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TOKWU CMELLLEHUS

B HEMPOBOASALMUX
AUINIEKTPUKAX:
"rAJKUN YTEHOK"
CTAHOBUTCS IEBEJEM

A.B.Illsapubypez, 0.¢.-M.H.,

ObeduHerHbiii UIHcmumym Boicokux Temnepamyp PAH,
Hucmumym Kocmuueckux Mccaedosaruii PAH,
Mockea

Mauto Toro, 4TobbI 06/1aKa He3HAHUS
paccesyINCh AYHOBEHUSMU 0KA3aTEIbCTB;
II0CJ/Ie TOrO HAJO elle, YTOOBI BOCCHUSI HaM
CBeT ITO3HAHUS UCTHUHBI.

T.BpagBapauH (JloHnoH, 1290-1349)

Kno4veBbiMU C/IOBAMU B HAa3BaHUU 3TOM CTaTbU Mbl
06s3aHbl ABYM FreHUSIM MO3anpoLusioro cToieTums:
TepMUH "ananekTpuk" npeanoxun M. dapapen,
"Tok cmeweHuns" Been [,. Makceenn. Cyab6bi

3TUX HOBOBBEAEHUIN CNIOXUINCH NO-Pa3HOMY:

B KOoHLe XIX BeKa 1 371eKTPOMOTOPbI, U CUCTEMDbI
ocBelleHUs, U 3apoxxpatoLascs TenedpoHus
MCMNo/1b30BasIv NPUBbIYHbIE TOKN NPOBOAUMOCTM

B MeTa//1ax; HeNpPOBOASALLUM ANINIEKTPUKAM
[ocTanacb CKpOMHas, HO nNoJsie3Has poJib U30/19TOPOB.
B oTAnume ot 3TOrO, "TOK CMeweHna" Kasancsa
MaTeMaTuyeckum ¢paHTOMOM, BCTaB/IEHHbIM

B OJHO M3 ypaBHeHU MakcBenna, 4Tobbl

JIMHNN NepeMeHHOro Toka B HernpoBoAasLen
cpepe He pa3spbiBanancb. OgHaKo B peasibHbIX
3N1eKTPNYECKUX Lensax 3ToT paHTOM NpPoSABUJICS
334010 A0 MakcBenna, Tak 4TO NpSAMOM BOMNpoOC
"YTO cMeLLaeTcs B TOKe CMeLeHusa?" umen
npeabiCToOpuio.

POXAEHWE NAPAAUNTMbI

B yuebHHMKax GU3MKM aHINHKCKoe UMs "Thomson"
BCTpedyaeTcsi BO MHoOrux pasgenax: /[.[.TomcoH,
nereHAapHBIN "[KU-[KK", - IIepBOOTKPHIBATENb
371eKTpOHa; ero cbiH, [.II.TOMCOH, - IIHOHEp 3JeK-
TPOHHOM AUPpaKIUH, 06a - HobeneBcKue aypeatsl,
a eme - B.ToMCOH, OOMH M3 "OTLIOB — OCHOBaTeseH"
IIepBOT0 TPaHCATIAHTHYeCKOro Tenerpada, cosma-
Tenb abCOMIOTHOM IIKAaIbl TeMIIepaTyp, yAOCTOeH-
HBIM 32 CBOM OTKPBITHS THUTyJa 'BapoH KenbBUH';
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DISPLACEMENT CURRENTS
IN THE NON - CONDUCTING
DIELECTRICS:

THE "UGLY DUCKLING"
BECOMES A SWAN

A.B.Shvartsburg, Dr. of Sc. (Phys. and Math.), Space
Research Institute RAS, Joint Institute for High
Temperatures of the RAS, Moscow

It is not enough, that the clouds of

ignorance were dissipated by the winds

of demonstration: it’s in need after this,

that the light of cognition would shine.
T.Bradwardine (London, 1290-1349)

The key words in the title of this article shall be
owed to two geniuses of the century before last: the
term "dielectric" has been suggested by M. Faraday;
"displacement current" has been introduced by

D. Maxwell. The fate of these innovations was
developing in different ways: at the end of XIX
century the electric motors, lighting systems

and emerging telephony has been using habitual
conduction currents in metals; non-conductive
dielectrics has got a modest but a useful role of
insulators. In contrast, the "displacement current”
seemed to be a mathematical phantom, inserted in
one of Maxwell's equations, in order to provide the
continuity of AC line in a non-conductive medium.
However, in actual electrical circuits this phantom
was observed long before Maxwell, therefore a
direct question "What is displaced in a displacement
current?” had a long history.

THE BIRTH OF THE PARADIGM

In physics textbooks, the English name "Thomson" is
found in many sections: J.J. Thomson, legendary "J.-J.",
the discoverer of the electron; his son, J.P. Thomson,
the pioneer of electron diffraction, both were the
Nobel laureates; moreover, W. Thomson, one of the
"fathers - founder’ of the first transatlantic telegraph,
the creator of the absolute temperature scale, awarded
for his discoveries the title "Baron Kelvin"; namely
this baron is remembered, while we speak about the
low temperature, kelvins and millikelvins. At the
beginning of his career W. Thomson, who became a
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MMeHHO 3Toro 6apoHa Mbl BCIIOMHHAaeM, TOBOPSL IIPO
HHU3KHe TeMIIepaTypbl, KeJbBHHBl M MUJIIHMKENb-
BHUHBI. B Hadase cBoel Hay4YHOM Kapbkephl B. ToMcoH,
CTaBIIMM Hpodeccopom B 22 roma, co3maj IepBoe
YCTPOMCTBO [JISI TeHepallkuu KolebaHUM 3JIeKTpHUYe-
CKOro Toka B Lenu (puc.l), comepskamiert 6atapeto U,
KOH/leHcaTop (eMKOCTb ) M KaTYLIKy HMHAYKTHBHO-
ctu (camounaykuus L). TIpu paspsime KoHAeHcaToOpa
3/IeKTPHUYECKUU TOK IIPOXOJMJ/ 4Yepe3 KaTyLIKY, BO3-
6y>kmass MarHUTHOe II0Jle, a IIOTOM CIIaJ, MarHHUT-
HOTo0 I0/1s1 BO36y>KJas TOK, IIPUBOJS K Ilepe3apsiKe
KOH/IeHCaTOpa; SHeprus CHUCTeMBbl IIepHOJHYecKH
[lepeKadyMBaaach OT KOHAEHcaTopa K KaTyIIKe
1 06paTHO. ITOT "3/IeKTPUUYECKUI MASITHHK' BOIIeJ
B y4eOHUKH KakK "KonebaTenbHBIH KOHTYp ToMcoHA'",
nepuof Konebaunui T orrpenensiics Gopmyion

T=2mfli . @D

MO>KHO BOCXHIIATHCSI M300peTaTeIbHOCTHIO MOJIO-
moro mpodeccopa, CO3[aBIIero IepBbIE Kosebaresns-
HBIM KOHTYP, OGHUH M3 KJIIOUYeBbIX 37IeMEHTOB I'PIAY-
Imel paJHOTeXHUKH, elle B Te BpeMeHa (1853 roxn),
KOTZA 3JIeKTPHUUeCKHe KCCIeOBAHUS ITPOBOAHIIHCH
Ha NPUMUTHUBHBIX YCTPOMCTBAX, IOXOKHX Ha IPHU-
4yIIMBYI0 Mebesb KpacHOro fepeBa (pruc.2).

