACTUHKY, XapaKTepHU3yeMyI0 pPa3pblBaMU II0Ka3a-
Te/sl MpeJoM/IeHHsI N Ha IpaHHULAX IUIACTHHKH.
®opmynel PpeHens ObIIM BBIBEJEHBI A/ CBeTa
[IOYUTH [BECTH JIeT TOMY Ha3all; cO BpeMeHeM II0SBU-
JIMCh aHAJIOTH 3THX BBIPA’KeHHUH W [/ APYTUX BOJ-
HOBBIX 3aJlady - HaIlpUMep, /s OTpa’keHHs BOJIH
OT CKAauKOB HMIIeIAHCA B 3JIEKTPOMAarHUTHBIX [6]
M aKyCTHYeCcKHX [3] cucremax; 3Tu dopmynsl pabo-
TAalOT CEerofHs U IIpHU pacueTe HAHOONTHYECKHUX
CTPYKTYp, OCHOBAHHBIX Ha uUepefloBAaHUU OFHOPOL-
HBIX C/I0€B C BBICOKMMHU M HHU3KHUMHU 3HaUeHHUSIMHU
IoKkasaTenasl MpeJOMJIeHHS 1N, HCIBITHBAIO-
IIMMHK Pa3peIBBl Ha TPAaHHUIAX CJI0eB. B oTnndue
OT 3TOro, MpodUJIb N Ha IPAHULIAX TPaJHEHTHBIX
IIJIEHOK, COCTaB/ISIONIUX HCCIeyeMylo HAaHOCTPYK-
Typy, HellpepblBeH (CM. PHUC.2a), HO IPaZjeHT 3TOr0
npoduis Ha TPaHUIAX CJI0€B HUCIIBITBIBAET Pa3phIB.
YTo6Bl HAUTH OTpa’keHHe M IIPOIyCKaHHe TaKHUX
CTPYKTYP, moTpeboBanoch IMOCTPOUTH obobImeHHe
bopmyn dpeHenst OISl IPO3PauHBIX I'PafHUeHTHBIX
cpen. TeopeTH4YecKHMHM aHA/lIHW3 3TOM 3aJadH
Ha OCHOBe TOUHBIX aHAJIUTUYECKUX PelleHHI ypaB-
HeHUM MakcBemna gag npoduns n (1), copaBeniu-
BBIX /151 TFOOOF ITMHBI BOJIHBI, IIOKA3aJI, UTO HAPSI Y
C paspelBaMHU IIOKa3aTess MPeOMJIEHHS eCTh ele
IBa 3pdeKTa, paCCMOTPEHHBIX HUKE, XapaKTePHBIX
I/ HEeOLHOPONHBIX cpeli, U GOPMUPYIOMIUX CIIEK-
TPl  IPONYCKaHUS  TIPafHeHTHOH  "MHOIO-
CJIOMKH".

1. OTpaxeHue OT paspbiBa rpajueHTa B Henpe-
pbiBHOM npodune n(z). KpuBas 2 Ha puc.3 NpeacTas-
NfeT CHekTp mporyckauus |T°, paccUUTaHHbBI

2,4

z/d

a)

0,3

2

02F
Z

orl w

0 1 1
0 1 2 3
w1015 rad/s

b)

Puc.4. OmpakeHue om 2padueHmMHO020 NepexodH020 A0S,
8bI38AHHOE Pa3pbiBOM NPOPUAS KpUBU3HBI N(z) BHYMpU cA0S:
a) cmpykmypa nepexodH020 cA05 MexKdy 00HOPOBHbIMU
cpedamu ¢ nokasameAasmu npeAoMAeHus N, U n,; nokasamenb
npenomAeHuUs U e20 2padueHm Ha 2paHuuax cno0es MeHsemcs
HenpepeigHo, KpususHa npodunel 1u 2 umeem paspeigbl

8 MOYKAX Z; U Z, BHYMPpU CA0SI; b) cnekmpbl ompaxeHus
nepexo0H020 CA0S1, NOKA3AHHO20 Ha puc.6a, 8 VIK-duanasoHe
(n,=1,42,' n,=2,22; moAwuHa caos d=150 HM); cnekmpbl Tu 2
€oomeemcmayom pasHbiM NOAOXKEHUSIM MOYKU pa3pbiea
Kpusu3sHbl: z,=50 HM, Z,=100 Hm

Fig. 4. Reflection from gradient transitional layer caused

by the discontinuity of curvature profile n(z) inside the

layer. Fig.4a: structure of transitional layer between the
homogeneous media with the refractive indices n; and n,;
refractive index and its gradient at the bounds of layers
change continuously, the curvature of the profiles 1and 2 has
discontinuities at the points z, and z, inside the layer. Fig.4b:
reflection spectra of the transitional layer shown in Fig.6a,

in IR band (n,=1,42, n,=2,22, layer thickness d=150 nm);
spectra 1and 2 correspond to different positions of the point of
curvature discontinuity: z;=50 nm, z,=100 nm

controls the percentage of formed oxides Ta,0;and
Si0, in deposition layers; refractive indices of these
oxides are different so that such motion, which is
controlled by the computer program, automatically
provides the spatial distribution of refractive index

in the film and effects caused by this inhomogeneity.
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Puc.5. HucneHHoe modeauposaHue cnekmpos nponycKaHus
nepuoouYeckux HaHOCMpyKmyp, COCMOSIUUX U3 M 00UHAKO-
8blX 2padueHmHbIX nAeHok (cm. puc.2a ); [T |2 = Ko3gpduyu-
eHm nponyckaHus no 3Hepauu, U=Q/w - HOPMUPOBAHHAS
yacmoma, 04 UAMIOCMPAyUU WUPOKONOAOCHbIX 3¢ dexmos
ucnonb308aHa nozapugmuyeckas wkaaa In(u). B o6aacmu
abicokux yacmom (w > Q, Inu < 0) nposieAsemcs CUAbHAS HeAo-
KaAbHAs ducnepcus NponyckaHus, seAuduHa [T,.[? 3asucum
OM MOAWUHbI CMPYKMYypbl; 8 06AdCMU MYHHEAUPOBAHUS
(w<Q, Inu>0)ducnepcus He3Ha4UMeAbHA,  NPONYCKAHUe
8eAUKO

Fig. 5. Numerical simulation of the spectra of transmission

of periodical nanostructures consisting of analogous gradient
films (see Fig. 2a ); T, - transmission coefficient with respect
to power, u=Q/w - normalized frequency, for the illustration
of wide-band effects the logarithmic scale In(u) is used. In

the area of high frequencies (w > Q, Inu < 0) extreme nonlocal
dispersion of transmission is shown, the value |T,.|> depends
on the structure thickness; in the area of tunneling (w< Q,
Inu> 0) the dispersion is insignificant and transmission is
great

C IIOMOIIBI0 HAMIEHHBIX 0000IIeHHBIX GOpPMYI
dpeHesns OJs1 TOHM >Ke IePHOANYECKON HAHOCTPYK-
TYPbl, [JIsI KOTOPOM 3KCIIEPUMEHTAIbHO H3MepeH
criexTp [T (kpuBas 1). Pacxox/jeHue 3HaveHud [T
IJiss KPUBBIX 1 U 2 He MpeBbIIIaeT 2-3%, U 3Ta TOY-
HOCTb [laeT OCHOBAHHS INPHUMEHHUTbh HaHJeHHBIe
Pe3y/IbTaTHI AJ1s1 "KOHCTPYHPOBAHUS CIIEKTPOB IIPO-
IyCKaHUS U HHBIX I'PafHeHTHBIX HAHOCTPYKTYP,
IpefHa3HaYeHHBIX AJ1s1 pabOTEl B UHBIX CIIEKTPaJlb-
HBIX [Halla30HaX, XapaKTepu3yeMbIX APYTHUM YHC-
JIOM CJIOeB M M APYTMMH pa3Mmepamu d. AHamu3
TAaKHUX CIIEKTPOB OTKPBIBAET HEOKUIAHHBIN 3ddeKT
HMCKYCCTBEHHON JIUCIIEPCHH TIPaJHEHTHOIO CJIOS.
OTKIa[bIBasi pacCMOTpPeHHe 3Toro 3dpdexkTa U ero
CJIe[ICTBUH ajlee, OTMETHM CeHvac ellle OAUH Mexa-
HU3M OTPa’keHHUsS BOJIH B HEOJHOPOJHOM
OU3TeKTPUKe.

