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PaCCMOTpeH MOI[I/I(I)I/II.II/IPOBaHHbII‘;I HJIaHapHLIﬁ BOJTHOBO/J Ha OCHOBe MeTaMaTepuala C oTpuuaTejlbHbIMHA 3Ha-
YeHUAMU nnaneKTpnqecmoﬁ U MarHUTHON HpOHHHaeMOCTeﬁ. Pnaronapﬂ MoJepHU3alluy BOJIHOBOJA IIyTEM BBe-
OeHUA BO3OYUIHOI'O KaHajla, ero JUCIePCUOHHbIe XapaKTepUCTUKU Ka4YeCTBEHHO M3MEHAIOTCA U3-3a IIOABJIEHUA
CBerMeI[JIeHHOﬁ MOJBI. I/ICCJIeI[OBaHbI MoJifi U CBOMCTBa 3TOIl MOABI. BLIHBJIBHO, 4UYTO Takafd MoJa aHajJorudyHa
IIOBEPXHOCTHOMY IIIa3MOHY. KpOMe TOoro, IoKa3aHo, 4YTO IIJa3MOHBI MOI'yT pacIpOCTPaHATLCA B BOJHOBOJAX,

pasMepbl KOTOPLIX 3HAYUTEILHO MeEHbIle JJIWHbBI BOJIHBI.

Taxue CBepxMelieHHble IIadMOHbI MOI'yT HalTU

npuMeHeHHe B maasMoHuke, B CBU u yckopuTenbHo#l TeXHUKe.

BBenenue. B nocnenHee BpemsA Bo3poc MHTepec K
TaK Ha3bIBaEMbIM JIEBBIM CpPelaM UM MeTaMaTepuaiaM.
BnepBsie ux cBoiicTBa 6b1i1u npenckasanbt B.I Becenaro
[1] okomo 40 net nasag. CBouM BTOPBIM PO3KIEHHEM OHU
o6a3anbl paboram Pendry [2]. B 6oxburom uncie my6iu-
Kanuii paccMaTpPUBaIOTCA yCTPOMCTBA HAa OCHOBE TaKUX
cpen.

B uwacTHOCTH, MHOro paboOT MOCBALIEHO WU3YYEHUIO
CBOMCTB BOJNHOBOZOB Ha OCHOBe MeTamarepuainoB. Tak,
IOUCIEPCUOHHBIE XapaKTePUCTUKU OJHOCIOHHOIO0 BOJHO-
BoJla U3 AMDIEKTPUKA, HOMEUIEHHOTO B OJHOPOJHYIO Je-
BYIO cpelly, paccMaTpuBaiuch B pabore [3]. ABTOpSI 06-
paTuiy BHUMaHHMe Ha CYLeCTBOBaHHE B TaKO# CTPYK-
Type BOIHBEI ¢ OonbmuM 3aMenneHueM. OHa BO3HHKa-
€T NpU YCIOBUH, UYTO MOAYIb MOKAa3aTeld MPEIOMIeHUA
MeTaMaTepuaina Gonblie, yeM JU3NeKTpuKa. Pons sroit
BOJIHBI COCPEJOTOYEHb! BJOIbL I'PAHUI] BOJHOBOZA U DKC-
NOHEeHNIMaNbHO yObIBAIOT 1O 06e CTOPOHBI OT HUX. uc-
NepCUOHHBIE XapaKTEPUCTUKYU OXHOCIOWHOTO BOIHOBOJA
U3 MeTamaTrepuana ObLIM PacCMOTPEHbI HaMU paHee B
pabote [4]. Tam e GblTM M3YUEHBI MONA BOIHOBOLHBIX
MOJI IpU HalU4uU MOTePh B MeTaMaTepuaine. CyiecTBo-
BaHMe CBEPXMEAIEHHO! BONHBI B OJHOCIONHOM BOJTHOBO-
ze teopernyecku ucciaegosan llleBuenko [5]. Bmepseie
Takad Moja Gblia HaiifeHa paHee aBTOpamu paboTs! [6]
LUl M30TPONHOrO BOJNHOBoAa U B paborax [7,8] mua aH-
M30TPOIHOrO.