OmHaKko, B MOMEHT IOSIB/IEHH ST HOBUHKA BBhISIBUIA
[1apajiokC: B OTJIMYHe OT TOKOB, IIPUBBIUHO TEKYIIHX
II0 IPOBOJHKKAM, [lepeMeHHBIH TOK II04eMYy-TO IIpo-
HUKaJI 4yepes3 IIyCTOH 3a30p MeXXAY IVIACTUHAMU KOH-
IeHCaTopa, TaK YTO B JMHHUM TOKA B IIPOBOJLHHKE
obpasoBancs paspelB. Ecnum 3a3op ObLI He IIyCT,
HallpUMep, 3aIlOJHSJICSI HeIPOBOASINKMM JH3JIeK-
TPUKOM, KolebaHMs TOKa B KOHTYpe BCe PaBHO BO3-
HUKaau. C Ipyroyd CTOPOHBI, HeIIPephIBHOCTb TOKA,
IIOHHMaeMas II0 aHAJIOTHH C [IOTOKOM >XKHIKOCTH
B Tpybe, Ka3anach O4eBUJHOMN: pa3phlB ObLI HEBO3MO-
>KeH, HO oH 6b11! HeckolbKo J1eT CIyCcTsi KOHQPIHUKT
TEOPHUH C SKCIIEPHMMEHTOM pa3spellusa IeHHAIbHAs
Joragka MakcBeila, IIOATBEPAHUBINAS CHMMETPHIO
3JIEKTPHUUYECKUX U MArHUTHBIX IIOJNIEH: KaK H3MeHe-
HHUe MarHUTHOTO 11ois B HaBoouT 3/IC B IIPOBOAHHKE
(37eKTPOMAarHUTHAs HHAYKIHS), TaK, I[IPeAIoo-
SKMJI MakcBesI, U IlepeMeHHasi BO BpeMeHH 3JIeK-
TpUYecKas HMHIYKIMSI i B030yk[jaeT MarHHUTHOe
none B. Takoe B030y>X/IeHHe, II0 3aKOHYy AMIIepa,
MOKHO MPHUIIHCATh HEKOTOPOMY BOOOpaskaeMoMy
TOKY, KOTOPBIM He CBSI3aH C [ABK>KEHHEM 3apsfioB
M BO3HHKAeT TaM, Ile MeHSeTCsI HHOYKIIHS i}, wo -
YTO BasKHO! - MHAYKLIHMS MOKET MEHSTHCS U B IIPOBO-
IsIIe, U B HeIIPOBOASIIEN cpefie, U AaKe, B 4acT-
HOCTH, B IIycTOTe, TIJle 3HaudeHHe i paBHO
snekTprueckomy nonio E. O603HAYUB IPUBBIUHBIN
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Puc.1. Cxema knaccu4ecko20 momMcoH08CK020 Konebamenb-
H020 KoHmMYypa 6e3 3amyxanus: U — ucmoyHuk, C — KOHOeHca-
mop, L— uHOyKmueHocmb Kamywku

Fig. 1. Layout of classical Thomson lossless oscillating circuit:
U - the source, C - capacitor, L - inductance coil

professor at the age 22, has created the first device
generating the oscillating electric current in the
circuit (fig. 1) comprising a battery W, a capacitor
(capacitance £) and an inductance coil (self-inductance
L). When the capacitor was discharging, the electric
current passing through the coil was exciting the
magnetic field, and then the drop of magnetic field
excited the current, providing the recharge of
capacitor; energy of the system was migrating
periodically from the condenser to the coil and back.
This "electric pendulum" has become known as the
"Thomson oscillating circuit”, the oscillation period T
is determined by formula

Puc.2. Ycmpolicmeo, cOenaHHoe 8 AHzAuU 8 1854 200y,

0451 UCNOAL30BAHUS 8 AeKUUSIX 0AS OeMOHCMpayuu CuAbl
3/eKmpu4ecmad, nymem nooHsMusi KOH4UKO8 8010C

Y KYKAblI-MapuoHem«ku

Fig. 2. An apparatus made in England in 1854 for use in
lectures demonstrated the power of electricity by making a
puppet’s hair stand on the end
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TOK B IIPOBOJHHKe KaK "TOK IIPOBOAMMOCTH', Mak-
CBeJUI JaJl CBOEMY HOBOBBeJeHHIO U UM - "TOK CMe-
meHUs", © GopMyny AJIsi pacdeTa IIOTHOCTH 3TOrO
TOKa:
==
=L 2)
ut

HoBoe MOHSTHe MO3BONHIO MaKkcBesly HaIlH-
CaTh OCHOBHYIO CHCTeMY YPaBHEHHH 3/IeKTPOJHHA-
MHKHU U IIpecKa3aTh CyIeCTBOBAaHKe 0c060ro BUAA
Ko/MebaHUN - 3JeKTPOMArHUTHBIX BOJH, 3HEPrUs
KOTOPBIX, KaK M B KOHType TOMCOHA, ITePHOJUYECKU
IIePeXOAUT U3 IeKTPUUECKON B MAarHUTHYIO U HA0-
60poT, a CKOPOCTH STHX BOTH OKa3aach paBHAa CKOPO-
CTH CBeTa B IIyCTOTe.

[IpeAcTaBIeHHUS O TOKAaX CMeEIIeHHUS] U 3JIeKTPo-
MarHUTHBIX BOJIHAX yYKOPeHHU/IHUCh B QHU3UYECKOM
coobmecTBe He cpa3y, caM MakcBeJlsl He JOKHI
no TpuymMda ypaBHeHMH MakcBemnna. IIpomio
HEeCKOIBbKO JIeT, U leHpux Iepl, 3KCIIepUMEHTH-
pys C HCKpaMH B PaspsAHHUKAX, HATTISJHO IIOKa-
3aJ1 PacIpocTpaHeHHe 3NIeKTPOMAarHUTHBIX BOTH
yepe3 IIyCTOe IIPOCTPAHCTBO, pa3jessiollee Ppas-
pPSAHUKY; Golee TOro, B JPyrOM OIIBITE 3TH BOJIHBI
IIPOXOJUJIM M Yepe3 CJIOHM AN3IeKTPHKA - GOJIBIIYI0
0eTOHHYI0 IIUTY. UT06BI OO6BSICHHUTH pacrpocTpa-
HeHHe 3JeKTPOMAarHUTHOH BOJIHBL B HEIIPOBOJS-
el cpefie, IPHUIUIOCh IIPHU3HATH CYIIeCTBOBAHHUE
TOKa CMeIleHHS. B 4YacTHOM ci1y4dae AUIIONBHOIO
OU3JIeKTPUKA 3TOT TOK MOXKHO ObLIO HAIISIAHO Mpes-
CTaBUTh KaK KojebaHUS AUIIONEH; B 06IeM ciydae -
THIIOTEe3a 0 TOKe CMeIlleHHU S B IIyCTOTe alleJI/INpoBaja
K MOJe/Id MeXaHHYeCKOro CMeIleHHsl YacTHL Boob6-
paskaeMoro "MHUPOBOTo 3¢upa’, He3pHMOro U Be3je-
CyIero, 3aloJHEHHOr0 YIPYTMMH "MarHHUTHBIMHU
CHUJIOBRIMHU TpybKkamu', KonebaHHS KOTOPBIX BOC-
IPUHUMAJIKCh B 3TOM MOAEIH KaK 3JIeKTPOMArHUT-
Hble BOJIHBI. I[IpOILIM rofbl, ypaBHeHHs MaKcBeia
BOT y’Ke IIOYTH IIOJITOpa CTONETHUSI HAT pabory
HecsiTKaM THICSIY MHKeHepOB U QU3HUKOB; IIPH 3TOM
PacCykIeHHus O TAUHCTBEHHOM 'MHPOBOM 3¢upe"
C IOSIBJIeHHeM TeOPHUH OTHOCHUTEIBHOCTH OCTAJIKCh
B IBUIBHBIX apXHBaX HayKH, a 3JIeKTPOJHHAMHKa
TOKOB CMeIlleHHsI Havyajla HeJlaBHO obpeTaTh "BTOpoe
IBIXaHue",

HEMATHATHbIE MATHUTDI

KoHIlenIusi TOKAa CMeIleHHUs] Ka3aJlach IIOHA4asy
JIUIIb YO0OHBIM IOLPYYHBIM CPEICTBOM, IIpeJHa3Ha-
YeHHBIM 00eCIleYuTh HeIlPepbIBHOCTh JTUHUI TOKa.
JleICTBUTEIBHO, 3TOT HOBBIM O0BEKT 3/EeKTPOAHHA-
MHKH, XOTS M Ha3bIBaJICS 'TOKOM', HMMeJ Majo
06111ero ¢ yCTOSIBINMMHUCS 3aKOHAaMHU TOKOB ITPOBOZH-
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One can be delighted with the ingenuity of
young professor who created the first oscillating
circuit, one of the key elements of the future
radio technique, back in those days (1853) when
the electrical researches have been conducted on
the primitive devices looking like fancy mahogany
furniture (fig. 2).