2. OTpaxeHue OT paspbiBa KPUBU3HbI B HEMpepbIB-
HOM nsaBHOM npodune n(z). OTa cUTyaLHUd
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In electrodynamics it is spoken of the nonlocal
effects when the medium response on the
electromagnetic field at the given point depends not
only on the field at this point but also on the field
values in some area surrounding this point. The
occurrence of gradient transparent nanofilms, the
refractive index of which is smoothly modulated in
space at the distances of the order A or at the
distances which are even smaller than A, drew
attention to the profound nonlocal effects in the
reflection, transition and dispersion of waves in the
gradient transparent nanostructures. Such effects
are easily observed in simple one-dimensional task
when the refractive index of flat film n is modulated
in the direction z, which is perpendicular to the
film bounds: n(z)=n,U(z); where n,is the value n
on the film surface z = 0 on which the light is
incident, U(z) is dimensionless function, which
describes the distribution of refractive index (profile
n) inside the film. Example of such distribution
given by the function

U(z)=(1+

is shown in Fig. 2a, combination of signs s, = -1, s, =
+1 and s;=+1, s, = -1 in (1) corresponds to the convex
and concave profiles [3]. Values L, and L,, which
have length dimensionality, are free parameters of
the model (1) connected with the layer thickness d
and maximum (minimum) of the profile U, . Often,
used model of "Rayleigh profile" [4] U(z)=(1+z/L)"
can be considered as the special case of more flexible
distribution (1) corresponding to the threshold
L, » . Sequentially depositing the layers (1) the
periodic gradient nanostructure can be obtained;
its adjacent layers are shown in Fig. 2b. It should be
noted that the technology of deposition on the
moving substrate allows obtaining the various
profiles U(z) but use of the model (1) is especially
convenient because within the framework of this
model the wave fields in gradient media are
described on the basis of the exact analytical
solutions expressed through the elementary
functions. Specifically this model was used in
"Fotron-Auto Ltd" Company (Moscow) during the
works connected with the deposition of gradient
dielectric mnanostructures, measurement and
estimation of their spectrums of reflection and
transmission in the visible and IR bands; herewith,
the profile (1) was formed as the variable profile
with the film thickness
(d = 140 nm) by the content ratio of oxides Ta,Oq
(n=2,05)and SiO, (n=1,48), so that the values n are

2\1
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Puc.6. Cnekmpbl nponyckaHus 2padueHmHblx nepuodu4eckux HaHocmpykmyp, codepxxauiux 7 u Tl caoes (Ny=2, Npin=1,5,

d =133 mm), nokazawbl Kpusbimu 1 u 2 (3kcnepumeHm). XapakmepHas yacmoma Q coomsemcmayem dAuHe 80AHbI
Ao=2mc/Q=1255 Hm; 8 06aacmu npo3pauHocmu (A< A,) 8UGHA CUAbHAS UCKYCCMBeHHAs ducnepcust nponycKaHusl, 8 o6aacmu
myHHeauposarus (A > A,) popmupyemcs cnexmp nponyckaHus 6 8ude naamo, cAa6o 3a8ucsILLe20 U 0m AUHbI 80AHbI, U 0M MoA-

Fig. 6. The transmission spectra of gradient periodical nanostructures containing 7 and 11 layers (n,=2, n,... =1,5, d=133 mm)
are shown by the curves 1and 2 (experiment). The typical frequency Q corresponds to the wavelength A,=2mc/Q=1255 nm; in
the area of transparency (A< A,) the extreme artificial dispersion of transmission is evident, in the area of tunneling (A>2,) the
transmission spectrum in the form of plateau depending insignificantly upon the wavelength and nanostructure thickness is

1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
A, HM /A, nm

[I0Ka3aHa Ha puc.4a, IIpeAcTaBIsgoeM IBa Pa3HbIX
pacrpezeneHus 1(z) B IepexXOZHOM CJIoe MeXAY
ONHOPOAHBIMH CpeJaMH C IOKa3aTeJIsIMU IIPeIoM-
NeHHUs N, U n,. O6a pacnpeneneHus n(z) Ha TPaHU-
LIaX CJ1051 HeIIpephIBHBI; IPaJleHTEl 3THUX paclipeje-
JIEHUH Ha IpaHHUIAX CJ0si oOpaIiarmTcsi B HYIb,
COBIIaJasl C HYJeBBIM 3HAUeHHEM rpajHeHTa N(z)
B OJHOPOAZHOM cjoe. TaKKM obpa3om, Ha TPaHHUIIAX
CJ1051 HeT HU Pa3pbIBOB II0Ka3aTeJis [IpeJIOMJIeHHS 1,
HU paspbiBa IpaguveHToB n. CaMu IIPoPHUIUN COCTAB-
JIeHBl M3 BOTHYTBIX M BBINIYKJIBIX AYT, IpeACTaB/IeH-
HBIX YaCTSIMHU KPHUBBIX, I[IOKa3aHHBIX Ha PHC.l; 3TH
OyTH KacaloTCs BHYTPHU CJIOS INIafKO (FpafHeHT
Ka>KA0To Hpoduisg B TOUKe KaCaHHUA YT MeHSeTCs
HeIIpepBIBHO). Ilepexos OT BOIHYTOM K BBIIIYKJIOH
YaCTHU IJIaJKOro Hpoduis XapaKTepU3yeTCs pasphl-
BOM KpHUBU3HBI Npodusnsi. CHeKTpbl OTpPakKeHHUU
oT npodusnen 1 u 2 (pHC.4b) II0OKa3bIBAIOT 3aMETHYIO
pasHHUIly, 06yCI0BIeHHYIO IOIIOJHUTEIbHBIM OTPa-
SKeHHeM B TOYKe pa3phiBa KPUBH3HBI. DTOT 3QPeKT
co3maeT GU3HUYECKYIO OCHOBY [IJI Hepa3pyllalollero
KOHTPOJIS IIJIABHOTO pacIpefeseHUsl IOKa3aTens
IIpeJIOMJIEHU S BHYTPH IIePEXOLHOI0 CJI04.

maximal on the film surface (n=n,=2,05) and
minimal in its central plane (n=n_; =1,48) [S]. For
the simplicity, only cases of normal radiation
incidence on the bound z=0 are considered here.
The spectrum of transmission of the periodical
nanostructure |T|*, which contains 11 such gradient
layers, is shown by the curve 1 in Fig. 3. This
spectrum was obtained during the experiment;
however, it turned out to be impossible to calculate
the values [T’using the conventional Fresnel
formulas: these formulas describe the light
transmission through the homogeneous plate
which is characterized by the discontinuities of the
refractive index n on the plate bounds. Fresnel
formulas were derived for the light almost two
hundred years ago; with the lapse of time, the
analogs of these expressions for other wave tasks
have occurred - for example, for the reflection of
waves from impedance discontinuities in
electromagnetic [6] and acoustic [3] systems; these
formulas work today even for the estimation of
nano-optical structures based on the alternation of
homogeneous layers with high and low values of
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Puc.7. Cnexmp nponyckarus npu 6e30mpaamenbHOM MyHHeAUPOBAHUU c8ema Yepe3 nepuoduyeckue HAHOCMpPYKmMypbl, codep-
xaujue m 0dUHAKOBbIX 2padUeHMHbIX NAeHOK (CM. puc.2a); ds dUCKpemH020 Ha6opa Yacmom u 803HUKAEM NOAHAS Npo3pay-