Bupgumo, BnepBble MOBEPXHOCTHBIE MIA3MOHBI, BO3-
HUKaIoLye Ha I'PaHUllaX pa3fela NpaBoil U JeBOil cpen,
TeopeTnyecKky npenckasansl Amo u Pareroit [9], a Bo3-
HUKAaIOIUe B BOIIHOBOJE, COCTOAIIEM U3 NMPaBoil U JIeBoit
cpensl, — PedenoBeim u TperbakoBeiM [10].

Boanpr ¢ GoapmmM 3aMeliieHHeM HaGaIO#aluch He
TONBKO B [TaHAPHBIX BOJNHOBOAAX, HO M B APYTUX CTPYK-

De-mail: Alexey.basharin@gmail.com

tTypax. Panpumep, B pabore [11] Takas BomHa Gblia
o6HapyeHa B YeThIPeXCIOWHOM KPYTJOM BOJIHOBOIE B
NPUCYTCTBHY CJIOA U3 MeTaMaTepuajia 1 THpOMarHuTHO-
ro cioa. Kpome Toro, cBepxMeasieHHasA Moja ABIAETCA
coOCTBEHHOM MO0 MHOT'OCIOWHOIO MIaHAPHOTO BOJHO-
BOZa CO CII0EM M3 CPeAbl C HYJIEBBIMU MaTepUalbHbIMU
napamerpamu [12].

HccnemoBanue Bompoca 0 CyI[ECTBOBAaHUU U CBOMCT-
BaxXx BOIH c OonbmuUM KO3(POUIUEHTOM 3aMe[jeHHfli B
BOJHOBOJe MO#eT ObITh OUEHb MOJE3HBIM A ILIa3Mo-
uuky [13], CBY u yckopurensHoii Texuuku. Panpumep,
Takaf CTPYKTYypa MoseT ObITh MCIONb30BaHa B KauecT-
Be 3aMeJIfIoNel chucTeMbl A HCCIeNoBaHUA B3aHMMO-
meiicrBua Memnennbrx yactuy ¢ CBY-monem [14].

B nauHoit paGote mpeanoxena MoaupuKanUA OJHO-
CJIOMiHOTO IMJIaHAaPHOr'0 BOJHOBOJA U3 MeTaMaTepuaia my-
TeM BCTpauBaHUA Y3KOI'o KaHajla B IIeHTpe BOJHOBOJA.
3a cYyeT ITOro B AMCIEPCHOHHBIX XapaKTepPUCTHKax Ta-
KOro BOJIHOBOJa MOABUJAch “HaHOMoOna”, aHajJoru4Hafg
MOBEPXHOCTHOMY MJa3MOHY, ¢ 00AbmUM Ko3(pdunmreH-
TOM 3aMefieHuA. AHamoruyHo paGore [3], mopm
HO” 3[ech ToApa3yMeBaeTCf, BO3MOKHOCTH JIOKaIu3a-
[[MY IJIa3MOHa B BOJMIHOBOJIE C pasMepaMu, ropa3zio MeHb-
MIMMY IJIUHBI BONHBI. Ppu paGoTe BolHOBOIA B ONTHYE-
CKOM AMamna3oHe MpUcTaBKa “HaHO” BIOJHE ONpaBiaHa.