However, at the time of appearance the novelty
has revealed a paradox: in contrast to the currents
usually flowing through the conductors, AC
somehow worked through the empty clearance
between the capacitor plates, so that the gap has
been formed in the current line of the conductor.
If the gap was not empty, for example, filled with
non-conductive dielectric, the current oscillations
in the circuit still occurred. On the other hand,
the current continuity, understood by analogy
with fluid flow in a pipe, seemed obvious: the gap
was not possible, but there it was! A few years later
the conflict between the theory and the experiment
has been solved by a brilliant Maxwell’s
assumption which confirmed the symmetry of the
electric and magnetic fields: similarly to change
in the magnetic field B inducing voltage in the
conductor (electromagnetic induction), time-
varying electric induction &, as Maxwell has
suggested, excites the magnetic field H. Such
excitement, according to Ampere law, can be
attributed to some imaginary current, which is
not related to the motion of charges and occurs in
the place where the induction & changes in time,
but - what is important - induction can vary both
in conductive and non-conductive medium, and
even, in particular, in vacuum, where the value i
is equal to the electric field E. Designating the
usual current in a conductor as "conduction
current”", Maxwell has named his innovation as
"displacement current”, and has introduced the
formula for the calculation of this current
density

-+
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The new concept has allowed Maxwell to write a
basic system of equations of electrodynamics and to
predict the existence of a special type of oscillations -
electromagnetic waves, whose energy, similar to
Thomson circuit, is transforming periodically from
electric to the magnetic energy and vice versa, and
the speed of these waves was equal to the speed of
light in vacuum.
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MOCTH, COCTaB/ISIBIIMMHU GH3HUYEeCKKe OCHOBBI 37IeK-
TPOTeXHHUKH. B OTIHYMe OT TOKAa IIPOBOJHMOCTH,
TOK CMeIeHHs, OKa3aacCsi: a) IIPOIOpPLHOHAIEH
He 37IeKTPHYeCKOMY TI0/T0 B, a CKOpoCTU M3MeHeHUs
3TOro mois (2), T.e. TOK CMeIIeHHs He [IOSUYUHSIeTCs
3aKkoHy OMa; 6) MpoIopLOHAJIEH He IIPOBOAMMOCTH
Cpenbl, a ee OU3IEKTPHUUYECKON IIPOHHUIIAEMOCTH =,
ompefesONeN 3MeKTPUYECKY HHAYKIHIO

B ypaBHeHUH (2): B U30TPOITHOM [UIIEKTPHKe Dh=gk;
B) HEIIPUTO/IeH /15l 37leKTPOHarpeBa: U3MeHsis COCTO-
STHUe TOSPU3ALUU JUIIeKTPUUeCKON Cpefibl, Iepe-
MeHHOe 3JIeKTpHUecKoe I0je CTUMYIHpPYeT B3aKMO-
IeFCTBHE IO PU30BAHHBIX MOJIEKYJI CPelibl, 0OBIIHO
IIPUBOAsIIEe JHUIIb K He3HAYHUTeJIbHOMY HarpeBy
OH37eKTPHUKA.

ENVHCTBeHHOe, 4YTO, Kas3aJoch, POLHUIIO
TOKH CMellleHHUsI U IIPOBOJAUMOCTH - U Te, U Ipyrue
MOTYT B030yXKIaTb IlepeMeHHOe MarHUTHOe IIoJe,
OIHAKO, CBOKCTBA B0O36y>KIaeMBbIX I10JIEH CHIIBHO Pas-
HSTCS. Pasjaudus BUIOHBL Ha IIPOCTBIX IIPHMepax
paccessHUS TMHENHO IIONSIPU30BAHHBIX 3/IeKTPOMar-
HUTHBIX BOJIH Ha MeTQJ/UIMYeCKUX U JHUIIeKTpHUe-
CKHX cdepax. 3ajgady o MeTaJZIM4YeCcKOH cdepe,
BHYTPb KOTOPOK BOJIHBI He IIPOHHKAIOT, pacCMaTpH-
BaJIH ellle Ha 3ape PaAuodHU3UKHU B HAa4aJsIe ITPOIIJIOro
Beka. KadecTBeHHasi KapTHHA pacCessHUS KaskeTcs
HEeCJIOKHOM: IIOJ HeHCTBUEM IIePHOJHUYECKON 3JIeK-
TPUUECKON KOMIIOHeHTHI 1ojisi B (prc.3) Ha moBepx-
HOCTSIX IOJNYIIapUH IIOIlepeMeHHO HaBOASITCS I10/10-
SKUTe/bHBle U OTPULIATENIbHBIE 3apsABl, CO34aBast
37eKTPUYECKUI TUIIONb I, HAaIlpaBIeHHBIH BIOID B.
B 3T0 ke BpeMsl IlepHUOAHUYeCcKasi MATHUTHAS KOMIIO-
HeHTa 10/ Bl MHIYIMPYeT TOBEPXHOCTHbBIE KPyro-
Bole TokM [, popMupyromrie MarHUTHBIN [OHUIIONB,
MOMEHT KoToporo Ml HampasieH Bmonb H. H3myuye-
HUe 3TUX JUII0NeN B JalbHEN 30He obpa3syer pacce-
SIHHBIe BOJIHBI, a B OJIM>KHEH 30He — CTOSYHe BOJIHBI,
"mpuxkaThle” K IOBEPXHOCTH IIapa.

B oTZIHMYMe OT 3TOM XPeCTOMaTHHNHOMN KapTHHHI,
BOJIHBI, [TAJAI0IIMe Ha HEITPOBOASIIUN THU3JIeKTPU-
YeCKUH Iap, YaCTUYHO IIPOHUKAIOT BHYTPb LIapa,
B0o30OyKJasi TaM CJIOKHYI IPOCTPAHCTBEHHYIO
CTPYKTYPYy TOKOB CMellleHHsl. [IpH HeKOTOPBIX COOT-
HOIIEHUSIX MeXAY PagHUycoM IIapa, IH3IeKTpHue-
CKOM IIPOHMIIA€MOCTBIO £ M AAHHOM MafalolleH
BOJIHBI &, COOTBETCTBYIOIIMX Pe30HAHCHOMY paccesi-
HHIO, B IIape W B OJM>KHEN 30He MHAYLHPYIOTCS
3HAYUTe/IbHble MAaTHUTHBIE 1015, IIPeBpallalole
OU3JIeKTPUUYECKUN IIap, COCTOSIIUM K3 HEMAarHUT-
HOrO MarepHasna, B 3MeMeHT MAarHUTHOH CTPYK-
Typsl. KpoMe TOro, ympabisisi IPOCTPAHCTBEHHOM
CTPYKTYPOM TOKOB CMeIlleHHUsI BHYTPH IIapa, MOXKHO
KOHTPOJIMPOBATh IIOTOK PacCesIHHON 3HEpruu, T.e.
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Puc.3. dbopmupoeaHue 3NeKmpu4ecKo20 ounons B u mazHum-
H020 dunoast M ecnedcmaue noAspu3auuu Memaauyeckol
cdepbl U 2eHepayuu NOBEPXHOCMHBIX MOKOB U3-3a pACCesiHUS
3/eKmMpomMazHUMHoLl 60AHbI C 3neKmpudeckumMu E u mazHum-
HbIMU F KOMNOHEeHMAMU COOMeemcmseHHo

Fig. 3. Formation of electric dipole P and magnetic dipole M
due to polarization of metallic sphere and generation of surface
currents I due to scattering of of electromagnetic wave with
the electric and magnetic components E and H respectively.

It took some time for the perceptions of
displacement currents and electromagnetic waves
to have been accepted by the physical community,
Maxwell himself died before the triumph of
Maxwell’s equations. Several years have passed,
and Heinrich Hertz, experimenting with sparks
in the arresters, demonstrated the propagation of
electromagnetic waves through the air separating
the arresters. Moreover, in another experiment,
these waves were propagating through the
dielectric layer, a large concrete slab. To explain
the propagation of electromagnetic waves in a
non-conductive medium it was necessary to admit
the existence of displacement current. In the
particular case of dielectric dipole, this current
can be visually represented as dipole oscillations
in general, the hypothesis of displacement
current in vacuum has appealed to the model of
mechanical displacement of particles of imaginary
"world ether", invisible and omnipresent, filled
with elastic "magnetic field tubes”, whose
oscillations have been perceived in this model as
the electromagnetic waves. Years later, Maxwell’s
equations give work to tens of thousands of
engineers and physicists for almost a century and
a half. Thus, the arguments about the mysterious
"world ether" have been remained in the dusty
archives of science with the advent of the theory
of relativity, meanwhile the electromagnetics of
displacement currents has recently got a second
wind.
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MOSKHO HCIIOJIb30BaTh TAaKOHM [HU3IeKTPHUYECKUN
IIap /AJisl IIeper3/yueH s BOJIH B 3a/laHHBIX HAIIPaB-
neHusx [1].

