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CLLEHAPUU NOBEPXHOCTHbIX
SJIEKTPOMATHUTHbDIX BOJIH:
HOBAS{ BOJIHA

A.B.Isapubyp2'?, d. ¢.- m. H., alex-s-49@yandex.ru
'06veduHeHHbLI UHCMUMYM 8bICOKUX Memnepamyp
PAH (OUBT PAH), Mocksa

2HHcmumym kocmudeckux uccaedosaruii PAH (MKU
PAH), Mocksa

B ocHOBe TpagULMOHHOM pU3nNYeckom moaenm
OMNnncaHnsa pacnpocTpaHeHUs NOBEPXHOCTHbIX
3/1eKTPOMarHUTHbIX BoJH (M3B) neXxuT moaenb
"peskou rpaHmLbl” — NJ1I0CKOCTU, pa3saensiowen ase
O[HOpOAHbIE CpeAbl; U3 KOTOPbIX NO KpanHel mepe
OfHA coAepXUT Naa3my cBO60AHbIX HOCUTeNen.
OpaHako B cay4yae pacnpoctpaHeHus N3B Bponb
rpaHuubl pasgena "Bo3gyx — rpagueHTHbIN
AN31eKTpuK" BO3HUKaeT HOBas BOJIHA. 3a cyeT
CBSI3aHHbIX KOJ1e6aHUM 31eKTPOMArHUTHOro Nons

M nonsipMsaunm rpafMeHTHOM AN31IeKTPUYeCKomn
cpepbl 6e3 cBO60AHbIX HOCUTENEN ee CBOMCTBA
¢yHAaAMEHTa/IbHO OT/IMYAOTCSA OT CBOMUCTB
M3BECTHbIX BOJIH, POX/AEHHbIX Ha "pe3Kon rpaHuue”.
O6cyXxaaeTcs cneKTp HOBOW MOBE@PXHOCTHOW BOJIHbI
M pacnpegeneHue 3/1eKTpUH4eckoro nons B rnyé6uHe
rpagMeHTHOro gusieKTpuKka.

MaTemaTrKa eCcTb MCKYCCTBO Ha3biBaTb Pa3Hble
npeamMeTbl OAHUM MMEHeM.
. B.Tubbe

YTO OBLLEro Yy BO34YWHOIO 3MEA,
CBUCTKA U CBEYIN?

B kou1e 1901 roga I'ynpenbMu MapKOHU TOTOBUJICS
K CBOEMY 3Be3[HOMY Yacy - K Iepegaye pagHUOCHI-
Haja yepe3 ATJIAHTHUKY, U3 AHTIMU B KaHazay. Cker-
THUKU IIpeJpeKajyd IIPoBaj - KaK MOXeT HaIlpaBs-
JeHHasl paJlMOBOJIHA 0OOTHYTh TMTAHTCKUM Oyrop,
06pa30BaHHBIN BBIIIYKJION BOJHOM IIOBEPXHOCTBIO
3emnu Mexnay AHraved u Kanapoi? Ho MapkoHH,
y>Xe YCTaHOBHMBIIHMK 3aTOPU30HTHYIO PaJHOCBA3b
MexAy ByKMHreMCKUM [BOPLIOM H SIXTOM IpHHIIA
Yan1bCcKoro, KpelcHpoBaBller BOMHM3u JIOHIOHA,
6blJ1 HeNpeK/JIOHeH: C YeTBePTOM MONIBITKU CUTHAJ
C ero aHTeHHEH - 200-MeTpOBOro IIPOBOAA, IIOAHSI-
TOI0 BBEpPX BO3AYIIHBIM 3MeeM,- ObLI HPHHST Ha
npyrom 6epery ATiaHTH4Yeckoro OKeaHa; BCero TpU
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SEW SCENARIOS: A NEW WAVE
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THe traditional physical model describing the
propagation of surface electromagnetic wave
(SEW) is based on the concept of a "sharp boundary'
separating two homogeneous media; herein, at
least, one of these media possesses the free carriers.
However the boundary between the air and the
gradient dielectric without free carriers is shown

to support the propagation of a new type of SEW.
Owing to the coupled oscillations of electromagnetic
field and polarization state of the gradient dielectric
without free carriers the properties of this wave

are distinguished drastically upon the well known
properties of SEW travelling along the sharp dielectric
boundary. Spectrum of this new SEW and the

spatial distribution of its electric field in the depth of
transition layer of gradient dielectric are considered.

Mathematics is the art of giving the same name to
different things.
D.W. Gibbs

WHAT DO A KITE, A WHISTLE AND

A CANDLE HAVE IN COMMON?

At the end of 1901, Guglielmo Marconi was preparing
for his star hour - the transmission of a radio signal
across the Atlantic, from England to Canada. Skeptics
predicted a failure: how can a directed radio wave
circumnavigate a giant mount formed by the convex
water surface of the Earth between England and
Canada? But Marconi who had already established
transhorizon radio communication between
Buckingham Palace and the yacht of Prince of Wales,
cruised near London, was adamant: at the fourth
attempt the signal from his antenna - 200-meter wire,
taken up in the air by a kite - was accepted on the
other side of the Atlantic Ocean; only three dots (the
letter "S" in Morse code) but it was the Triumph, it
was the Beginning.