Fig. 7. Transmission spectrum for the reflectionless light tunneling through the periodical nanostructures containing m similar
gradient films (see Fig. 2a); for the discrete set of frequencies u the total transparency under the conditions of wave tunneling

9TH pe3yabTaThl 00yCI0BIEHBL CJIOKHOM Ga30BOH
CTPYKTYpO HHTeppepUPYIOUIUX IPSIMBIX U 06pat-
HBIX BOJIH, 0OYC/IOBJIEHHON Pa3pblBAaMU I'pajHeHTa
Y KPUBHU3HBI IPodUIIS N(z) B TPAAHEHTHOH IIJIEHKe.
Korga HeOmLHOPOAHOCTh B Momenu (1) mcuesaer
(L, »e,L, > ), yKa3aHHBle MEeXaHH3MBl OTpake-
HHUS TOXKe MCYe3aloT, U Iojay4deHHBble GopMynsl [3]
IepexonAT B Kjaccuueckue Gopmynsl OpeHes.

rPAOVNEHTHDLIE ®OTOHHDbIE

BAPbEPbI: NCKYCCTBEHHAA

OANCNEPCUA U BE3OTPAXXATEJIbHOE
TYHHEJIMPOBAHWE CBETA

Cy6BOIHOBYIO IIPO3PAYHYIO IIJIEHKY CO CIILIHAJIBbHO
CO3IAHHBIM pacIipefeieHHeM I10Ka3aTess IIPeioM-
JTeHusT N, KOHTPOJIHUPYIOIEeM II0TOK (GOTOHOB,
06pa3HO HAa3BIBAIOT 'TPAafHUEHTHBN QOTOHHBIN
6apbep”. BaskHOe CBOKCTBO TaKoro baprepa - HCKYyC-
CTBeHHAs JUCIEePCHS: B OTIHYHE OT eCTeCTBeHHOM
OUCIIEPCUH, CBSI3aHHOM C JIOKAJBHOHM 3aBHCHMO-
CTBIO N1 OT YaCTOThI BOJIHBI ®, JUCIIEPCUS TPATHUEHT-
HOU Cpefbl SBJISETCS HeJIOKaJIbHBIM 3PdeKToM,
ompenensieMbIM IIPOCTPAHCTBEHHBIM pacIipefese-
HueM n. Tak, npoduab n(z), NpercTaBIeHHBIN KPU-
BOM 1 Ha pHC.2a, XapaKTepHU3yeTcs IJIAa3MOII0L06HOM
OUCIIepCHeH: B Ia3Me CBOOOAHBIX HOCHTeNIeH
olpefeseHa IIa3MeHHas 4YacToTa ®,, pasfessio-
Imas CHeKTpaJibHble MHTEPBAIbl PACHPOCTPAHSIO-
muxcsa (0 > ®,, BOJHOBbIE YKC/IA JEHCTBUTEIbHDI)
U TYHHeIUPyoIHUX (0 < ©,, MHHMbIe BOTHOBbIE
Ypc/ia) IoJIek; 3Ta YacTOoTa 3aBHCUT OT IIJIOTHOCTH
cBOOOIHBIX HOCHTe/NeH. Bhlllle HeOLHOKPATHO IOA-
YepKHUBAJIOCh, YTO pacCMaTpUBaeMble 3/1eCh HAHO-
IJIEHKY CO3[aHBl U3 AU3IEeKTPUKOB 6e3 cBOOOLHEBIX
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the refractive index n experiencing the
discontinuities at layer bounds. As opposed to it,
the profile n at the bounds of gradient films making
the studied nanostructure is continuous (see Fig.
2a) but the gradient of this profile at layer bounds
experiences the discontinuity. In order to find the
reflection and transmission of such structures, it
was required to construct the generalization of
Fresnel formulas for the transparent gradient
media. Theoretical analysis of this task on the basis
of precise analytical solutions of Maxwell equations
for the profile n (1), which are correct for any
wavelength, showed that along with the
discontinuities of refractive index there are two
more effects which are typical for inhomogeneous
media and form the spectra of gradient multi-layer
transmission:

1. Reflection from the gradient discontinuity in
the continuous profile n(z). The curve 2 in Fig. 3
represents the transmission spectrum |T|* estimated
with the help of discovered generalized Fresnel
formulas for the same periodical nanostructure for
which the spectrum |T|2 (curve 1) was measured
experimentally. Discrepancy of the values |T* for
the curves 1 and 2 does not exceed 2-3%, and this
precision gives the reasons to apply obtained results
for the "construction" of spectra of transmission
and other gradient nanostructures which are
designated for the operation in other spectral
ranges characterized by the different number of
layers m and other dimensions d. Analysis of such
spectra reveals the unexpected effect of artificial
dispersion of gradient layer. Saving the review of
this effect and its consequences for later, one more
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1,00

U(z)

Puc.8. PacnpedeneHue HopmuposaHHol dusnekmpuyeckol
npoHuuademocmu U(z) 86Au3u nogepxHocmu 2padleHmHozo
dusnexmpuxa 6e3 c80600HbIx Hocumenell (4), obecnevusaro-
wez0 pacnpocmpaHeHue N08epxXHOCMHbIX 80AH 8UAUMO20 OUd-
NasoHa; z/L — HOpMUpPOBAHHOE PACCMOSIHUE 0M No8epXHOCMU
ousnekmpuka

Fig 8. Distribution of normalized permittivity U?(z) near

the surface of gradient dielectric without free carriers (4)
providing the distribution of the surface waves of visible range;
z/L - normalized distance from dielectric surface

HOCHTeJIeH, TaK YTO OJII HUX IJIa3MeHHas 4acToTa
He cymecTByeT. OZHAKO, IS IVIEHOK 6e3 CBOOOLHBIX
HOCHUTeNeN pacmpeneneHue n (puc.2a, Kpusas 1)
onpefenseT TPAaHUYHYIO YaCTOTYy Q:

_ 2
~dn,,

3aBUCAIIYIO UMb OT IIapaMeTPOB pacIpelle/leHH s
n,,n,ud; momo6HO 1a3mMeHHON 4acToTe ®,4acToTa
Q pasfensieT CIleKTpaJibHble MHTePBa/bl, COOTBET-
CTBYIOLIME [eHCTBUTEABHBHIM (w>Q) M MHHMBIM
(0 <Q) 3HAYEHHUSIM BOJHOBBIX YHCeJI AJISI II0JIEH BHY-
TPU TpagHeHTHOro ¢GoToHHOro 6apsepa. YTOOEHI
"IOYyBCTBOBATh' IIOPSILOK BETHYHHBEL Q, OTMETHUM,
4TO, HampuMep, AnAs INpoduaer, MNOKa3aHHBIX
Ha PHUC.3, 4aCTOTa Q COOTBETCTBYET [JIMHe BOJIHEI
u3 6nuxkHero MK-muamasoHa: A =2nc/Q = 1320 HM.
YacToTa Q ABASETCS XapaKTepPUCTHUKOM UMeHHO Ipa-
OUEeHTHOro bapbepa: ecIu HEOOLHOPOAHOCTh N OC/Ia-
GeBaer (n, —»1n,), To 1 Q—0.