OpHocioiiHbIil BoJdHOBOA. PaccMoTpuM miaHap-
HbI OJHOCJIOMHBIA BOJHOBOA. AHamorun4yHo pabore [6],
o003HauMM HapaMeTphl MeTaMaTepualia 4yepe3 €1 U fi1,
a mapaMeTphI OKpY?Kalolero NpocTpaHCTBa — Uepe3 s U
W2. Bripasum mona TM-BonH B BONHOBOZE 4epe3 dieK-
Tpuueckuit BekTop ['epiia, onmyckada BpeMeHHOU MHOMH-
Tenb exp(—iwt):

IT¢ = Asin(kiz) exp(ithz) naa |z| < a, (1)

Ha-

II¢ = C exp(—k2|z|) exp(ihz) maa |z| > a,
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rae A, C' — KOHCTaHTBI.

Hcnonb3ysa rpaHudYHOe YC/IOBHME [Jif TaHCeHIHMAalb-
HBIX KOMIOHEHT Mojiefi Ha TrpaHulle BOJHOBOAA, BHI-
4KCIeHHBIX M0 (Gopmyie (2), momydaeMm AUCIEPCUOHHOE
ypaBHeHHe Cle[yIOIero Buia:

kea = klaZ—ztg(kla), (3)
1

kl = \/k%&'l/,l,l - hz,
kz = h2 — k(2)62;t2,

a — pa3Mep BOIHOBOAA, h — IPOJOIBLHOE BOJIHOBOE YHCIIO.
HUcnonb3ysa ycioBMe HENPEPBIBHOCTH MPOAOIBLHOIO
BONIHOBOTrO uucna h, us (4) noayuum

(k1a)® + (k2a)? = (koa)?*(e1p1 — €22) > 0. (5)

llanHoe OUCNEpCHOHHOE ypaBHEHWE pemanoch IMpH
clelyloLUMX napamerpax: €2 = p2 = 1, uyg = —1. B
3aBUCHUMOCTH OT AUBIEKTPUYECKON MPOHULAEMOCTH Me-
TamaTepuana Mbl [0lly4aeM [JBe QUCIepCHOHHbIE Xapak-
TePUCTHUKM, NpeICTaBlIeHHbIe Ha puc. 1.

W3 rpadukoB BUOHO, YTO B ciliydae, KOrja MOAYJb
KoahdunrenTa nperoMiIeHuA B Meramarepuaie (n; =
= ,/€14/l1) MeHbIIe, 4eM B OKPYyaloleM BOIHOBOJ
mpocTpaHcTBe (ny = (/e1,/H2), T.e. |n1| < |nz|, B Ta-
KOM BOJIHOBOJie MOTYT CYIIeCTBOBaTh CBEPXMeIeHHbIe
moger (6ykBa A Ha puc.1lb). Coraacuo paboram [5, 6],
B 3aBUCHMOCTH OT 4acTOThI ypaBHeHUe (3) MomeT He
MMeTb pelleHuil, UMeTh OJHO WK JBa PEIIeHUs, YTO MbI
u HabmonaeM Ha rpaduke (moxsl A u A' Ha puc. 1b). 06-
paTuM BHMMaHWe Ha TOT (PaKT, 4TO 06e MOABI B BOJIHO-
BOJle U3 MealbHOT0 MeTaMaTepuaia He UMEIOT MOTeph.
Pona Hy ceepxmennenuoit (A) u mepnenHoit (A') Bonn
npejacTaBieHbl HAa BcraBKkax puc.lb. OT rpanun Boi-
HOBOJA MOJie ChafaeT Mo AKCHOHEHIUANbHOMY 3aKOHY.
TaxkuMm 06pa3oM, BIOIb MOBEPXHOCTH paccMaTpuBaeMo-
ro BOJHOBOJA PACIPOCTPAHAETCA MOBEPXHOCTHBIN Mas-
MOH, aHAJOTUYHBIA IIIa3MOHY, BOSHUKAIOWEMY B ONTH-
YeCKMX BOJHOBOJAX HA OCHOBE TOHKMX ILIEHOK METaloB
[15,16], mumb ¢ TeM OTIAXYKMEM, YTO paccMaTpUBaeMble
HaM¥ [LIa3MOHbI — CBepX3aMelJeHHbIe.

rue

(4)