When blare of the trumpets went down, the first
radio physicists had to acknowledge the existence of
unusual electromagnetic waves running along the
interface of the conducting medium (sea water is a
good conductor!), enveloping this interface so that
the wave fields are "pressed” to the interface surface.
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ToukH, 6ykBa S B a3byke Mop3e, - HO 3T0 6b171 TpU-
ym®, 3710 661110 Hauano.

Korga orrpemenu ¢aHdapel, MepBble paauo-
GHU3UKHK JO/KHBI OBUIM IIPU3HATH CyI[eCTBOBAHHUE
HeOOBIYHBIX 3JTeKTPOMArHUTHBIX BOJH, Oerymux
BIO/Mb TPAHULBl IIPOBOASLIEN cpenbl (MopcKas
BOJA — XOPOIINH MPOBOAHUK!), orubammux 3Ty rpa-
HHUIy TaK, YTO BOJIHOBBIE ITIOJISI 'IIPHKATH' K Ipa-
HUYHOMN IIOBEPXHOCTU. IlosydyeHHBIe pe3ynbTaThl
OBICTPO CTa/lHM [OCTOSIHHEM TeOPeTHKOB, KOTOphIe
3aMeTHJIH, YTO HEeUTO II0XOKee y>Ke OBLIO H3BeCTHO,
IIpaBAa, [AJIsl BOJH APYTOM IPUPOABL — TAK Ha3blBae-
MBIX "BOJIH IIeM4yInel rajuepen’. 9ToT 3¢ dexT 6511
3HaKOM ellle CTPOUTEeISIM CpeJlHeBeKOBBIX 3aMKOB:
CJI0BA, THUXO CKa3aHHBbIE 'B CTEHY B OLHOM MecTe
6ombIIOro 3ama, MOKHO OBLIO YCABIINATBH, IPHKAB
yX0 K CTeHe 3aja BAANTH OT HAXOXJEHHS TOBOPS-
mero. 3HaMeHUTBIN Pajied, OOUH M3 3aYMHATeIen
BO/IHOBOM MeXaHHUKH, He TOJIbKO BBIBeJI ypaBHEHHUS,
ONHKCHIBAIOLIME PpacIpocTpaHeHHe 3ByKa BHAOIb
YyIPYron IOBePXHOCTH, HO M IIPOBeJl KPAaCHUBYIO
JeMOHCTpallho 3Toro 3pdpexra B Co6ope CBgaToro
[1aBna B JIOHOHE: AYHYB B CBUCTOK BOJIM3U CTEHBI
cobopa, OH IOTACHJI CBedy, IPUCIOHEHHYIO K CTeHe
BIAJIK OT MCTOYHHKA 3ByKa. Kak ¥ B c/iy4yae paguo-
BOJIHBI, CUTHAJI PacIpPOCTPaHSICS BAOJb IPAHUIIBL
cpen (Bo3ayx - CTeHa), pe3Ko ocsabeBasi Ipu ygae-
HHUHU OT 3TOM IPAaHUIIHL.

CXOICTBO B OTKPBITHSX, CAEJaHHBIX C IIOMO-
IIbI0 BO3JAYIIHOTO 3Mesi, CBUCTKAa M CBeYH, IIpHU-
BeJI0 K BO3HHKHOBEHHUIO HOBOM IJIaBbl QU3HUKHU -
GU3KMKU ITOBEPXHOCTHBIX BOJH, JOKaJIH30BaHHBIX
BOIM3U IPaHUIIE IBYyX cpefi. HoBoe MOHSATHe IIpoO-
HMKJIO M B KBAHTOBYIO MeXaHUKY: B 1932 rogy Mrops
EBreHpeBMu TaMM IIOKa3aj, 4YTO B KpHCTaJjlax
CYLIeCTBYIOT 0COOBle ITOBEPXHOCTHBIE COCTOSHHS
WJIN TI0BePXHOCTHBIE YPOBHH 3/1eKTPOHOB (YPOBHU
TamMma): BOMHOBBlE OYHKLHHU TaKHX COCTOSHUM,
B OTJIMYMeE OT BOJTHOBBIX QYHKIIUI 06be MHBIX 3/I€K-

i g

The results obtained have quickly became the property
of the theorists who noticed that something similar
has already been known, however, for waves of a
different nature, the so-called "whispering gallery
waves". This effect was familiar to the builders of
medieval castles: the words that were quietly said
"into the wall" in one location of a large hall could
be heard, pressing your ear against the wall of the
hall away from the speaker. The famous Rayleigh,
one of the founders of wave mechanics, had not only
derived the equations describing the propagation
of sound along the elastic surface, but also had
performed a beautiful demonstration of this effect
in the St.Paul’s Cathedral in London: by blowing
into the whistle near the walls of the cathedral, he
extinguished the candle leaning against the wall
away from the sound source. As in the case of a
radio wave, the signal propagated along the interface
of the media (air - wall), sharply weakening at a
distance from this interface.