[Tonp3ysiChb 4YACTOTOM Q, ymob6HO IpencTaBUTh
CIIeKTPBl MPONYCKaHUS MepPHUOAUYECKUX CTPYKTYP,
ComepsKallMX I TIPajHeHTHBIX HAaHOIIeHOK (1),
B BUJe 0000IIeHHON 3aBUCHMOCTHU OT Oe3pa3mep-
HOIO IapaMeTpa U=Q/w, TaK YTO MHTepBajy Aek-
CTBUTE/NbHBIX (MHMMBIX) BOJHOBBIX  YHCeI

1-Om 2)

Q )
nO
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mechanism of wave reflection in inhomogeneous
dielectric should be noted here.

2. Reflection from curvature discontinuity in the
continuous profile n(z). This situation is shown in Fig.
4a which represents two different distributions n(z) in
the transition layer between the homogeneous
media with the refractive indices n, and n,. Both
distributionsn(z)at thelayer bounds are continuous;
gradients of these distributions at the layer bounds
vanish concurring with the zero value of gradient
n(z) in homogeneous layer. Thus, there are no
discontinuities of the refractive index n and
discontinuity of gradients n at the layer bounds.
The profiles themselves consist of concave and
convex arcs represented by the parts of the curves
shown in Fig. 1; these arcs contact inside the layer
smoothly (the gradient of each profile at the arc
contact point changes continuously). Transition
from the concave to the convex part of smooth
profile is characterized by the discontinuity of
profile curvature. The spectrums of reflection from
the profiles 1 and 2 (Fig. 4b) show the noticeable
difference which is stipulated by the additional
reflection at the curvature discontinuity point. This
effect forms the physical basis for the nondestructive
inspection of graded distribution of refractive index
inside the transitional layer.

These results are stipulated by the complex phase
structure of interfering forward and backward
waves conditioned by the discontinuities of profile
gradient and curvature n(z) in gradient film. When
the inhomogeneity of the model (1) disappears
(L, - ,L, > ) the specified reflection mechanisms
also disappear and obtained formulas [3] turn into
the classic Fresnel formulas.

GRADIENT PHOTONIC BARRIERS:
ARTIFICIAL DISPERSION AND
REFLECTIONLESS LIGHT TUNNELING

The subwave transparent film with specifically
formed distribution of the refractive index n, which
controls the photon flux, is graphically called
"gradient photon barrier”. Important property of
such barrier consists in the artificial dispersion: as
opposed to the natural dispersion connected with
the local dependence n from the wave frequency o,
the dispersion of gradient medium is nonlocal effect
which is determined on the basis of the spatial
distribution n. Thus, the profile n(z), which is
represented by the curve 1in Fig. 2a, is characterized
by plasma-like dispersion: the plasma frequency o,,
which divides the spectral intervals of propagating
(0 > ,, wave numbers are valid) and tunneling
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COOTBeTCTBYIOT 0bmactu u<1 (u>1). PacyeTsl TaKUX
CIIeKTPOB, IIpe/ICTABIeHHbIe Ha PUC.5, IIOATBePAUIN
OXHZaeMble 3PeKTHl MCKYCCTBEHHOH AHUCIIEPCHH,
IIOKa3aHHBIe JJISI OAHOM HAaHOCTPYKTYPHl Ha pHC.4:
B 06/IaCTH BBICOKMX YacToT (0>Q,Inu <0) HesoKamb-
Hasl IUCIIePCHUs IIPOIYCKAHUS BelIHKaA, d BeIMYHUHA
|T,.|" cunbHO MeHseTcs B 3aBUCHMOCTH OT TOJIIMHBL
CTPYKTYPBI; B 06/IACTH HU3KHX 4acTOT (0 <Q,lnu>0)-
Hao60poT, NUCIIepCHs He3HAYHUTeNbHA, a IPOIyCcKa-
HHe BOJH C MHHMBIMH BOJHOBBIMHM YHCIAaMHU
BEJIMKO U IIOYTH IIOCTOSIHHO. CIIeKTPBHl Ha PpHC.5
MMEIOT "YHUBePCaAbHBIA" XapaKkTep: KO3QPUIIMEeHT
nponyckanus [T, uepes MmepHOAHUECKYH CTPYK-
TYpy C 3a/laHHBIMH IIapaMeTpaMU M,N, U N, s
Ka>KIOTO 3HAa4YeHHUs UCOXPaHseT CBOK BeIUYUHY
IIpH TI06BIX YaCTOTAX ® M TOJNIIMHAX IJIEHOK d, CBSI-
3aHHBIX YCJIOBHEM

od__1 Dy 3)

Ha mepBBIM B3IJISIZ, 3TH Pe3yJbTaThl Ka3alHCh
CTPaHHBIMHU, 0COOeHHO yTBepKAeHHe 00 3dpdex-
THBHOM IIepeHOCe 3HepPruy BOJHOBBIMU IIOJIIMH
C MHMMBIMH BOJIHOBBIMH YHCJIaMH, T.e., O Iepe-
Hoce B pexkuMe HIIBO. YTo6n HpOBePUTH 3TOT
3ddexT, uccnemosartenu I0.A.Obon u O. 1. BonbIissH
13 MockoBcKoro HIIO "®oTpoH - ABTO" MOCTaBUIHU
CIelMaJbHBIM 3KCIEPHUMEHT: H3MepS/IHUCh CIeK-
TPBl IPOIYyCKAaHHS B BUAHMOM H HMK-nmmama3zoHax
OIS [OBYX Pa3sJIMYHBIX [IePUOSHYECKHUX HaAHO-
CTPYKTYyp, COmepKaIHX, COOTBETCTBeHHO, 7 U 11
rpajiMeHTHBIX HaHOIIeHOK (puc.6). HM3MmepeHHSs
IIOKa3a/In:

1. y3KUH I7y6OKUE IIPOBA U CHIBHYIO YaCTOTHYIO
OUCIIEPCHUIO MPOIYCKAHUS BHUAKMMOIO M OIHK-
Hero UK-muama3oHoB (A <A, = 1255 HM);

2. IIMPOKOIIOJIOCHOE IIJIATO, COOTBETCTBYIOLIee Cjia-
6ol AUCIepCMH U BBICOKOMY IPOIMYCKaHHUIO
B 06/acTH A>A ., IJle U3JIydeHHe PaCIPOCTPAHS-
etcs yepe3 6aprep B peskume HIIBO U omHUCHIBa-
eTCd MOJAMHU C MHHMBIMH BOJIHOBBIMH UHMC-
J1IaMH;

3. 4To 0cO6eHHO MHTEPeCHO - OTMeUeHHOe BBICOKOe
npomyckaHue B obmactu HIIBO [OYTH He 3aBU-
CHUT OT TONIUHB GoTOHHOro 6bapmepa, T.e.
OT KOJIMYEeCTBA IIJIEHOK IM: pa3sHUIA B 3HAUEHUAX
|T,/'u|T,[, He mpeBbimaer 2-3%.

OnucaHHble 3¢deKkTh 00ycI0BIEHB CBOeoOpas-
HON HHTepdepeHIIMeN IPSMBIX U O0OPaTHBIX TYH-
HeJIUPYIOIIUX BOJIH, allepUOJHUYECKUX B IIPOCTPaH-
CTBe M TapMOHHMYECKHX BO BpPeMeHH; CBOM BKJIa[
B HHTeppepeHIMOHHYI0 KapTHHY BHOCAT obpat-
Hble BOJHBI, OTpa’kalomuecs oT obeHUX TPaHUIL
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(0 < ®,, imaginary wave numbers) fields, is
determined in the plasma of free carriers; this
frequency depends on the density of free carriers. It
was repeatedly emphasized above that nanofilms,
which are considered here, are created from
dielectrics without free carriers and so there is no
plasma frequency for them. However, for the films
without free carriers the distribution n (Fig. 2a,
curve 1) determines the threshold frequency Q:

=2 1 D @)

dn,, n,

depending only on the distribution parameters
n,,n,and d; similarly to the plasma frequency o,
the frequency Q divides the spectral intervals which
correspond to the valid (w>Q)and imaginary (0 <Q)
values of wave numbers for the fields inside the
gradient photon barrier. In order to "feel" order of
the value Q it should be noted that, for example, for
the profiles shown in Fig. 3 the frequency Q
corresponds to the length of the wave from near IR
band: A =2nc/Q = 1320 nm. The frequency Q is the
characteristic of gradient barrier: if the
inhomogeneity n decays (n,, > n,), then Q -0.