Janpie - 60plie: UHTEPEC K TOKAM CMeIleHUs
YCHUJIMBAETCSI UX Pe30HAHCHBIMH CBOMCTBAMH. ITHU
CBOMCTBa YyAOOHO MJIJIIOCTPUPOBATH, CPaBHHBASL
3JIEKTPOMArHUTHYI0 UHIYKIHIO, HaBeLeHHYI0 O U-
HAaKOBBIMH IlepeMeHHBIMHU MATHUTHBIMHU IIOTO-
kamy #=F Hngt B [BYX OZUHAKOBBIX TOHKUX KOJIb-
Llax, OJHO M3 KOTOPBIX CHAEIaHO U3 IIPOBOLHHKA,
a fpyroe - u3 AusnexTpuka (puc.4). Korna moroxk &
IIPOHU3BIBAET IIJIOCKOCTH KOJIell, B KasKJOM M3 HUX
HABOJUTCS BHXpeBOe dJeKTpUUeckoe mone B, mpo-
[IOPLIMOHAbHOE, KaK H3BeCTHO, CKOPOCTH H3MeHe-

-
-
HHS IIOTOKa: EII?; OLHAKO, CXOACTBO 3pPeKkToB

I/IH,ELyKLII/II/I B KOJ/IbIIaX Hd 3TOM 3aKdHYHMBaAeTCA: TOK

B HPOBOHHH_IEM KOJIbIle HpOHOPHI/IOHaHEH E,

a B HEHPOBOI[HU_IQM - HPOI/I3BOI[HOI;I oT I/IHLIYKL[I/IH
-+

(2), T.e., q';:}:—. 9TH TOKH B CBOIO O4YepeAb MHAYLU-

PYIOT BTOPUYHBle MATHUTHbIE [IOTOKHU 4. B Hempo-
BOJSIIleM KOJIbIle BO3HHUKAET pe30HaHCHAas 4acToTa
KOJIeOAHUH TOKA CMEIIeHU S mg [2]; 30 PEKT HaIOMU-
HaeT JAaBHO M3BeCTHBIM 'KonebaTenbHBIM KOHTYP
TomcoHna" (cM. puc.l), HO, B OTIMUHE OT Mpejlie-
CTBEHHHUKA, OCLMJUISITOP Ha puc.4 Bo3bykmaercs
TOKAMH CMeEIIeHUs U He COLEPKHUT HU IIPOBOJOB,
HU MeTaJUIMYEeCKHUX 3JIeMEHTOB, HHM OMHUYECKHUX
roTeps. [Ipy NpUOIUKEHUN YaCTOTHI a K g, A MIIIH-
Tyna KonebaHUM MHAyLHpPyeMoro motoka &y uepes
HEIIPOBOASIEe KOJIBLO PACTeT, a IPU Iepexone
B 06/1aCTh BBICOKHMX YaCTOT #m mmg HAIIPABJIEHUSI HHAY-
LUpyomero # U MHAYLUPYeMOro $y [I0OTOKOB CTAHO-
BATCS TPOTHUBOIIONOKHBI, 3amuchiBast CB3b F u &y
B Buge ¥ =pF, MOKHO OTMETHTH 06JIACTH YACTOT
mp<w’«2af, roe p«ll, UTO COOTBETCTBYyeT OTpHLA-
TebHON MATHUTHON BOCIPUMMYMUBOCTH KOJIbLIE-
BOTO 3JIEMEHTA.

OmnucaHHbBIe 3[eCh KOJIbLIEBBIE TOKH CMeIeHUs
B OU3JIEeKTPUKe 06pa3yldT MarHUTHbIE TUIIONH.
MarHuTHBIe 110151 60J1ee CJIOKHOM CTPYKTYPhl MOTY T
CO3/1aBaThCS IPU [ABHKEHUHU OIS PHU30BAHHOIO
ou3neKTpuKa. Tak, MAaTHUTHBIN KBaAPYIIONb, OMHU-
CaHHBIH eme B 1904 rogy B pabore mpodeccopa
MoCKOBCKOTO YHHBepcUTeTa A.A. DHUXeHBaIbla
"O MarHUTHOM JIeHCTBUU TeJl, JBUKYILIUXCS B 3JI€K-
TpudeckoM Imose" [3], co3maercs HpH BpalleHUU
KPYI/I0ro 360HHUTOBOrO AHCKA MeXAY 0b6KIaJAKaMU
3apSIKEHHOT0 MeTA//IMYeCKOTO KOHJAeHCaTopa
(puc.5). 3apsAbl IPOTUBOIONIOXKHOIO 3HaKa, HaBe-

i

-

axy :
=1

Puc.4. Pe3oHaHcHoe 8036y»K0eHUe 3AeKmMpPOoMAZHUMHbIX
KonebaHull 8 KoAbLeobpasHol uyenu — N0AHOCMbio du3AeKmpu-
yeckom MoHKOM KoAbUe (8 NA0CKOCMU AUHELIHO-NOoASIpU30-
8aHHOL 3/eKMpPOMAzZHUMHOU B0AHbI C BOAHOBbIM 8eKIMOPOM
Ku IneKmpuyeckol KoMNoHeHmou E, nadarowieli Ha KoAbLO,
pacnonoxeuHol (K, E) nAOCKOCMU; MAZHUMHAS KOMNOHeHMa
H nepnendukyasipra (k,E) naockocmu; jd MoK cmeleHust

8 Konbue

Fig. 4. Resonant excitement of electromagnetic oscillations

in all-dielectric thin ring - shaped circuit. The plane linearly -
polarized electromagnetic wave with wave vector k and
electric component E incidents on the ring, located in (l(,E)
plane; the magnetic component Ijlo is normal to (E,E) plane;
fd— the displacement current in the ring.

¥

n n
current”,

NON-MAGNETIC MAGNETS

At first appear, the displacement current concept
seemed merely a convenient handy tool intended to
ensure the continuity of the current lines. Indeed,
this new object of electrodynamics, although called
had little to do with the established laws
of the conduction currents, formed the physical
basis of electrical engineering. Thus, in contrast to
conduction current, displacement current, has
proved to be: a) proportional not to the electric field
E, but to the velocity of change of the field (2), i.e.
displacement current does not obey Ohm’s law; b)
proportional not to the conductivity of the medium,
but to its dielectric permittivity s, which determines
the electrical induction I} in equation (2): in an
isotropic dielectric i¥=zi: ©) not suitable for electric
heating: while changing the polarization state of
the dielectric medium, alternating electric field
stimulates the interaction of polarized molecules of
the medium, resulting usually in a slight heating of
the insulator.

The only thing that seemed to make the
displacement current and conduction current kin is
that they both can excite alternating magnetic field,
however, the properties of the excited fields vary
widely. The differences can be seen in the simple
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Puc.5. KoHgexmugHble moku +l, 06pasyrouiuecs 8 pesynb-
mame 8pauleHus du3Aekmpu4ecko20 oucKa c yacmomou w
MexKdy 06kAadKamu KoHOeHcamopa, obecne4usarom 2eHepa-
LU MAZHUMHO020 NoAS Ijlq

Fig. 5. The convective currents +I, formed due to rotation

of dielectric disc with frequency w between the plates of
capacitor, provide the generation of magnetic field Hq.

IeHHble Ha IOBEPXHOCTSX BPAIlAONIerocs AHCKA,
06pa3yoT oBepXHOCTHBIE TOKU #, TeKyIue, COOT-
BETCTBEHHO, I10 U IIPOTUB YaCOBOM CTPEIKHU U $op-
MHUPpYIOIIKe KBaJpyIlloJbHOe MAarHUTHOe IIoJe ﬁ,l;
IIPU IIOCTOSIHHOM CKOPOCTU BpAallleHHs AUCKA 3TO
I10Jle IIOCTOSIHHO K IIPOSIBJISIETCSI B 3KCIIEPHUMEHTe
I10 OTKJIOHEHHIO CTPeJIKK KOMITaca.