The similarity in the discoveries made with the
help of a kite, a whistle and a candle led to the
emergence of a new chapter in physics - the physics
of surface waves localized near the interface of
two media. The new concept also penetrated into
quantum mechanics: in 1932, I.E.Tamm showed
that there exist special surface states or surface
levels of electrons in the crystals (Tamm levels): the
wave functions of such states, in contrast to the
wave functions of bulk electrons, attenuate near the
surface of the crystal. The discovery of Tamm levels
gave the concept of surface waves a generality, even
versatility, the family of surface waves in different
media began to expand rapidly: electromagnetic
waves on the surface of a dielectric cylinder
(Sommerfeld waves), and magnetic (magnetoelastic
surface waves), and piezoelectric (Bleustein-Gulyaev
waves). The abbreviation SEW has appeared - surface
electromagnetic waves.
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TPOHOB, 3aTyXalOT BO/IM3H [I0BePXHOCTH KPUCTA/IIA.
OTKkpBITHE ypOoBHeHM TaMMa MPHUAAN0 KOHIEMNIHHU
IIOBePXHOCTHBIX BOJH OONIHOCTH, [Jake YHHBEp-
CaJIPHOCTB, CEMEHMCTBO ITOBEPXHOCTHBIX BOJH B pPa3-
HBIX CpefiaX CTajo OBICTPO pa3pacTaThCs: B Hayd-
HBIK 0OMXOM BXOAHMJIMU 37€KTPOMAarHUTHBIE BOJHBI
M Ha IOBEPXHOCTH [AHU3JIeKTPHUYECKOro LMUIHHIPA
(BomHBI 30MMepdenpa), B MarHeTHKa (MarHUTOY-
IIpyTrHe [IOBEPXHOCTHBIE BOJIHEL), U IIbe303/1eKTPHKa
(BonHeI 'ynsieBa - BiaocTeriHa). IlosBuaace u abbpe-
BuaTypa II3B - HOBEpPXHOCTHBIE 3JI€KTPOMATHHUT-
Hble BOJIHBL.

ABYMEPHAS ONTUKA MNJIOCKOM
NMOBEPXHOCTHU
[Ipu onucaHuU I[I9B 06BIUHO HCIIONB3YIOT MOJETb
"pe3Kol rpaHULBI" B BUJEe FeOMeTPHUeCKOM II0BePX-
HOCTH, pasfelsioller [ABe OJHOPOLHBIe CpeJbl
C Pas/IHUYHBIMH 3HaueHHSIMH 31eKTPOMaTrHUTHBIX
[IapaMeTpOB; IIPU Ilepexofie Yepe3 rPaHUIly 3Hade-
HUS 3THX IIapaMeTPOB H3MeHSITCS CKadykoMm. IIpo-
CTagd MOAenb TaKOHM CHUCTeMBl — IIJIOCKas FPaHHIA
MeXAy HeMarHUTHOM Cpenol co CBOOOLHBIMU
3/leKTpoHaMHu (MeTaaJ MJIM IIOJYIPOBOJHHK)
U BO3AyxoM. [oBops, O/s ompefeleHHOCTH, PO
MeTaJU, MOKHO OTMeTHUTb HeCKOJIbKO H3BECTHBIX
cBOHCTB I19B:
la. Ilone BonHBI, Oerymer B HaIIpaBlIeHHH Y
(puc. 1a), comepskUT KOMIOHeHTHI E,, E,, Hy
(TM nonﬂpusaum{); TE mnonsipyu3oBaHHas
[I0BEPXHOCTHAs BOJHA B YKa3aHHOU CHCTeMe
HeBO3MOXHaA;
2a. IloBepxHOCTHAs BOJIHA Ha IpaHHIle pasfjena
BO3yX-MeTaJ/I/I BOSMOKHA IIPH YCJIOBHUH, YTO
IU3IeKTpUYecKasi IPOHUIIAeMOCTh €(w) < -1;
3a. IIpu ymaneHHUH OT IpaHULBL Cpefbpl B obe
CTOPOHBI BCe KOMIIOHEHTEl BOJIHOBOIO IIOJISI
MOHOTOHHO YOBIBAIOT II0 3KCIIOHEHIHaJlb-
HBIM 3aKOHaM;
4a. CrleKTp 4YacCTOT IIOBEPXHOCTHBIX BOJMH ® Ha
TpaHUIle pa3fena Bo3Ayxa U MeTaja C I/Ias3-
MEHHOH YaCTOTOH (), OTPaHHYEH CBEPXY 3Ha-
YeHHeM: w<§2p/\/§.
5a. IloriomeHue BOJHEL B Cpefie OIpefesseTcs
CTOJIKHOBEHHUSIMH CBOOOJHBIX 371eKTPOHOB
C KPUCTAJUIMYeCKOHN pelIeTKOM.
CymiecTBeHHBIe YePThl 3TOM MOZEIH CBS3aHBI
C HaJu4uKeM B MeTaj/le TBepAOTe/JbHOMU IIJIa3MBI,
BJOAb TIPaHHULB KOTOPOM PacCIpoOCTpaHseTcs
[IOBePXHOCTHAasl BOJHA, U NPUONIM>KeHHEM OYeHb
TOHKOTO IePexoJHOro Cj0sg IUIa3Ma-BO3AYX, TOJI-
IIMHA KOTOPOrO0 MHOLO MeHbIIe AIHHBl BOJHEI
(pe3kas rpaHuna). [IoBepXHOCTHBIE BOJIHBI, OIIH-
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Puc. 1. [MoAsipu3auuoHHasa cmpykmypa n08epxXHOCMHbIX 80/H
TM- (a) u TE- (b) noaspusauuu, 20e K, -801H0B0L 8eKkmMop
Fig. 1. Polarization structure of the surface waves of the TE-
(a) and TM- (b) polarization, where K, - wave vector