Using the frequency Q it is convenient to
represent the spectrums of transmission of
periodical structures, which contain m gradient
nanofilms (1), in the form of generalized dependency
on the dimensionless parameter u=Q/®, so that
the areas u<1 (u>1) correspond to the interval of
valid (imaginary) wave numbers. Calculations of
such spectrums given in Fig. 5 confirmed the
expected effects of artificial dispersion, which are
shown for one nanostructure in Fig. 4: in the area of
high frequencies (w>Q,Inu<0) the nonlocal
transmission dispersion is high and the value |T,|’
varies considerably depending on the structure
thickness; in the area of low frequencies
(0<Q,Inu>0) - on the contrary, the dispersion is
insignificant and transmission of the wave with
imaginary wave numbers is high and almost
continuous. Spectrums in Fig. 5 have "universal”
character: the coefficient of transmission |T,|’
through the periodical structure with the set
parameters m,n, and n, for each value u retains
its value at any frequencies o and film thicknesses d
bound by the condition

od_ 1 n

— [1-=m (3)
c un n,

m

On the surface, these results seemed strange,
especially the statement of efficient energy transfer
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IIJIOCKOIIapa/iie/IbHON IIOJJIOKKH, a KO3QPUIIHEHT
IIPOIIYCKAHMSA COCTaBJIseT B 3TOM cay4dae 92-95%.
Ecnu, B oTIIMYMeE OT TAKOrO OTPa’kaTessi, MCIIOJIb-
30BaTh KJIMHOBUIHYIO IIOJJIOKKY, e BOJIHBI, OTpa-
JKeHHBIe OT 3aJHeH TPaHHIIbl, He BO3BPAIIAIOTCS
B 0671acTh MHTepdepeHIUH, TO B CIeKTpe IPOIy-
CKaHHUS BO3HHKAIOT AHCKPETHBIe "'OKHA IIpo3pay-
HOCTH', THe KO3QPUILIMEeHT IIPOIYCKAaHUS B peXKUMe
HIIBO mocturaer 100% (puc.7).

OTH pe3yabTaThl MOKAa3bIBAIOT IIPUHIIMIIHAJIB-
Hble pasIuuusa MeXAy 3QPeKTHUBHBIM II€PEHOCOM
[I0OTOKOB H3j1y4YeHHUs B T'PaJUEHTHBIX CTPYKTypax
B pesxxuMme HIIBO u 3KCIIOHELHMaJbHBIM OCiabie-
HHeM 3THX II0TOKOB IIPH TYHHE/JHPOBAHUH Uepes
ONHOPOAHBIE HEIpPO3padyHble CJIOM. B oTniuuwme
OT PacCMOTPEHHOrO 3/eCh IPOCTOrO Cjay4Yas HOP-
MaJIBHOTO MaJeHHs H3JIy4YeHHs Ha TPaHHUIY rpa-
JHUEeHTHOIO CJIOs, IPU HAKJIOHHOM IaZeHHUU K31y~
YeHHSI Ha TaKOM CJIOHM YC/JIOBUSI BO3HHUKHOBEHMS
peskrMma HIIBO cyImecTBeHHO Pa3IMYalOTCs O S-
U P- onsIpr30BaHHBIX BOJIH, a CAMO PacCMOTpeHHe
3HAYUTENbHO YCIOKHseTca [6]. s IIPOCTOTH
HUKe 00CyK[aeTcsl ellle OAMH CAy4aH - PacIpo-
CTpaHeHHe BOJH BJO/JAb T'PAHUILBI T'PASUEHTHOIO
cos.

i g

by the wave fields with imaginary wave numbers,

in other words, the statement of transfer under the

conditions of FTIR. In order to check this effect the
special experiment was carried out by Yu. A.Obod
and O.D.Volpian - researchers from "Fotron - Auto

Ltd" Company in Moscow: the transmission spectra

in visible and IR ranges for two different periodical

nanostructures containing 7 and 11 gradient
nanofilms respectively (Fig. 6) were measured. The
measurements showed:

1). narrow deep dip and extreme frequency
dispersion of transmission of visible and near IR
ranges (A<A.=1255nm);

2). wide-band plateau corresponding to the weak
dispersion and high transmission in the area
A>Ai. where the radiation propagates through
the barrier under the conditions of FTIR and is
described by the fields with imaginary wave
numbers;

3). what is especially interesting - the noted high
transmission in the area of FTIR practically does
not depend on the thickness of photon barrier,
in other words, on the number of films m:
difference in the values |T,| and |T,|* does not
exceed 2-3%.
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rPAANEHTHASA ONTUKA

MOBEPXHOCTHbLIX BOJIH BUAUMOIO

N NK-ANANMA30OHOB

KOHLIeNIIIMIO ITOBEPXHOCTHBIX 31eKTPOMarHHUTHBIX

BOJIH Ha T'PaHHILIe IPOBOAAIIEH Cpelibl BBeJl B Hay4-

HBIA 06uXo[ A.3omMepdenbn B 1899 romy, a eie

paHbIIe IIOXOXKYI0 CHUTyalLlMIO /IS aKyCTHYeCKHX

BOJIH Ha I'PaHHIle YIIPYIoro TBEPAOro Tesia 0bcyskaan

Psnert [4]. PacmipocTpaHeHHe MOBEPXHOCTHBIX 3JIeK-

TPOMAarHUTHBIX BOIH ([19B) BIOIB PE3KOM I'PAHUILBL

cpen co CBOOOOHBIMU HOCHTENSIMHU - METAJJIOB,

[I0JIyIIPOBOJHUKOB M [la’ke COJIeHOH BOIBbI — aBHO

SIBJISeTCsl MpegMeTOM MCCIeLOBAHUN B 3JIeKTPO-

HHUKe, paguodu3uKe U reopusurke. OOHAKO IIJIaB-

Hble M3MEHEeHHUS OHU3IeKTPHYeCKON MPOHHIaeMOo-

CTH Cpelbl B Cy6BOJIHOBOM cCJioe BOIHM3M TPaHHUILEI

paszmena OU3IeKTPUKOB 6e3 cBOOOLHBIX HOCHUTeNeH

(TpafieHTHBIN IPUIIOBEPXHOCTHBIN CJIOM, Ha3bl-

BaeMBbIN HMHOIZIA 'METAIlOBEPXHOCTBIO') MOIYT IIOJ-

HOCTBIO IIePeCTPOUTh IIPHBBIYHYIO KapTHUHY II3B,

OTMEeHSIA PAJ 3alIPeTOB, OTPAHUYHBAIOIIUX YC/IOBH S

cymecTBoBaHUs [19B.