Po 3HaueHuio AelicTBUTENLHON YacTH MPONOJIbLHOIO
BOJIHOBOT'O BeKTopa 06e BOJHbI ABIAIOTCA MeIEeHHbIMH,
HO OJlHA MMeeT K03(DPUIUEHT 3aMe[ileHUf], ONU3KUNA K
1 (moma A'), a gpyras ABiIfeTcA CBEPXMEMIEHHOHN (MoO-
na A). Poror sHepruu BoiHbl A' HONOMKUTENEH, YTO
Pucbma B APT® T1oMm 93
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Puc.1. ucnepcuoHHbIE XapaKTEPUCTHKM OXHOCIOWHOIO
BOIHOBOfla M3 MeTamarepuana npu €1 = —2 (la) u e; =
= —0.5 (1b). Pa BcraBkax mpepcraBieHsl noas H, mo-
BEPXHOCTHBIX I1a3MoHOB. CriomHas TMHUA — IpAMas Boll-
Ha, IITPUXOBafA JIUHUA — o6paTHasA BolIHA, IIYHKTHUD — aH-
TUIOBEPXHOCTHAA BOIHA (BbITEKalOasA BOIHA)

COOTBETCTBYeT NpAMoil BonHe. PoToK sHepruu cBepx-
MeJneHHol BonHbl A orpunatenen. B cooTBeTcTBUM C
Kiaccuukranueit, npuaaToit B [1,6,17,18], ona ABuseT-
ca obpaTtHoil. Kar ynmomwunamoch BbIlle, MeAJeHHbIE U
oOpaTHbIE BOJTHBI MIUPOKO MPUMEHAIOTCA B YCKOPUTEIb-

HOM TeXHUKe A 3aMe/JIeHIA 4acTull.

BoanoBoa ¢ y3kuM KaHajaoM. Paccmorpum, 4To
IPOUCXOAUT NPU BBeJeHUM HeGONbIIOr0 KaHala B BOJ-
HOBOJ U3 MeTamaTepuana. PapaMerpsl BolHOBOJa €1 =
w1 =1, pp = —1, e = =2, a = b/20. Oxpymaro-
1[ee BOJTHOBOJ MPOCTPAHCTBO — BakyyMm. Kak u B ciyuae
OJHOCIONHOro BOTHOBOJA, MOJA BhIpa3uM 4epe3 BEKTOP
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I'epua. Ona yetHbix TM-BoiH nMeeM ciegyroliye BbIpa-
sreHuA miaA norenuunanos ['epua:

I = Asin(kiz) exp(thz) mna |z| < a,
IS = Bsin(kaz) exp(ihz) + C cos(kzz) exp(ihz)
g a < |z| <b, (6)
II¢ = D exp(—ks|z|) exp(ihz) mua |z| < a,
rae A, B, C';, D — KoHCTaHT#I,

ky = \/m,

ke = \/W, (7)

ks = v/h® — k3erp.

W3 rpaHUYHBIX YCIOBUH [JA TaHTeHIUAIbHBIX KOM-
IIOHEHT II0JIA, BBIYMCIEHHBIX C [OMOLIbIO IOTEHIUANOB
Tepua (5) mo dopmynam (2), mOTy4YMM AUCHEPCHOHHOE
ypaBHeHue:

—kZsin(kia) kZsin(kza) k¥ cos(kia) 0
det k151 COS(kla) k282 COS(kza) 7k252 Sin(kzb) 0
0 k? sin(k2b) kZcos(k2b) k2 exp(—ksb)
0 k282 COS(ka) 7k252 Sin(kzb) k353 exp(fkgb)
=0. (8)