TWO-DIMENSIONAL OPTICS

OF FLAT SURFACES

In describing the SEWs, the "sharp interface” model
is usually used in the form of a geometric surface
separating two homogeneous media with different
values of electromagnetic parameters; when crossing
the interface, the values of these parameters change
abruptly. A simple model of this system is a flat
interface between a non-magnetic medium with free
electrons (metal or semiconductor) and air. Speaking,
to be specific, about metal, we can note several well-
known properties of SEWs:

la. The field of the wave traveling in the direction

y (Fig. 1 a), contains components E,, E,, Hy
(TM polarization); the TE-polarized surface
wave in this system is impossible;
2a. Surface wave at the air - metal interface is
possible provided & (w) < -1;

3a. When moving away from the interface of the
medium in both directions, all the components
of the wave field decrease monotonically
according to exponential laws;

4a. Spectrum of surface wave frequencies w at the

interface between air and metal with a plasma
frequency Q, is bounded above: 0 <Q, / V2.

5a. The absorption of a wave in a medium is

determined by collisions of free electrons with
a crystalline lattice.

The essential features of this model are connected
with the presence of a solid-state plasma in the
metal, along the interface of which the surface wave
propagates, and the approach of a very thin plasma-
air transition layer with the thickness much smaller
than the wavelength (sharp interface). Surface
waves, described by this model, are used today in the
development of light modulators, optical transistors,
tunable sensors and many other electro-optical
devices. Based on the concepts of coupled oscillations
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CaHHBle 5TOM MOZe/bl0, HCIIOAb3YIOTCS CeromHs
npu pas3paboTkax MOAYISITOPOB CBeTa, ONTH-
4YeCKHMX TPaH3HUCTOPOB, IlepecTpaMBaeMEBIX [aT-
YUKOB M MHOTHX JIPYyTHX YCTPOMCTB 3/7€KTPOOII-
THUKHA. Ha ocHOBe IpeACTaBIeHHUH O CBSI3aHHBIX
KonebaHUSIX 371eKTPOMArHUTHOIO IIONS U TBep-
OOTe/lbHOM IIa3MBl B OIITO3/IeKTPOHHKe CHOPMHU-
poBasoch 6Oosbllloe HalpaBjleHHe IIPHUKIAJHOM
GU3UKHY - IIJTAa3MOHHKA.

Bropoe apixaHHe B OGHM3UKY IIOBEPXHOCTHBIX
BOJIH IIPUIIJIO C ITOSIBJIeHHeM HUCKYCCTBEHHBIX Cpef, -
MeTaMaTepHasioB. B oTIHuYMe OT MJIa3MOHUKH,
HCIIONb3YyIOIlell eCcTeCTBEHHBle Cpelbl, HHXXe IIOH-
OeT pedb O MeTaMaTepHajaX Ha OCHOBe JH3JIeK-
TPUKOB, B KOTOPHIX HeT CBOOOMHBIX HOCHTesen [1].
9To HOBOe HaIlpaBleHHe B QH3HKe II0BEPXHOCTHBIX
BOJIH, He CBSI3aHHOe HH C TBePJO0Te/IbHOM I1JIa3MOH,
HH C ee OLHOPONHOCTBIO, HH C Pe3KOH I'PaHHILeH
Cpelbl, MOSIBUIOCH b6/1arofaps ycrexaM HaHOTeXHO-
JIOTUH, MO3BOIMBIIMM CO3/laBaTh ONTHUYeCKHU HeOo.-
HODOZAHBIE JH3TeKTPHUeCKHe IIJIeHKH U IIOKPHITHS,
IIOKa3aTesib [IPeJIOMJ/IEHH S KOTOPBIX N1 paclpefie/leH
BHYTPH 3THUX Cpef IO 3aJaHHOMY 3aKOHY; TaKue
MaTepHaJibl Ha3blBalOT I'PafHeHTHBIMH IIOKPBITH-
SMH. [IJ1 U3TOTOBJIeHUS I'PafHeHTHBIX IOKPBITUH
pa3paboTaHO HeMajo MeTOAUK; Haubosee 4acTo
[IPHMeHSeTCSI MarHeTPOHHOe HaIlblJIeHHe CMeCH
KOMITOHEHT Ha IPO3PadHYK MOAJIOXKKY. Tak, mas
CO3/laHHSl HAHONJIEHKH, COfepKaller IBYyOKHCH
KpeMHHUS SiO, u HHobus Nb,O;, HUCIIONB3YIOT OIHO-
BpeMeHHYI0 PaboTy IBYX MarHeTpPOHOB [2]: onuH
HambuisteT SiO,, a apyrou Nb,O,. IToanoxkKa Iepe-
MeIllaeTcsd MeXXAY MarHeTPOHAMH, a TeMII ee JBH-
JKeHHS ompefenseT JOMI0 Ka’KJ0T0 HaIbIIEHHOIO
BellleCTBA M 3aBUCAIIUK OT COOTHOLIEHMS 3TUX
Jo/lerl MPOCTPAHCTBeHHBIM IPOQHUIb IIOKa3aTess
IIpeJIoMJIeHH A N. B IIpocTelmeM cily4ae, Korja 3Ha-
4YeHHe N IJIS1 AU3IeKTPHUKa 3aBUCUT JIMIIb OT OJHOU
KOOPAMHATEHL z, MepPIeHAUKYISPHOM K ero MoBepX-