B oTnn4Me OT aHAAM3a II0JEeH, PaCIpOCTPaHSIIO-
LIMXCS BAOJb IPafiieHTa I, 3eCh paCCMaTPHUBAIOTCS
I10J151, paCIIpOCTPaHIOIIKeCs IIoIlepeK rpajKleHTa 1,
T.e. BJOJb TpaHUI, TaKHUX [JUIIeKTPHKOB.
[ToquepKuBas cBoeobOpa3ue TAaKHUX IIOJeH, YAOOHO
CPaBHHUTD UX C IIOBEPXHOCTHBIMH BOJITHAMH Ha pe3-
KOM TpaHHIle pasfena LBYX OAHOPOAHBIX Cpef
co CBOGOONHBIMU HOCUTeNSIMU. Ilonspu3anus
M CIIeKTP TaKHUX BOJIH, Oerymux B HAaIlpaBJIeHHUH Y
BIOJIb TPaHHULBl (IJ0CKOCTh 2z=0), XOpOIIO
MU3BeCTHHI [7]:

* CyLleCTBOBaHHe IIOBepPXHOCTHOM TH BOJIHEI
Ha TpaHHULe OAHOPOAHBIX Cpell BO3MOXKHO, eC/It
OU3IeKTpHUYecKre IIPOHHIIAeMOCTH 3THUX Cpef
yOOBJIETBOPSIOT YCIOBHIO: € +¢,<0; 3TO 0O3Ha-
YaeT, YTO XOTsI OBl B OMHOM K3 IPAHHUYANIUX CPes
IJOJIKHO BBIIIOJIHATHCS ycaoBHe £<0, XapakTep-
HOe, HallpUMep, AJIs IIJIa3Mbl MeTaJljla UJIU AH3-
JIEKTPHUKA CO CBOOOIHBIMHU HOCUTEIISIMH;

* BOJIHOBOE II0/Ie COZEePXKUT KoMIoHeHTh H,, H,
u E, (TH HOJ‘[SIpI/IBaLII/IH); TE monspu3oBaHHASL
MIOBePXHOCTHasl BoHa (KomrioHeHTol Hy, H, 1 E,)
HaTaKOU I'PAaHUYHOM [IOBEPXHOCTHU HEBO3MOKHaA,;

* (HEeKTP 4YacTOT IIOBEPXHOCTHBIX BOJH Ha Ipa-
HHIle pa3fesa Bo3JyXa U M/a3MBbl C IJIa3MeHHOU
YaCTOTOU ®, OTPAaHHUYEH CBEPXY: W < W, IN2.
TpanuLIMOHHON Cpefoy A1 BO30Y>KAeHU I TAKHUX

TH BOMH sIBASIeTCS MJa3Ma CBOOOMHBIX HOCHUTENIEH

B MeTajlJlaX U IIOJIYyIIPOBOJHUKAX.

B oTnu4He OT 3TOro, Apyroe cemMeHCTBO II9B
MOKeT BO3HHUKHYTb B IIPO3PayHOM I'PaJUeHTHOM
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Described effects are stipulated by the peculiar
interference of forward and backward tunneling
waves which are aperiodic in space and harmonic
in time; the backward waves reflecting from both
borders of flat parallel substrate make contribution
into the interference picture and the transmission
coefficient is 92-95% in this case. If the wedge-
shaped substrate, as opposed to such reflector, is
used where the waves reflected from the back border
do not return to the interference area the discrete
"windows of transparency” occur in the transmission
spectrum where the transmission coefficient under
the conditions of FTIR reaches 100% (Fig. 7).

These results show the principal difference
between the efficient transfer of radiation fluxes
in gradient structures under the conditions of
FTIR and exponential decay of these fluxes during
tunneling through the homogeneous non-
transparent layers. As opposed to the considered
simple case of normal radiation incidence on the
bound of gradient layer, in case of oblique
radiation incidence on such layer the conditions
for the occurrence of FTIR considerably vary for S-
and P- polarized waves and the consideration
becomes significantly complex [6]. For the
simplicity, one more simple case - the propagation
of waves along the bound of gradient layer is
discussed below.

GRADIENT OPTICS OF SURFACE WAVES

OF VISIBLE AND IR RANGES

The concept of surface electromagnetic waves at the
bound of conducting medium was introduced into
the scientific practice by A.Sommerfeld in 1899 and
earlier the similar situation for acoustic waves at
the bound of elastic solid was discussed by Rayleigh
[4]. The propagation of surface electromagnetic
waves (SEW) along the sharp bound of media with
free carriers - metals, semiconductors and even salt
water - has been the study subject in electronics,
radio physics and geophysics for a long time
already. However, the gradual changes of medium
permittivity in the subwave layer near the bound of
division of dielectrics without free carriers (gradient
near-surface layer which is called sometimes
"metasurphace”) can completely reconstruct the
conventional SEW picture cancelling a number of
prohibitions which restrict the conditions of SEWs
existence.

As opposed to the analysis of the fields
propagating along the gradient n, the fields
propagating across the gradient n or along the
bounds of such dielectrics are considered here.
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cyoe BOJIM3H IMOBEPXHOCTH IIPO3PAYHOIO IUIJIEK-
TpuKka 6e3 CBOOONHBIX HOCHUTeIEeH, NH3JIeKTpHUe-
CKasi IPOHHUIIAeMOCTh KOTOPOro yObIBaeT OT IOBEPX-
HOCTH BIJIYOb Cpesibl, Tak uTo &> 0,grade <0.

9TU BONHBI yI0OHO pacCMaTpUBaTh B paMKax
TOYHO pellaeMON MOJeTH MPOCTPAHCTBEHHOIO pac-
Ipefie/IeHHUsI [TOKa3aTesIs IIPeJIOMIeHUS SU3IeKTPH-
yecKou cpensl, n(z)=n,U(z):

-2
Uz(z):l—l+l(l+zj , )
g s\ L

rge L - IpOU3BOJIBHBIA MPOCTPAHCTBEHHBIM Mac-
mTab, g - IPON3BOABHBIN 6e3pa3MepHBIH IIapaMeTp.
Be3spasmepHas ¢yHkuus U(z) (puc.8) omuchiBaeT
"HacslmeHKe" n(z) B r1ybuHe cpefbl z>>L:

n(z>>L)=n, =1, l—é. (5)

[TapaMeTpsl Cpelbl L U g ompefensiloT I'PaHUY-
HYIO 4aCTOTy Q. , 3aBUCSIIYI0 OT IPaileHTa N B IIpU-
II0OBePXHOCTHOM CJI0€:

o8
Q = T 6)

C

BMmecTe c yc/IOBUSIMH B030y>kaeHHs [19B dacToTa

Q OrpaHHUYHBaeT Cl'[eKTpaJ'[beII;I HHTEepBAaJ,

C

i g

Emphasizing the peculiarity of such fields it is
convenient to compare them with the surface waves
at the sharp bound of division of two homogeneous
media with free carriers. Polarization and spectrum
of such waves travelling in the direction y along the
bound (plane z = 0) are well known [7]:

 existence of the surface TH wave at the bound of
homogeneous media is possible if the
permittivity of these media meet the following
condition: ¢, +¢, <0 ; it means that at least in one
of bounding media the condition <0 must be
met and this condition is typical for the metal or
dielectric plasma with free carriers, for example;

+ the wave field contains the components H,, H,
and E, (TH polarization); TE polarized surface
wave (components Hy, H, and E,) on such bound
surface is impossible;

+ the spectrum of surface wave frequencies at the
bound of divisions of air and plasma with the
plasma frequency o, is limited from above:
o<, /2.

Traditional medium for the excitation of such TH
waves is the plasma of free carriers in metals and
semiconductors.