IIOCKOJIBKY TOKH CMeIlleHHSI CONYTCTBOBAIH
OBICTPBIM M3MEHEHHUSIM HHAYKLIUH (2), TO POJIb ITUX
TOKOB B Pa3HBIX YACTOTHBIX AMAIIa30HAX CHUJIBHO
pasauyagack: yCTPOMCTBAa PafHUOTeXHMUKU, Ipef-
Ha3HadeHHBIe U YacTOT 0 COTeH rurarepi, 6s1mu
OCHOBAaHBl Ha IlepeHoce 3apsloB, TOKH CMelle-
HHs OBIIM JOCA[HOM I[IOMEXOM; B CHCTeMaX OIITO-
3JIEKTPOHUKHU TepareplieBOro AUalla3oHa BKJA[
TOKOB CMelleHHSI B GOpMHPOBaHHe 3JIeKTpPOMar-
HUTHBIX IIOJIe} BO3pacTall, a /s Ioler BUIUMOIO
U HK-criexkTpa 3TOT BKJIaJ, MOIL CTaTh OIIpefessiio-
IKMM. B 3/IeKTPOAMHAMUKY BXOLHIIO HOBOe, paHee
HeC/JIbIXaHHOe (H3uYeckoe sBJeHHe - KOHIeH-
Tpalus [epeMeHHBIX MAarHHUTHBIX II0Jled BHYTpPH
HeMarHUTHBIX TeJ, HaMarHU4YHWBaHHe IIPO3pau-
HBIX HeIPOBOISIIUX NUITEKTPUKOB IIPOXOISILIUM
CBeTOM, "ONTHYeCKHM MarHeTusMm' [4]. BosHHKIIA
HaJexx[a: He IIPUTOASTCS JTHU 3TH OBICTPhle H3Me-
HeHHUS I10JIeH AJIs pPellleHHs IPAHAHUO3HOM 3aadH —
co3maHusl OBICTPOAENCTBYIONIEr0 ONTHYECKOTO
KOMITbIOTEPA?
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examples of the scattering of linearly polarized
electromagnetic waves on the metal and dielectric
spheres. The problem of metal sphere which is not
penetratable for the waves has been considered at
the rise of radio physics at the beginning of the last
century. A qualitative picture of scattering seems to
be simple: under the influence of a periodic electric
field & (fig. 3), positive and negative charges are
alternatively induced on the surfaces of hemispheres,
creating electric dipole ¥ directed along E. At the
same time, periodic magnetic field H induces
circular surface currents [, forming magnetic dipole
whose moment B is directed along H. Radiation of
these dipoles forms scattered waves in the far field,
and standing waves "pinned" to the surface of the
sphere in the near field.

In contrast with this habitual picture, the waves,
incident on a non-conductive dielectric sphere
penetrate partially into the sphere, thus exciting a
complex spatial structure of the displacement
currents. Under certain ratios between the radius of
the sphere, dielectric permittivity s and the length
of theincident wavei, corresponding to the resonant
scattering, significant magnetic field are induced
both in the sphere and in the near field, converting
the dielectric sphere consisting of a non-magnetic
material, to a magnetic structure element.
Furthermore, by controlling the spatial structure of
displacement currents inside the sphere, it is
possible to control the flow of dissipated energy, i.e.
it is possible to use the dielectric sphere for the
reradiation of waves in a given direction [1].

Moreover, the interest to displacement currents
is intensified due to their resonant properties. These
properties are conveniently illustrated by comparing
the electromotive forces, induced by the same
alternating magnetic flux #=#snat in two
identical thin rings, one of which is made from
conductor, and the other one - from non-polar
dielectric (fig. 4). When the flux & is piercing
through the ring planes, each of them is induced
with the vortex electric field E, proportional, as is

known, to the velocity of flux change .E[[E, is

induced in each ring; however, the similarity of

induction effects in the rings is ended here: the

current in the conductive ring is proportional to E,

meanwhile in the non-conducting one - to derivative
=

of induction (2), i.e. r.';:z—. These currents in their

turn induce secondary magnetic fluxes #. Resonant
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"METATPOHUKA" - HAHOSNTEKTPOHUKA

METAMATEPUAJIOB

IIpu mepexofe OT THUTarepLeBOr0 K ONTHYECKOMY

OUAIla30Hy BMecTe C J[JMHON BOJHB yMeHbIIa-

JINCh U Pa3Mephl IMepefaoIMX M MNPUHUMAIOMINX

ycTpoicTB. IloHauany TaKass MHHHUATIOpH3aLlUs

OIIMpasach Ha CxeMbl, pa3paboTaHHbIe B pajHOTeX-

HHUKe: CBY-BOTHOBOABI CTalu obOpa3ljaMM IIepPBbIX

CBETOBOMIOB, ONTHYEeCKHe Pe30HATOPBl TOXKe HMMeH

CBY-"ipeikOB", BO3HHUK/IO M 'HOrpaHHUYHOE" Hayd-

HOe HaIlpaB/leHHe - PafHooNTHKA. OfHAKO IIpU

IIOIIBITKAX CO3JATh ONTHYECKHe 3JeMEeHThl C pa3Me-

paMHu IopsiiKa MHUKPOHOB M MeHbIlle, COM3MePHUMBbIe

C OJMHOH CBETOBOM BOJIHBI, TaKOH IepeHOC HeH

3acTornopuicsa. B BuauMoM u HMK-guamasoHe OITH-

YecKHe CXeMbl He MOTYT OBITh CO3JaHBI IT0f0OHO

yMeHbIIeHHBIM KOIIUSM yCTPOMCTB PaJHOTeXHUKH.

J7si TaKMX, HaHOpPa3MepHBIX, 37eMEeHTOB IIOHAJO0-

6UIKCh Y HOBble ITPUHILIUIIBI, K HOBBlE MaTepHAaJIbl,

U HOBBle TEXHOJIOTHU - BCJIe[ 32 MHUKPO3/TeKTPOHH-

KOM BO3HMKJ/Ia HAHO3TEeKTPOHHUKA.

HoBble NPUHLMIIEl HAHOIEKTPOHUKHU BOILJIOTH-
JHUCh B pa3paboTKe ONTHUYECKUX KolebaTelbHBIX
KOHTYPOB, COCTOSIIMX M3 3JIeMEHTOB C pa3MepaMU
B JeCATKHU U COTHU HaHOMeTPoB. KilloueBble CBOM-
CTBa TaKHX 3J€eMeHTOB JIeTKO IIpefCTaBUTh Ha IpH-
Mepe UINHAPUYECKOM HAHOYACTHUIBI, AINHA KOTO-
pori 1 u guamerp d 3HAYMTENBHO MeHbIIe AJIHHBI
CBETOBOM BOJIHBI, & OH3JMeKTpHUYecKas MIpOHHUIlAe-
MOCTb MaTepHasa YacTHUIbl OIMCHIBAETCSI BEIHYU-
HOM 5 (HeICTBUTEIBHOU WU/IH KOMILJIEKCHOM):

* B IIPOCTOM cCJly4ae, KOIJla 3/JeKTpPHUYecKoe IoJe
BOJIHBI E HaIlpaB/JeHO BAOAb OCH LHJIHUHAPA,
MOXKHO OLIEeHUTb HAIpsKeHHe MeXIy TOpLaMH
yunuaapa U=Ed u Tox cMmelieHus, TeKyIIHH
Mesxxny topuamu [ = §8, rae § - miomans Topua, a
j- IUIOTHOCTH TOKA CMelleHust (2). B 3T0i aneMeH-
TapHOM MOJEeNIN MOXHO HAHUTH ONTHYECKHU
MMIIeJJaHC & M3 COOTHOINEHHS, CBI3BIBAIOIIEr0

Mpogeccop Hadup dHzema
npuoyman 3apokoaroulemycs
pasoeny HAHO3AeKMpPOHUKU
Kpamkoe cuHmemu4eckoe
ums - “memampoHuka"

Prof. Nader Engheta,
transplanting the microwave
circuits to the metamaterial
nanooptical devices
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frequency of displacement current oscillations mm,
occurs in the non-conductive ring [2]; the effect
resembles a well-known "Thomson oscillating
circuit” (see fig. 1), but, unlike its predecessor, the
oscillator in fig. 4 is excited with displacement
currents and does not contain any wires or metallic
elements with resistive losses. As the frequency =
approaches to sy, the amplitude of vibrations of the
induced flux # through the non-conductive ring
grows, and an unusual spectral range, where the
directions of inducing & and induced & flows are
opposed, comes into play. While presenting the link
of # and &, in the form &, =p#, we can note that in
the frequency regiont mg=w®«2=§, parameter p«it
this condition corresponds to a negative magnetic
susceptibility of the circular element [2].