i

1,00

0,95 -

0,90 -

0,85 -

0,80 |

0,75 -

U2

0,70 -

0,65 |

0,60 |

0’50 L L L L
0 0,5 1,0 1,5 2,0 2,5 3,0

h

Puc. 2. Hopmanu3oeaHHble npoguau dusnekmpu4eckoli npo-
Huuaemocmu U(z) 8 npunosepXxHoCMHOM cAoe du3nekmpuKa
8 3a8UcuMocmu om 6e3pasmepHoll 2ay6uHbl cros h=z L7, g =2
Fig. 2. Normalized profiles of dielectric permeability U%(z) at
near-surface layer of dielectric depending on dimensionless
layer depth h=z L7, g =2

of the electromagnetic field and solid-state plasma in
optoelectronics, a large direction of applied physics,
plasmonics, has been established.

The second wind in the physics of surface waves
came with the appearance of artificial media -
metamaterials. In contrast to plasmonics, which
uses natural media, below we will talk about

PHOTONICS VOL. 12 N2 5(73) 2018 525



METATPOHUKA

HOCTH (IIJIOCKOCTBh z=0), MOKHO PacCMOTpPeTh IIpo-
CTYI0 3aBUCHMOCTD

n?(z) =n2U%(2);

Uz(z)=1—g‘1+g'1exp(—%). D

3mech 1, - 3HaUeHMe [IOKa3aTess IIpeloM/IeHHUs
Ha rpaHune z=0; 6e3pasmepHass BeIH4YHHaA g>1
U XapaKTepHas AAHHA L - cBo6omHEIe ITapaMeTpsl
Moznenu (1); 3T TapaMeTPhl ONIpefesIIoT CTPYKTYPY
BOJIHOBOTL'O I10J151 B I'PAJUEHTHOM AHU3/IeKTPUKE; IIPO-
ounp U2(z) (1), mpeAcTaBIeHHBIN Ha PUC. 2, IIOKA3BI-
BaeT IaJieHHe I10Ka3aTess IIPeJoMJeHHUs OT 3Haue-
HUS N, Ha rpaHune cpensl (U=1) 1 ero "HackmeHue"
B rybuHe cpensl (z>>1): n?(z>>L)=ny?(1-g™).

[loBepXHOCTHAsI BOJIHA B IIePeXOLHOM CJIOe,
[IOKa3aHHOM Ha PHC. 1, OIMCBIBAETCS TOYHBIMH
AHAJIUTUYECKHUMH  pelleHUSMHU ypaBHEHHH
Maxkcsernna [2].

CBOMCTBA 3TOM HOBOM BOJHBI QYHIAMEHTAJILHO
OT/JIMYaeTCs OT U3BECTHBIX CBOMCTB BOJIH Ha pe3Kou
rpaHMUlle, OTMeUeHHBIX BBIIIE B II. II. 1a - 5a. YT065I
[IOAYEePKHYTh 3TH OTIHYHUS, XAPAKTePUCTHUKH
HOBOM BOJIHBI IIepeYMC/IeHbl HHUXe B II.I. 16 - 56;
IIOIIapHOe CpaBHEHHe IyHKTOB la u 16, 2a u 26
M T.[. HoAYepKUBaeT IIPOTHBOIIOIOKHBIE TeHJeH-
LMK COOTBETCTBYIOUIUX XapaKTePUCTHUK:

16. ITosme BonHBI, Oerymerl B HalpaBAeHUH Y

(puc. 16), comep>RKUT KOMIIOHEHTH H, Hy, E,
(TE monsgpusanus);

26. IloBepXHOCTHAs BOJIHA Ha TpaHHUIle pasfena
BO3[yX — OHU3IeKTPHUK BO3MOXKHA IIPH YCJIO-
BUMU n2(z)>0, T.e., BOJIHOBOE IIOJie JIOKAJIH-
30BaHO BOIM3U IpPaHULBl MeXAy IIpo3pay-
HBIMHU CPelaMH;