To the contrary the other family of SEWs can
occur in the transparent gradient layer near the
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B KOTOPOM CYIIeCTBYIOT paccMaTpuBaeMble II3B.
B 06/1acTH HU3KUX YacTOT ®<LQ. BOJHOBOE IIOJIe
pacmpocTpaHsaeTCs BOOML TPAaHHIIB AH3JIEKTPUKA
z=0 u cnajgaetT B obe CTOPOHBI OT 3TOM TPAaHHUIIBL.
YacToTta Q. B AU3TeKTpHKe 6e3 cBOOOIHBIX HOCHUTE-
7ed HaIlOMHHaeT 4acTOTy mp/\/i, OTPaHHYMHBAIO-
myo crekTp I19B B 3/IeKTPOHHOM IJIa3Me; OFHaKo,

B OTIMYHMe OT IIJIa3Mbl, TPaHHYHAs 4YacToTa Q,

KOHTpOJIMPyeMasi TeXHOJIOTHel HM3TOTOBIEeHUS Ipa-

OUEHTHOTO CJI0sI, MOXKeT OBITh co3/aHa B cpene 6e3

CcBOOOJHBIX HOCHUTeNIEH B 3apaHee 33JaHHOM CIIEK-

Tpa/IbHOM HHTepBalJe.

OnTuMHU3alUs IIapaMeTpPoOB N, M XapaKTepHOU
TOJNIIHUHB IIPUIIOBEPXHOCTHOIO CJIOS L IIO3BOJIUT
obecrieduTr GOPMUpPOBAHME S-TIOJNSIPU30BAHHBIX
[IOBePXHOCTHBIX BOJIH B Y3KHX CIIeKTPaJIbHBIX
MHTepBajgaX B NU3JIEKTPHKAX C PUKCHUPOBAHHBIMHU
3HaYeHMSIMHU I[I0Ka3aTess IIpeIoMJIIeHUs N, BAAIU
OT IIOBePXHOCTHU. Tak, B OU3IEKTPHUKe, XapaKTepH-
3yeMoM I1apamerpaMu n, =1,42, n, =2, L =50 HM,
CIIeKTPa/bHBIM HHTEPBAI OJ15 YKa3aHHBIX IIOBepX-
HOCTHBIX BOJIH CyIleCTBYeT B 6nuskHeM HK-nuamnasoHe,
OrpaHHYEHHOM 4YacToTaMu o, = 2,13-10%° pan/c
(A, =884,5HM) U ®, =2,016-10% pan/c (A, =935,5 HM);
IMHPHHA HHTepBasa Ah=X,—A, cocTtaBiser 50,5 HM.
OnmHako, IpU TeX ’Ke 3HauYeHHUAX N, U 1N,, YMeHb-
meHye ToMIUHE cosg (L = 30 HM) BefeT K dbopmu-
POBAaHUIO Y3KOH CIIEKTPaJIbHOM I10JIOCEI B BUAHMMOM
ouarmasoHe o, =3,55-10" panp/c (A=530,7 HM)
U o, =3,36-10% pan/c (A =560,7 HM), TAaK YTO IIHPUHA
HHTepBaja Cy>kaeTcs o AL = 30 HM.

[l CyIecTBOBAHHS IIOBEPXHOCTHBIX TE BOJIIH
Ha II0BePXHOCTH AHINTEKTPHUKA TpebyeTcs mepexo-
HBIM CJIOM KOHEeYHOH TONLIMHBI; IPHU PaclIMPeHUHU
3TO0ro 10si (L — ) KpUTHUeckas 4yacTora (6) yMeHb-
IIaeTcs A0 HY/Is, U pacCMaTpHBaeMasl BeTBb BOJIHO-
BOIrO CIIeKTpa HcYe3aeT. KoHeuHble 3HAaYeHHUS L
oIpezensioT XapaKTepHble 0C0beHHOCTH Takux TE
BOJIH Ha IPpafeHTHOU [TIOBEPXHOCTH:

1. Kputuueckas 4dactora Q. (BepxHss TpaHHUIA
CIIeKTpa II0BEPXHOCTHBIX MOJ), OIIpefessieMast
npoduseM IIoKasaTesas IMIpeIOMJIeHUS LH3JIeK-
TpUKa BOIM3M IIOBePXHOCTH, XapaKTepH3yeT
MCKYCCTBEHHYIO JUCIIePCUIO JUIIeKTPHKA JIKIIb
B TOHKOM IIPHUIIOBePXHOCTHOM CJIoe.

2. BO3MOXHOCTH BbIOOpa KPUTHYECKOM YaCTOTHI,
omnpefesnsieMble HeJIOKaJbHOM AUCIIEPCUEHN TIpa-
OUeHTHOI0 IIPUIIOBePXHOCTHOIO CJIOsl, II03BO-
JSI0T PACIIMPHUTh CIIeKTP YaCTOT I[IOBEPXHOCT-
HbIX TE BOMH KaK B KOPOTKOBOJIHOBYIO, TakK
Y B JJIMHHOBOJ/IHOBYIO YaCTH CIIeKTpa.

3. TloTepu Ha 3aTyXaHHe MOBePXHOCTHHIX TE BOIH
MOKHO OITHMM3UPOBATh, BBIOMpAs I'pajHeHT-
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surface of transparent dielectric without free
carriers the permittivity of which decreases from
the medium surface into the depth, so that
e>0,grade <0.

These waves can be easily considered within the
framework of exactly solvable model of the spatial
distribution of refractive index of dielectric medium,
n(z)=n,U(z):

R 1 1(, zY\*

U (z)=1-=+={ 1+ , (4)
g s\ L

where L is arbitrary spatial scale, g is arbitrary

dimensionless parameter. Dimensionless function

U(z) (Fig. 8) describes the "saturation” n(z) in the

medium depth z>>L:

n(z>>L)=n, = 1, /1-%. (5)

Medium parameters L and g determine the
threshold frequency ., which depends on the
gradient n in the near-surface layer

8.
Q= 2L (©)

C

Along with the conditions of SEWs excitation, the
frequency Q. limits the spectral interval in which the
considered SEWs exist. In the area of low frequencies
0<Q. the wave field propagates along the dielectric
bound z=0 and decays on both sides from this bound.
The frequency Q. in dielectric without free carriers
reminds the frequency o,/+2 limiting the SEW
spectrum in electron plasma; however, as opposed to
the plasma, the threshold frequency ., which is
controlled by the method of gradient layer fabrication,
can be created in the medium without free carriers in
the previously set spectral interval.

Optimization of the parameters n, and typical
thickness of near-surface layer L will allow the
formation of S-polarized surface waves in narrow
spectral intervals in the dielectrics with fixed values of
refractive index n, far from the surface. Thus, in the
dielectric, which is characterized by the parameters
n, = 1,42, n, =2, L = 50 nm, the spectral interval for
specified surface waves exists in the near IR range,
which is limited by the frequencies o, = 2,13-10% rad/s
(A, =884,5nm) and w, =2,016-10" rad/s (A, =935,5 nm);
the interval width AA=2,-A, is 50.5 nm. However,
with the same values n, and n, the decrease of layer
thickness (L = 30 nm) results in the formation of narrow
spectral band in the visible range ®,=3,55-10" rad/s
(A=530,7 nm) and o, = 3,36-10" rad/s (» = 560,7 nm), so
that the interval width becomes narrower to
AL =30nm.
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HBIM MaTepHaJl, II0JIOCHL IIOIVIOMEeHHSI KOTOPOTOo
PACIIONIO>KeHBl BAAMHN OT KCIIONAB3YeMBIX HaCTOT
3THX BOJIH.

4., BribOp mapaMeTpoB pacmpeneneHus (3) mo3Bo-
nseT o0cCaabUTh 3aTyxaHHe IIOBePXHOCTHOM
BOJIHBl Ha IpaHHIle Cpefa - BO3AYX 3a CYeT
"BBITEeCHEHHS" BOJIHOBOI'O IT0JISI U3 JUCCUIIATHUB-
HOI Cpefibl B BO3YyX.