Circular displacement currents in the dielectric
described herein form the magnetic dipoles.
Magnetic fields of more complex structures can be
created during motion of the polarized dielectric.
Thus, the magnetic quadrupole described back in
1904 in the article of professor of Moscow University
A. Eichenwald "The magnetic action of bodies
moving in the electric field" [3], is created by rotation
of the circular rubber disc between the plates of a
charged capacitor (fig. 5). The charges of opposite
sign induced on the surface of a rotating disc form
surface currents =f flowing, respectively, clockwise
and counter-clockwise and generating the
quadrupole magnetic field ﬁ,l; at a constant speed of
disc rotation, this field is manifested in the
experiments on the deflection of the compass
needle.

Since the displacement currents are generated
due to rapid changes in the inductance (2), the
role of these currents in different frequency
ranges vary greatly: radio devices designed for
frequencies up to hundreds of GHz, were based
on the conduction currents and the displacement
currents were viewed as an annoying interference;
in the optoelectronic systems of THz range, the
contribution of displacement currents to the
formation of electromagnetic fields was increasing,
and for the fields of visible and IR spectrum, this
contribution could be decisive. A new, previously
unheard physical phenomenon has been introduced
into the electrodynamics - the concentration of
alternating magnetic fields in the non-magnetic
bodies, magnetization of transparent non-
conductive dielectrics with transmitted light,
"optical magnetism" [4]. A dream came into existence:
may be these rapid changes of fields can open the
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Puc.6. DnemeHm noAHoCMbk Ou3neKmMpu4eckoli HAHOCMpPYK-
mypbl 0451 AOKAAU3AUUU MOKA CMeLWeHUs 8 S10pe, OKPYXXKeHHOM
060n04KOL; 3HAYEHUS du3AeKmpuYeckol NpoHuuaemocmu s
s0pa u 060104KU &, U €, , COOMBEMCMBeHHO, 20e €,>> €,

Fig. 6. Element of all - dielectric nanostructure for localization
of displacement current in the core surrounded by coatings; the
values of dielectric permittivity for core and coatings €, and &,
respectively, herein g,>> €,

Tok [ n Hanpsxkenne U B menu mepemeHHOro
Toka: U=F; noncrtasnsas 3HadeHud [ u U, momy-
qHME:ﬁ-C]", rae C - eMKOCTB IIJIOCKOIO KOHJIEH-
caTopa: E=|;5{-h]r, BeJIHUYMrHa 5 > 0. HanigeHHOe
3HadyeHHUe & COBIIaflaeT C H3BECTHBIM BBIPa’ke-
HHeM [Jis1 "eMKOCTHOTO COIIPOTHUBIIEHHUS TOMCO-
HOBCKOI'O KOHTYpa. B pea/npHBIX HaHOYACTHULIAX
OIITUYeCKUN MUMIIeIaHC 3aBUCUT OT GOPMBI, pas-
MepOB U OPUEHTALIMMU YaCTUIIBl II0 OTHOUIEHHUIO
K 3JIeKTPUUYEeCKOMY I10J/1I0 BOJIHBL U 3HAUeHU S &;
TOK CMeIlleHMsI, B OTJIMYHe OT TOKa IIPOBOJUMO-
CTH, MOXKeT BBITEKaTh M3 TOKOHECYLIHX 3JeMeH-
TOB B IPYroil AUTeKTPUK HJIHU B BO3AYX; TaKoe
IepepacrnpefeneHye TOKOB CMeIleHHs, OIIpefe-
JsieMoe COOTHOIIeHHEeM AH3IeKTPUUYeCKUX IIPo-
HHUIlaeMOCTeM & MeXly COCeIHHUMHU 1eMeHTaMH,
CriocobCcTByeT KOHLIEHTPALUK 3THUX TOKOB B 0671a-
cTU GONBIIMX 3HAUeHUHM x. TaKk, TOHKUH CJI0H
OU3MeKTPHUKA C MaIBIM 3HaueHHUEeM &, OKpYsKalo-
MM HaHOYACTHUIY, MOXXHO PacCMaTpHUBaTh KaK
HU30/51TOP, MPensiITCTBYIOUIUHN  BBITeKaHUIO
TOKa CMellleHHs U3 HaHo4dacTuIlbl. C JPyTok CTo-
POHBI, cpebl C s>>1, HaIIpUMep, CerHeTO3JeK-
TPUKH, UIpaloT polab [POBOAHHUKOB A
TOKOB CMeIIeHHs; TAKOM IIPOBOJHHUK MOKHO
NpeACTaBUTh B BHUJE CJIOHUCTOM CTPYKTYPHI
(puc. 6), HallOMHUHAIOIIEN CBETOBOJ,; BIIPOYEM,
CBETOBO/J] TOKe SIBJISIETCS HAIlPaBJSIONIEN CHUCTe-
MOHM /IS TOKOB CMeIeHHs ONTHYEeCKOro Jualia-
30Ha;

eCJIU U3eKTPUYecKasi IPOHUIIAeMOCTD & 3aBU-
CUT OT YaCTOTHI BOJIHBI #, TO BO3MOXXHBI TaKHe
0671aCTH 4acTOT, B KOTOPBIX £<0; Tak, B MeTaJl-
7ax, 3HadyeHHUS s OTPHUIATeNbHBI [JIS YacToT,
MEeHBIIMX YaCTOTHl KOJJIEKTUBHBIX KOjJebaHUI
MeTa/JI/IM4eCKOM IIJIa3sMBl - 'IJIa3MeHHOM
YacToThl" m,; [JI1 HAHOYACTHUIL K3 30/I0Ta U Cepe-
6pa s 1™ md /8, TaK 4TO 3HAUECHUS & B BUIHMOM

i g

way to solution of a grandiose problem - creation of a
high-speed optical computer?

"METATRONICS" -NANOELECTRONICS OF

METAMATERIALS
In the transition from GHz to optical range, decrease
of wavelength influenced the decrease in the size of
transmitting and receiving devices. Initially such
miniaturization was based on the circuits developed
in radio engineering: microwave waveguides have
become the examples for the first optical fibers,
optical cavities also had their microwave "ancestors”,
and a "borderline" scientific branch - radio optics
came into play. However, while trying to create
optical elements with dimensions of the order of
microns or less compatible with the wavelength
of light, such concepts transfer was stalled. In
the visible and infrared range, the optical circuits
cannot be created like reduced copies of radio
engineering devices. To design such nanoscale
elements new principles, new materials and new
technologies were in need; microelectronics was
followed by nanoelectronics.

The new principles of nanoelectronics are
embodied in the development of optical resonant
circuits consisting of the elements with
dimensions of tens to hundreds of nanometers.
Key properties of these elements can be easily
visualized for a cylindrical nanoparticle whose
length 1 and diameter d are considerably smaller
than the light wavelength and the dielectric
permittivity of particle material is described by
some values:

» In the simplest case, when the electric field of
wave E s directed along the cylinder axis, it is
possible to evaluate the voltage between the ends
of the cylinder W=Ed and displacement current
flowing between the ends [ = §% where § is the
butt-end area, and j- is displacement current
density (2). In this elementary model, one can
find the optical impedance Z from the relation
connecting current I and voltage U in AC circuits:
U=3; substituting the values I and U, we get
Z ={imCl" where C is capacity of a plane capacitor:
C= q.'i{-h]r and the valueg > 0. The obtained value
Z coincides with the well known expression for
"capacitance” of Thomson circuit. In actual
nanoparticles, the optical impedance depends on
the shape, size and orientation of the particle
with respect to the wave electric component ands
value.

- Displacement current, unlike the conduction
current can flow out from the current-carrying
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U MK-nmuamasoHax OTpHULIATe/NbHBI. IS TaKHX

HAaHOYAaCTHUIL, ONTHYECKHUI HMMIIeJJaHC CBsI3aH

¢ "MHAYKTUBHBIM COIIPOTHBIeHHEM . HCIomB30-

BaHHeM IIIa3MeHHBIX KoJe6aHHUM B TOHKHUX

MeTaJUIMYeCKHUX IJIEHKaX AJsi 06paboTKHU onTH-

YeCKUX CHUTHAJIOB 3aHHMAETCSl CerofHsI HOBOe

HaIlpaBjieHHe 3/1eKTPOHUKHU — "TIJIa3MOHHUKA'.