IIpu ymaneHWH OT TPAaHUIBI BIIYyOb Cpenbl
IoIlepevuHble KOMIIOHEHTHI BOJIHOBOI'O IIOJS
E, u H, (puc. 1b) u3MeHSAIOTCS HEeMOHO-
TOHHO (pHUC. 3): /IeKTpUUecKkass KOMIIOHEHTa
E, HauMHAeT pacTH, AOCTHUrasi MaKCHMyMa
B TOUKe Z,, Ha PACCTOSHUU IIOPSiLKA Xapak-
TepHOro MaciuTaba HeOZHOPOLHOCTH L,
1 3aTeM YMeHBIIaeTCsl; TAK JKe paclpefeneHa
M MarHMTHas KOMIIOHeHTa H,, mpomopiuo-
HasnbHas E,; TaKUM 06pa3oM, IIOTOK 3HEPrUu
BIOJIb IPAHULIBL cpef z=0 OOCTUraeT MaKCHU-
MyMa He Ha CaMOM TPaHHIle, & BHYTPH AH3-
JeKTpHUKa B Touke z_,. CpaBHEHHe KPHBBIX
1 ¥ 3 mokasplBaeT, UYTO POCT YACTOTHI BOTHBI
CII0CO6CTBYeT YCHJIEHHUIO I0JISI B MaKCHMyMe
pacopenenenud E, . IIpogosbHas KOMIIOHEHTA

36.
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Puc. 3. PacnpedeneHue 3nekmpu4eckozo noAsi NoeepxHOCMHou
80nHbI E, (2) 8 2ny6UHE 2padueHmHoz0 dusnexmpuka (1) npu
3Ha4eHusIx napamempos n, =2, g=2, L=150 Hm; Q =E, (z)/ E,
(0), 20e E, (0) - senuvuHa E, Ha nosepxHocmu z =0, h=z/L
(kpusebie 1, 2 coomsemcmeyom dAUHAM 80AH A;= 750 MKM U A,
=500 mKm)
Fig. 3. The distribution of the electric field of the surface
wave E, (z) in the depth of the gradient dielectric (1) at the
values of the parameters n, =2, g=2, L=150 nm; Q =E, (z)/
E, (0), where E, (0) is the magnitude of E, on a surface z =0,
h=z/L (curves1, 2 correspond to wavelengths A, = 750 p and
A, =500 p)
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metamaterials based on dielectrics, where there are
no free carriers [1]. This new trend in the physics of
surface waves is neither associated with any solid-
state plasma, nor with its uniformity, nor with a
sharp interface of the medium, has appeared thanks
to the success of nanotechnology, allowing you to
create an optically inhomogeneous dielectric films
and coatings with the refractive index n distributed
within these media according to a given law; such
materials are called gradient coatings. In order to
manufacture gradient coatings, many techniques
have been developed; the one most frequently used is
magnetron sputtering of a mixture of components on
a transparent substrate. Thus, to create a nanofilm
containing silicon dioxide SiO, and niobium Nb,O;,
the simultaneous operation of two magnetrons is
used [2]: one sputter SiO,, and another Nb,O;. The
substrate moves between the magnetrons, and the
rate of its motion determines the fraction of each
sputtered material and the spatial profile of the
refractive index n, which depends on the ratio of
these fractions. In the simplest case, when the value
n for a dielectric depends only on one coordinate z,
perpendicular to its surface (the plane z=0, one can
consider a simple dependence
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n%(z)=ny’U%(2);

2,45

2,40 - Uz(z)=1—g*1+g’1exp(—%). 1)
2,35 Here n, is the value of the refractive index at the
230 boundary z=0; dimensionless quantity g>1 and the
n? characteristic length L are the free parameters of the
2,25 model (1); these parameters determine the structure
of the wave field in the gradient dielectric; profile
2,20 - U2(z) (1) shown in Fig. 2, illustrates the decrease in
the refractive index from the value n, at the interface
2,15 - of the medium (U=1) and its "saturation" in the depth

5 10 A of the environment (z>>L): n?(z>>L)=ny2(1-g").
1,8 2,0 2,2 2,4 2,6 2,8 3,0 3,2 3,4 46 3,8 The surface wave in the transition layer shown in

kL Fig. 1, is described by exact analytic solutions of the
Maxwell equations [2].

The properties of this new wave fundamentally
Puc. 4. Cnexmp TE- noAsipu308aHHol no8epxXHOCMHOL 60AHbl differ from the known properties of waves on the
6 2padueHmHom dusnekmpuke (1) npu 3HA4eHUSX Napamempos sharp interface, noted above in p. 1a-5a. To emphasize

Mo =1,8, 9 =2, L =140 Hm these differences, the characteristics of a new wave

Fig.4. Spectrum of a TE-polarized surface wave in a gradient listed below i b - 5b: pairwi . ¢
dielectric (1) with the parameter values n,=1.8, g = 2, L =140 are listed below 1n p. 1b - 5b; pairwise comparison o
nm pp. 1la and 1b, 2a and 2b, etc. stresses on the opposite
tendencies of the corresponding characteristics:

1b. The field of a wave traveling in the direction

MarHHUTHOrO 1o/ Hy B 3TOU Ke TO4Ke Z, TIPO- y (Fig. 1b), contains components H,, Hy, E,
XONHMT Yepes HOb U MeHseT HallpaBJIeHHe. (TE polarization);
9TH CBOMCTBA IIOJUYEPKHUBAIOT OTAHYMS IIOJS- 2b. The surface wave at the air - dielectric interface
PHU3aLlMOHHOM M IMPOCTPAHCTBEHHOMN CTPYKTYPHL is possible under the condition n?(z)>0, i.e.,
[IOBePXHOCTHOM BOJHB B IPafJUEHTHOM [H3JIeK- the wave field is localized near the interface of
TPHKe OT HU3BeCTHBIX [TIOBEPXHOCTHBIX BOJIH B OJHO- the transparent media;
POAHBIX MeTa/llax M IOJyIPOBOAHMKAX; HO ellle 3b. When moving away from the boundary into
bosee 3HAYMMBle OTIIMYMS BO3HHUKAIOT IPU CPaB- the interior of the medium, the wave field
HeHUU CIeKTPOB 3THUX BoiH (cM. Huke). CTporo transverse components E, and H, (Fig.1b) vary