5. IlpencTaBisieT MHTepec TpPexMepHas IIepPHOIH-
yeckasi CTPYKTypa, JIOKaJIHM30BaHHAs BOIM3H
IIOBePXHOCTHU TIPaJHUeHTHOr0 [JU3IeKTPHKA,
KOTOPasi MOKeT ObITh CO3[jaHa IPU UHTeppepeH-
LIUM [BYX [IOBEPXHOCTHBIX 3I€KTPOMArHHUTHBIX
BOJIH OJHOM YacTOTH ®. TOJNNMHA CJI0S, IZe
JIOKaJIM30BaHa IIoBepxHOCTHast TE Mona cpenHe-
BoJIHOBOro MK pguarmas3oHa, COCTaBJASeT BeIU-
4yuHy nopsaka 0,1-1 MKM M KOHTPOTHPYETCS
BeJTMYHUHON grade, ompefensieMoN TeXHOJOTHeHn
HAaITblJIEHU S [I0BEPXHOCTHOTO CJIOSI.

CrenyeT MOLYepPKHYTh, YTO B OTIHMYHe OT Tpa-
OUIIMOHHOIO PpaccCMOTpeHHsl I[I9B Ha IIOBEepXHO-
CTSAX MAaTepHaIoB CO CBOOONHBIMH HOCUTEISIMH,
yKa3aHHble 30deKTbl B IPafiHeHTHBIX AH3IeKTpHU-
Kax 6e3 HOCHUTe/lell CYyLIeCTBEHHO PaCIIMPSIOT KaK
CIIeKTPAJIBHBIN AHUAIIA30H CyIecTBOBaHU [19B, Tak

i g

The transitional layer with finite thickness is
required for the existence of surface TE waves on
the dielectric surface; in case of widening of this
layer (L — <) the critical frequency (6) decreases to
zero and the considered branch of wave spectrum
disappears. The finite values L determine the typical
peculiarities of such TE waves on the gradient
surface:

1. The critical frequency Q. (the upper bound of
the spectrum of surface modes) determined by
the profile of refractive index of dielectric near
the surface characterizes the artificial
dielectric dispersion only in the thin near-
surface layer.

2. Capabilities of selection of critical frequency
determined by the nonlocal dispersion of near-
surface layer make it possible to widen the
spectrum of the frequencies of surface TE waves
in short-wave and long-wave parts of the
spectrum.

3. Loss connected with the decay of surface TE
waves can be optimized by the selection of the
gradient material, absorption bands of which
are located far from used frequencies of these
waves.
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Y KPYT MaTepHUaJjIoB, IIePCIeKTUBHBIX AJIS1 CO3MaHUI
HOBBIX cucTeM I19B.

OT TYHHE/IMPOBAHUA CBETA

K TYHHEIUPOBAHUIO 3BYKA?

XapakTepHBble 4acToTh Q (2) u Q. (6) B AU3IEKTPHU-
yecKoM cJioe 6e3 cBOGOMHBIX 3JIeKTPOHOB HAIlOMHU-
HAIOT IIJIa3MeHHBble YaCTOThl B MeTa/lJIaX M IONy-
IIPOBOJHHUKAX, HO — MU B 3TOM MPHHILHIIHAIbHOE
ornuyue! - YaCTOTBH Q U Q. MOTYT OBITH CO3TAHEI
B 110001 Halepen 3aJaHHOM YaCTH CIEKTpa. JTa
cBoboma BbrI6Opa OTKpPbIBAET BO3MOKHOCTH OITH-
MH3aLUU IapaMeTPOB IPaJilueHTHEIX Cpef IpuMe-
HUTEeIbHO K HYXXHOMY YacTOTHOMY HHTepBasy
B Pa3sHBIX YaCTSIX CIIeKTpa 31eKTPOMAarHUTHOIO
M3JIyueHHUs] — OT CBeTa [0 paAHoBonH [8]. Boiee
TOro, 3¢pdeKTH HCKYCCTBEHHOMW AUCIEPCHH /s
BOJIH Pa3/JMYHON GU3HUUYeCKOM IPHUPOABI B Ipaau-
eHTHBIX Cpefax 3ayacTyl OIHCBIBAIOTCS CXOJ-
HBIMU pelleHUSIMH BOJIHOBBIX yPaBHeHMM, IIOJ-
TBepXJasl BbIHeCeHHBle B 3MMUIpad KpblIaThle
CJIOBA OJJHOTO M3 OTLIOB — OCHOBATe/IeH CTATUCTHYe-
ckor ¢usuku [1.B.Tub6ca. CBEKUM MIPUMEPOM
TAaKOro "IpopacTaHUs" KOHILENUHUU HCKYCCTBEH-
HOM HeJIOKaJIbHOM [AHCIIePCHU MeXXIy PpasHBIMU
ob1acTsMU BOJHOBOHM QU3UKH SIBISETCS aHAIMU3
aKyCTHYeCKOM AHCIIePCHH TBEpAOro Tejla C KOH-
TPOJIUPYEeMBIMHU PacHpefeleHUSIMHU IIJIOTHOCTHU
U yIOpyrux napaMeTpoB. TaKasi AUCIIePCHS MOXKeT
IPUBECTH K Ppsify 3$deKkToB "TpagUeHTHOH aKy-
CTUKH', aHAJOTUYHBIX 3pdPeKTaM TIpagHeHTHOU
ONTHUKH, M, B YACTHOCTH, K HEOXHITAHHOMY
3¢ PeKTy TYHHeTMPOBAHHUS 3BYKa B HEOJHOPOJHBIX
TBepAbIX MaTepHuanax [3]. 3Tu pa3paboTKu Haxo-
OSTCS CerOAHS B Havale IyTH, IIPeACTaBIIss [I0Ka,
KaK TOBOPHUII H3BeCTHBIHU KHHOIepoH,
"MUHPOPMALIHIO K PAa3MBIIIJIEHUIO",
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4, Selection of distribution parameters (3) allows
decreasing the decay of surface wave at the bound
"medium-air" at the expense of "displacement”
of the wave field from the dissipative medium
into air.

5. Three-dimensional periodical structure which is
localized near the surface of gradient dielectric is
of interest; it can be created by virtue of the
interference of two surface electromagnetic waves
with the same frequency o. Thickness of the layer
where the surface TE mode of medium-wave IR
band is localized is about 0.1-1 pm and is
controlled by the value grade determined on the
basis of the technology of surface layer deposition.
It should be emphasized that, as opposed to the

traditional consideration of SEWs on the surfaces of
the materials with free carriers, the specified effects
in gradient dielectrics without carriers considerably
widen the spectral range of SEW existence as well
as circle of the materials which are prospective for
the creation of new SEW systems.

FROM LIGHT TUNNELING TO SOUND
TUNNELING?

The typical frequencies @ (2) and Q. (6) in the
dielectric layer without free electrons remind
plasma frequencies in metals and semiconductors
but (and this is the fundamental difference!) the
frequencies @ and Q. can be formed in any
previously set spectral range. This freedom of choice
reveals the opportunities to optimize the parameters
of gradient media in respect to the needed frequency
interval in different parts of the spectrum of
electromagnetic radiation - from light to radio
waves [8]. Furthermore, the effects of artificial
dispersion for the waves with different physical
nature in gradient media are often described by the
similar solutions of wave equations confirming the
explicit expression of one of founders of the
statistical physics, J.W.Gibbs, which is used in
epigraph. The fresh example of such "percolation” of
the concept of artificial nonlocal dispersion between
different areas of wave physics is the analysis of
acoustic dispersion of the solid body with controlled
distributions of density and elastic parameters.
Such dispersion can result in a number of the
effects of "gradient acoustics’ which are analogous
to the effects of gradient optics and, in particular,
in the unexpected effect of sound tunneling in
inhomogeneous solid materials [3]. Nowadays,
these developments are in the beginning of their
way representing the "thought-provoking
information”, as well-known movie hero said.