OnTHyeckHe aHaJIOTHM PaJHOYaCTOTHBIX KOHTY-
POB, 3aHHMMaloOIIMe HaHOpa3MepHble O0O0BeMBI,
II03BOJISIIOT COBMECTHUTH B OJHOM 3JeMeHTe CBOM-
CTBAa HAHOKOHJIEHCATOPa, HAHOMHAYKTOpPAa U HAaHO-
pesucTtopa. bonee Toro, Takue 37IeMeHTHI I103BO-
NS0T CO34aTh B HEKOTOPOM 06JIaCTH YacCTOT
MarHUTHYI0 MHAyKIHIO B, HalpaBIeHHYy0 MpOTH-
BOTIO/IOKHO MarHUTHOMY Tionto H; B cooTHOmenuu
B=pfl 570 cootBeTCTBYyeT 3HAYeHHSAM P}, T.0. 7TE-
MEHTY C OTPHULIATeIbHOM MarHUTHOH BOCIIPUHMMYH-
BocThio [5]. Cpen c p«i} B ecTeCTBeHHBIX YCIOBHUSX
HeT, a MUCKYCCTBEHHBbIe Cpefibl C TAKHM CBOHCTBOM
06pa3syoT OJMH M3 KJIaCCOB HOBBIX KOMIIO3UTHBIX
MaTepHaJioB, MM, KakK HX ellle Ha3bIBAIOT, MeTaMa-
TepuaJoB. M MeHHO HCIIOTb30BaHHe MeTaMaTepHa-
JIOB OTKPBLIO HOBBIHM IIYTh K BHEJPEHHUIO B 3JIEKTPO-
HUKY  HAaHOONTHYeCKHUX CTPYyKTyp. OIUH
13 CerofHSIIIHUX I1ePBONPOXOJLeB Ha 3TOM IIYTH,
npodeccop H. JHrera u3 YHUBepcUTeTa B [IeHCHIIb-
BaHUM, MpPHUAyMaJ 3apoXJaloIleMycsi pasfeny
HAaHOYJIeKTPOHUKH KPaTKoe CHHTeTH4YeCKoe HUMS -
"MeTtaTpoHuKa" [6].

MeTaTpoHHKa IIOKa3ajna, KaK CHHTE3HPOBATh
MaTepHabl Ij1s HeoOBIUHBIX HAaHOCTPYKTYp U IIPO-
eKTHUPOBaTbh UX CBOKCTBA, HO BO3HHKJIA HOBAasl MPO-
61ema - KaK BeCTH COOPKY 3THUX CTPYKTYp?

MCKYCCTBO CYBBOJIHOBOW

MWHUATIOPDI

"COOpIIMK aIIapaTrypel’ s YCTPOMCTB MeETaTpo-
HUKHA HMeeT [leJI0 C MUHHUATIOPHBIMHU JeTalsiMH,
pa3Mephl KOTOPBIX COCTAB/ISIOT OT JeCSITKOB JI0 COTEH
HAaHOMETPOB, YTO MeHBbIIe AJIMHBI CBETOBOIK BOJIHBI,
TaK 4YTO MOXHO TOBOPHUTb O CYOBOTHOBBIX OIITH-
YeCcKHUX 3JIeMeHTax, Hampumep [6], o KoimebaTens-
HOM KOHTYype M3 CTeK/JSHHOIO IIapHKa PaJHuyCcoM
20 HM (eMKOCTbH), IIOKPBITOTO TOHKOM CepebpsiHOM
060710UKO¥ (MHAYKTHUBHOCTD), MM O pe30oHaTope
o UK-BonH B dopme MeTalaH4YeCKOM I1OAKOBBI
¢ pa3mepamu 300-400 HM u TonmMHOMN 20 HM (Tak
M XOodeTcd CKasaThb 'HaHOIOAKoBa'l), HaIbLIeH-
HOM Ha KBapLIeBYIO IIOAJIOKKY. M3 3TUX 3/IeMeHTOB
CTPOSITCSL TPeXMepHble IepHofUYecKre CTPYKTYPHL,
[I0XOKHe Ha MCKYCCTBeHHBbIe KPHCTAJI/Ibl; IepPHOJbI
TaKHUX CTPYKTYP TOKe H3MEepSIIOTCSL B COTHSX HAHO-
MeTpoB. B ornnuume ot CBY-yCcTpOMCTB, poib LocCan-
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elements to an another insulator or to the air;

such redistribution of displacement currents,

defined by the ratio of dielectric permittivity s

between the adjacent elements, contributes to

the concentration of these currents in the region
of large values 5. Thus, a thin dielectric layer
with a low value s surrounding a nanoparticle
can be viewed as an insulator, preventing the
leakage of displacement current from the
nanoparticles. On the other hand, the media
with 5>>1, for example, ferroelectrics, play the

role of guides for displacement currents; such a

conductor may be presented as a layered fiber-like

structure (fig. 6); note that, the optical fiber is
alsoaguide system for optical range displacement
currents.

« If the dielectric permittivity 5 depends on the
frequency of the wave m, the frequency range
with <0 can arise; thus, in metals, the values g
are negative for frequencies lower than the
frequency of collective oscillations of metal
plasma - "plasma frequency” my,; for the
nanoparticles of gold and silver =¥ 10*md s, so
that values 5 in the visible and infrared ranges
are negative. For these nanoparticles, optical
impedance is associated with the "inductive
resistance”. The use of plasma oscillations in
thin metal films for processing optical signals is
currently studied by a new branch of electronics -
"plasmonics".

Optical analogues of RF circuits occupying
nanoscale volumes allow to combine the properties
of nanocondenser, nanoinductor and nanoresistor
in one element. Furthermore, these elements allow
to create in a certain frequency range the magnetic
induction B, directed oppositely to the magnetic
field A; in the ratio B=pfl this corresponds to values
i.e. element with negative magnetic
permeability [5]. The media with p«I} do not exist
in the nature, and man-made media with this
property form one of the classes of new composite
materials, so called metamaterials. It is the use of
metamaterials that has opened a new path for the
indoctrination of microwave - like circuits to the
nanoelectronics. One of today’s pioneers in this
way, professor N. Engheta (Pennsylvania University,
USA), had suggested the short synthetic name for
this newly shaping part of nanoelectronics -
"metatronics’ [6].

Metatronics had shown how to synthesize
materials for the unusual nanostructures and how
to design their properties, but a new problem had
arisen - how to build these structures?

pxi,
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HOU I[IOMeXH HTPAIOT 3/eCh TOKU IIPOBOAHUMOCTU
MMEHHO OHH CO3/IaI0T OMUYeCKHe II0TePH.

Pa3BeTBIeHHAs CETh TOKOB CMeIeHHUsI, LIUPKYIH
PYIOILIHX B IPOCTPAHCTBEHHOM PelIeTKe U3 HaHO3JIe
MEHTOB, IIOPOXK/JAaeT IIPOTHBOPEUHUBYI0 CHUTYAIHIO:
C OJHOHM CTOPOHBI, TaKHe TOKH, KaK y>Ke OTMedva-
JIOCh, UMEIOT CBOMCTBO BBITEKATh M3 TOKOHECYIIHX
CTPYKTyp. JTa yTe4dKa HapymiaeT paboTy cocemHHX
37IeMEeHTOB pelIeTKH, TaK YTO KOHCTPYKTOPY MPHXO
OUTCS "IepskaTh OUCTAHLHIO' MeXIy 31eMeHTaMH,
obecrieynBasi COBMECTHMOCTb BCEX IEMEHTOB, 06Pa-
3YIOLUIHX TPEXMEPHYI0 HAHOCTPYKTYpy. C LPyroi CTo
POHBI, CTpeMJIEHHEe K MHUHHATIOPU3ALUU CUCTEMBI
TpebyeT cokpaluath 3Ty JUCTAHIIHNIO. KOHKYpeHIIHs
06eux TeHAEHLHUHM CTUMYIHPYeT ONTHMH3ALUIO
ONTHUYECKUX U TeOMETPUYECKHUX [1aPAMETPOB HAHO
CTPYKTYphL. IIpu co3maHuU U, B 0COBEHHOCTH, IpHU
BOCIIPOM3BEIEHUU TAKUX MPOCTPAHCTBEHHBIX KOM-
[IO3UI[UH CIIeLIHAIbHbIe METOIbl TUTOrPadUH, Mar-
HETPOHHOIO HAIIBIIEHUsI, TeKTPOHHBIX U HMOHHBIX
IIy4KOB CTHUPAIOT IPAHU MEXKAY HUCKYCCTBOM TEXHO
JlorTa M TeXHUKON IOBEJIMPA, COCTABJSAS 3a4acTylo
"HOy - Xay" CaMOTro IIPOU3BOJUTES.