PHOTONICS VOL. 12 N2 5(73) 2018 527



METATPOHUKA

i1

FOBOPS, YYHUTHIBASI CABUI MaKCHUMyMa IO, 3Ty
BOJIHY MOKHO 6bI710 65 Ha3BaTh He [TOBEPXHOCTHOH,
a "TIOAIOBEPXHOCTHOM ', HO, KakK y4uII eme B XIII Beke
6puTaHCKUI Joruk OKKaM, "He HYXKHO 6e3 Heobxo-
OUMOCTH MHOKHUTD YHCJIO CyIIHOCTEH .

BUOAUMDIE NM3B - OT CUHUNX A0 KPACHbIX
®u31YeCcKOl OCHOBON IIOBEPXHOCTHOM BOIHEI B Ipa-
OUEeHTHOM JH5JeKTPHUKe SBJSIOTCS CBSI3aHHEIE
KoneGaHUs 37IeKTPOMArHUTHOTO IOJSI U MONsIPU3a-
LUK JU31eKTPHUUecKON Ccpelbl; IIOCKOJIBKY paccMa-
TPUBAETCS OUIeKTPUK 6e3 CBOOOLHBIX ITeKTPOHOB,
TO IIJIa3MeHHasl 4acToTa (), obpamiaeTcs B HYIb,
U OTpaHHUYeHMHe CIIeKTpa m<9p/«/§ (3a) ormapgaer.
OTcoofa ClefylOT BakXHBle 0COOEHHOCTH HOBBIX
I19B:

46. TloBepXHOCTHBIe BOJHBI B cpene (1) cymie-
CTBYIOT B IIHMPOKOM CIIeKTpe 4acTOT, OIpe-
IensieMOM TPaJHeHTHBIMH IlapaMeTpaMHu L
ug.

Takum obpasom, moabupas TeXHOJIOTHUYECKH
KOHTPOJIMpYyeMble IIapaMeTphl TPaAHeHTHOTO CJI0s L
U g, MOXXHO 06eCIIeduTh pPacIIpoCcTpaHeHHe MOBEePX-
HOCTHBIX BOJH B IIMPOKOM [AMalla30He YacToT,
BKJIIOYAsl — YTO Ba’KHO! - M BeChb BUJAMMBIN Y4aCTOK
criekTpa. IMeHHO 3TOT cay4al IIOKas3aH Ha pHC. 4,
HITIOCTPUPYIONIeM IPH BHOPAaHHOM 3Ha4deHHH
L=140 HM 3aBUCHMOCTb IIOKa3aTes IIpeIoMJIeHUS
[IOBePXHOCTHBIX BOMH n(A) B HHTepBaje I[BETOB
oT KpacHoro (A=0,75 MKM) o cuHero (A=0,38 MKM).
OueHuBasi $pa3oByl CKOPOCTh 3TUX BOMH V p=c/n,
Iie C - CKOpOCTb CBeTa, MOXHO HaHTH M3 puc. 4
"mocBeToBBIe" 3HAUECHUS Vpn=0,6-0,7 c.

56. IlormomeHue B OU3INeKTpUKe b6e3 cBobon-
HBIX HOCHTeJIel HeBeJlHKO, TAaHTeHC II0Tepb
COCTaB/IsIeT BeJIMUUHY Iopsigka 1073,

CIlekTp Ha pHC. 4 IIpeAcTaBlIeH B BUJe 3aBUCU-
MOCTH IIOKa3aTessi IIpeOMJIeHHUS N oT be3pasmep-
HOrO IlapaMeTpa kyL. ITpu TakoM IMpencTaBlIeHUU
3TOT CIIEKTP MOKHO HCIIOJNIB30BATh U JJISl aHAIH3A
IIOBePXHOCTHBIX BOJMH B I'PaJHEeHTHBIX JHU3JIeKTPH-
Kax Mmogenu (1) ¢ IPyrUMHU 3HaUYeHUSIMHU XapaKTep-
HOM OauHBI L. Tak, BbIIle OTMeYaaoCch, YTO B Cydae
L=140 HM BOJIHe C 1<YL=1,92 (A=0,75 MKM) COOTBeT-
CTBYyeT 3HaueHHe N=2,1; 3T0 Xe 3Ha4eHHe N MNPHU
Gonpmiern gnuHe L, Hampumep L=200 HM, OymeT
COOTBETCTBOBATh OoJblIeN OJKMHe BOJHBI A=1,06
MKM. TakuM o6pa3om, CIIeKTP Ha PHUC. 4 MOKHO
HCII0/Ib30BaTh /IS aHa/lIK3a IOBEPXHOCTHBIX BOJIH
He TOJIBKO BUOAUMOro0, HO U MUK-muarma3oHa.

HcciemoBaHUS HOBOIo cemercTBa II9B Haua-
nuch HemaBHo. Takue 6bICTphle "IBETHBIE' MIHPO-
KomoyiocHble IIDB MOIYyT HaWTH HHTepeCHBIe
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nonmonotonically (Fig.3): the electric component
E, begins to grow, reaching a maximum at
the point z,, at a distance of the order of the
characteristic scale of the inhomogeneity L,
and then decreases; the magnetic component
H,, proportional to E, is similarly distributed;
thus, the energy flow along the interface of
the media z=0 reaches its maximum not at the
interface, but inside the dielectric at the point
z,,. Comparison of curves 1 and 3 shows that the
increase in the frequency of the wave contributes
to the field enhancement at the distribution
maximum E,.The longitudinal component of
the magnetic field Hy at the same point z,
passes through zero and changes direction.
These properties underline the differences in the
polarization and spatial structure of the surface wave
in the gradient dielectric from the known surface
waves in homogeneous metals and semiconductors;
but even more significant differences arise when the
spectra of these waves are compared (see below). More
specifically, considering the shift in the maximum
of the field, this wave could be called not a surface
wave, but a "subsurface” one, but as the British logic
Ockham taught back in the 13th century, "entities are
not to be multiplied without necessity".

VISIBLE SEWS - FROM BLUE TO RED ONES
The physical basis of the surface wave in the gradient
dielectric are coupled oscillations of the
electromagnetic field and polarization of the dielectric
medium; since a dielectric is considered without free
electrons, the plasma frequency Q, vanishes, and the
restriction of the spectrum v<Q, /<2 (3a) disappears.
This implies the important features of new SEWs:
4b. Surface waves in the medium (1) exist in a wide
spectrum of frequencies, and are determined
by the gradient parameters L and g.

Thus, selecting technologically controlled
parameters of the gradient layer L and g, it is possible
to ensure the propagation of surface waves in a wide
range of frequencies, including (which is important!)
the whole visible part of the spectrum. It is this case
thatis showninFig. 4, illustrating at the selected value
of L=140 nm, the refractive index of surface waves n(\)
in the range of colors from red (A\=0,75 pm) to blue
(A=0,38 pm). Estimating the phase velocity of these
waves V,,=c/n, where c is the speed of light, "sublight"
values can be found from Fig. 4 Vpn=0,6-0,7c.

5b. Absorption in a dielectric without free carriers is

small, the loss tangent is of the order of 103.

The spectrum in Fig. 4 is represented as a refractive

index n from the dimensionless parameter k/L. In
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IIPUJIOKEHHUSI B ONTO31eKTPOHUKe; Oojiee Toro -
[IOBePXHOCTHAasl BOJAHA C MarHUTHOH KOMIIOHEH-
TOU, MepIeHAUKY/ISIPHOU K TPaHHUIIe pa3fena cpef,
IpezacTaBaseT ocobBI MHTepec A/ aHaJlh3a Mar-
HUTHBIX MHUKPO0O6BeKTOB. OZHAKO IIepBble IIPHU-
mepsl II2B B TrpagHeHTHBIX [OH3IeKTPHUYECKHX
HAaHOCTPYKTypax OrpaHM4YeHb BojlHaMu TE -
MOJNISIPU3aLMK. BO3HHKAaeT eCTeCTBEHHBIN BOIIPOC:
MOXKET JIKM 3Ta CTPYKTypa IIOALEP>KHBATh PacIIpo-
CTpaHeHHe Tak>XXe U TM - IOJSIpPU30BAHHBIX BOJIH?
Takas HoBas BeTBb II9B 06eCIleYUT HOMMOIHUTEIb"
Hble BO3MOXXHOCTH YIIPpaBJeHHS CBETOBBIMHU IIOTO-
KaMH, a ee HHTepdepeHL s c TE monsiprU30BaHHON
BOJIHOM pacIIMpHa Obl MepCreKTHBBl CMeIleHHUs
LIBETOB Ha IIOBEPXHOCTHU IPAZHEHTHOTO IM3JIeK-
TpuKa. MccaemoBaHMS ITPOJOJIKAIOTCS, BOIIPOC
OTKPHIT...
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this representation, the spectrum can be used for
analysis of surface waves in gradient dielectric of
model (1) with other values of the characteristic
length L.Thus, it was noted above that in the case
of L = 140 nm, the wave with kyL =192 (A=0.75p
corresponds to the value of n = 2.1; the same value n
at longer length of L, e. g., L =200 nm will correspond
to a longer wavelength A =1.06 p. Thus, the spectrum
shown in Fig. 4 can be used for analysis surface waves
both visible and IR range.

The studies of a new family of SEWs have been
recently begun. Such fast color broadband SEWs can
be of interest in optoelectronics; moreover, a surface
wave with a magnetic component perpendicular to
the interface of media, is of particular interest for the
analysis of magnetic micro-objects. However, the first
examples of SEWsin gradient dielectric nanostructures
are limited to TE-polarization waves. The question
naturally arises: whether this structure is also able
to support the propagation of TM-polarized waves?
This new SEW branch would provide additional light
flows control capabilities, and its interference with
the TE-polarized wave would enhance the prospects of
mixing colors on the surface of the gradient dielectric.
The studies are ongoing, the survey is open...
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