WAl 3ATOPU3OHT
CTaHOB/IeHHe HaHO3IeKTPOHUKHU IIPeBPaTH/IO 3JeK
TPOAMHAMHUKY TOKOB CMeIleHHSI B CTPeMHUTe/lbHO
pa3BHBalIyocs 067acTh MPUKIAJAHON ONTHKH.
IIpy 5TOM Pa3BHUTHU BBICBETHJIMCh U HOBBIE, IIOKA
elle YMCTO aKafleMUueCcKHe 3aJauM; OfHA M3 HUX
IIpsIMO cllefiyeT U3 GopMyIIbl (2), CBSI3bIBAIOIIEN reHeH
pallMI0 TOKa CMeIleHHUsI C OBICTPBIM H3MeHeHHeM
3MeKTpUYeCcKoi MHAyKIHHY K =gk B cpere. [lo CHIX TT0p
obCykmamuch u3MeHeHus IF, BRI3BaHHbIE H3MeHe-
HHUSMH 3JIeKTPUYECKOr0 Tonsi B Ipu MoCTOSHHOM

i

ART OF SUBWAVELENGTH MINIATURES

An "assembler of apparatus’ for metatronics devices
deals with miniature parts with the dimensions
ranging from tens to hundreds of nanometers,
which is less than the wavelength of light, so
that we can speak about the of subwavelength
optical elements, for example, [6], about the of
resonant circuit, formed by of the glass sphere
with a radius of 20 nm (capacity), covered by with
a thin silver shell (inductance), or a resonator for
IR waves in the form of a metal horseshoe with the
dimensions of 300-400 nm and 20 nm thick (one
might say "nanohorseshoe!"), deposited on a quartz
substrate. These elements are used to construct
three-dimensional periodic structures, similar to
artificial crystals; the periods of such structures
are also measured in hundreds of nanometers.
Unlike microwave devices, the role of an annoying
interference is played by the conduction currents -
they create resistive losses.

An extensive network of displacement currents
circulating in the space grating of nanoelements
generates a contradictory situation: from one hand,
these currents, as already noted, tend to flow out
from the current-carrying structures. This leakage
violates the interaction of adjacent elements of
the grating, so that the assembler has to "keep
the distance” between the elements, ensuring
compatibility of all elements, forming a three-
dimensional nanostructure. From the other hand,
the trend to miniaturization of the system requires
the reduction of this distance. Competition of both
trends stimulates the optimization of optical and
geometrical parameters of the nanostructure. While
creating and, in particular, while reproducing these
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METATPOHUKA

i1

3HA4YeHHH §, HO eCTb U ,El;perfI MeXaHH3M T'eHepa-
LMK TAaKOI'o0 TOKa - HeCTAallMOHApHAA OH3JIEKTpHYe-
CKas IIpOHHIaeMOCTb, OIIHMCbiBaeMasi B OIlpeeiie-

HUH (2) IPOU3BOLHOM E; €CJIN CKOPOCTb U3MeHEeHU s
-

£ IOCTaTOYHO BeJIMKa, TO 3aMETHBIM TOK CMeIleHUs,
BBI3BIBAIONIMM 3MeKTPOMArHUTHOe H3JIyuyeHHe,
MOXKeT TeHepHPOBAThCS Aaske B IIOCTOSSHHOM IIOJIe E.
Ho Kkak co3maTh 6bICTPble HU3MEHEHU S &7

B nuTeparype obcyskmaeTcss MeXaHH3M TeHepa-
LUK COGCTBEHHBIX MOZ, B pe30HaTOpe, 3aI10JIHEHHOM
IOH3IeKTPHUKOM C M3MEHSIONIMMCS BO BpeMeHH 3Ha-
YeHHeM %, TaKHe U3MeHeHHS MOI'YT ObITb BBI3BAHBI
HeJIMHEeNHOHN MOAYISILMeH OU3TeKTPUYeCKOH IIpo-
HUIIAeMOCTH BOJIHOM HaKkaukH [7]. IIpu MonyIsaLUU &
[epecTPauBaIOTCS COHBCTBeHHBIE YaCTOTHl pe30Ha-
TOpa; B YaCTHOCTH, €C/IM YacTOTa MOAY/ISIMK PaBHA
yOBOEHHON CODCTBEHHOM 4YaCTOTe pe30oHaTopa,
TO BO3HHKaeT H3BeCTHBIH 3bdeKkT IapameTpuye-
CKOI TeHepanMH. [pyrol MexaHH3M TeHepalluu
TOKOB CMEIIeHH S CBSI3aH C PAaCIIPOCTPAHEHHUEM JJIeK-
TPOMAarHUTHOIO IIONSI B JU3JIEeKTPHUYECKON cpefe,
0cobeHHO B IIa3Me, IOSIPHU3ALUsI KOTOPOH H3Me-
HseTcs OBICTPO, HAIIpUMep, 32 BpeMs LIOPSIAKa IIepPH-
oma KonebaHUM mons. Ecny HM3MeHeHUS MOISpH3a-
LIMH CONPOBOKAAIOTCS ABHUKEHHEM I'PAaHHUIL Cpefbl,
CIIeKTP HM3/yUYeHHON BOJTHBI 0boramiaeTcs: SOIOTHU-
TeJbHBIMU JOIIIJIEPOBCKHMU TapMOHUKaMU. Takue
KOMOMHUPOBAaHHBIE 3aJaUH XapPAKTEPHBI IJIsI HOBOHM
[JIaBBl JIeKTPOOMHAMUKY - OITHKH HeCTALHOHAp-
HBIX cpeln. CeromHsi TaKue OBICTPOLEHMCTBYIOIIHE
H3MeHeHMs KakKyTCsl 3K30THYeCKHMH, HO HHTep-
BJIBL MeXIy OTKpbITHeM 3ddeKkTa U ero mpUMeHe-
HHUEM COKPAIIAIOTCS TOXe OBICTPO, U - KTO 3HAeT? -
BO3MOXHO, 3aBTpa 3¢ deKTHI, CBsSI3aHHBIE
C IlepeMeHHOMN IONspU3alhel, CTAHYT ellle OAHUM
IlepeqHUM KpaeM ONTHKH.
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spatial compositions, special methods of lithography,
magnetron sputtering, electron and ion beams blur
the line between the art of a technologist and the
technique of a jeweler, constituting often a "know-
how" of the manufacturer.

STEP BEYOND THE HORIZON

The establishment of nanoelectronics has turned
electrodynamics of displacement currents into the
rapidly developing field of applied optics. This
development has highlighted the new and yet purely
academic problems; one of them is followed directly
from formula (2), connecting the displacement
current generation with the rapid variations of
electric induction B=gE in the medium. So far, we
discussed the changes ¥ caused by changes in the
electric field E the value 5 being constant; however,
there is another mechanism of generation of such
current - time-dependent dielectric permittivity

described in the definition (2) by derivative E; if the

speed of variationssis large enough, then noticeable
displacement current providing the electromagnetic
radiation, can be generated even in a constant field
E. But how one can create a rapid variations of &

The literature describes the mechanism of
generation of eigenmodes in a cavity filled with a
dielectric having a time-varying value s; such
changes may be caused by non-linear modulation
of the dielectric permittivity by the pump wave [7].
Modulation of s results in changes of the cavity
eigenfrequencies. In particular, if the modulation
frequency is equal to double eigenfrequency
frequency of the cavity, there is a well known
effect of parametric generation. Another
mechanism for generating displacement currents
is associated with the propagation of
electromagnetic field in a dielectric medium,
especially in plasma with rapidly varying
polarization. If the polarization variations are
stipulated by the movement of the boundaries of
the medium, the spectrum of the emitted wave is
enriched by additional Doppler harmonics. These
combined problems are typical to a newly shaping
branch of electromagnetics - optics of
nonstationary media. Today, such quick variations
seem to be somewhat exotic, but the temporal
intervals between the discovery of effect and its
use are reduced too fast, and - who knows? -
perhaps tomorrow the effects associated with
variable polarization will become an another front
edge of optics.