Pemenne nucnepcuonHoro ypasHeHus (8) B 3aBUCH-
MOCTH OT BOJIHOBOI'O 4HKcila B BakyyMe kg, YMHOMEH-
HOr'o Ha BHEIIHWU pa3Mep BoJHOBoAa b, mpeacTaBieHO
Ha puc.2. BupgHo, YTO c BBeZeHMEM Y3KOro KaHana
B BOIHOBOJE MOABIAETCA CBepXMe[jieHHasaA Mona (Mopa
A), HecMOTpPA Ha TO YTO MOAYIb KoddduuumeHra mpe-
nomJieHHA B MeTamarepuaie (ny = ,/E2,/p2) Gombiue,
YeM B OKDY?KalolleM NpOCTPaHCTBe (N1 = /€1,/H1), T-€.
|n2| > |n1|. KRak u B ciydae ofHOCIOMHOrO BOIHOBOZA,
aTa BOIHA fABIAeTcA 00paTHOl, T.e. rpymnnoBasd u (a-
30Baf CKOPOCTY HAaNpaBleHbl MpoTUBOMONOMxHO. OnHa-
KO Telepb BTOPOi MMOBEPXHOCTHBIN MIa3MOH — Moja C
meHbmuM 3amepienveM (A' Ha puc. 2) — Tome ABIAETCA
o6paTHO BONHOIA.

Pa puc. 2 orMeueHb! IBe TOYKHU, B KOTOPBIX HaOIIO-
JaloTca untepdepeHiuonnsie 3gderThl. Touka D, Kar
u touka C Ha puc.lb, ABnAeTcA Toukoi 6udyprauuu,
u B Heil HaGmonaeTcA 3pdeKT MpPoooNbHOr0 pe30HaHca,
KOTOpBIl AIBIAETCA pe3ylbTaToM HHTeppepeHIUU MpA-
Moit u obpaTHoii BonH. Takrasa ke Touka Habmroganach
B OJJHOCIIOHOM IlIaHapHoM [4, 6,7,8,19] u kpyraom [20]
BonHoBogax. Opuawo B Touke E (puc.2) mpoucxoguT
o0benuHeHNe ABYyX 0OpaTHBIX MeIJIEHHBIX BOIH, B pe-
3yJnbTaTe 4Yero NoABIAETCA HOBafg obpaTHad MelJleHHasa
BOIIHA, UMeIoI[aAa MOTepH.

Pona oboux mnnasMoOHOB MHO-NPEKHEMY COCPENOTO-
4eHbl BJOIb BHELIHWX PaHUI BOIHOBoga (BCTaBKU K
puc.2). Tar kak moma A cymecTByeT game Ha O4YeHb

18 xb“ €3 M3
- B € Hy
= B a e, Yy
S 0 _
= 14 ( Eg
10C k
0
il
Bk
i
3 i H
S
= 5L
1 -
) | . ! . I )
0 2 4 6
kob
Puc.2. JlucnepcuoHHble XapaKTEePUCTUKM ABYXCIOHHOro
BOIHOBOJa M3 MeTamarepuaina npu b = 20a, e2 = —2. Pa

BCTaBKax MIpencTraB/ieHbl IIONA Hy IIOBEPXHOCTHBIX IIJIa3-
mouoB. CmiomHaa TUHUA — InpsAMasg BOJTHA, MTPHUXOBLIE
JUHUU — OﬁpaTHaH BOJIHA, HITPUX-ITYHKTUPHbIE JTUHUU —
BOJHAa C IIOTEpAMHU. CrlpaBa BBEpPXY — CeueHue MHOT'OCIOM-

HOI'O BOJHOBOOA

HU3KUX YacTOTax, Iojle CBepXMeJIEHHOr0 MIa3MoHa JIo-
KanusyeTcA B 061acTy, ropa3sio MeHbIIeH JIMHbI BOIHEI.
Panpumep, npu kob = 1 (cMm. BcraBry Ha puc.2) pas-
Mep BOJIHOBOJA MOYTH B 4 pa3a MeHbIe IJIUHBI BOJIHBI,
a 3HaYUT, U [0jle CKOHLIEHTPHPOBAHO B IPOCTPAHCTBE, B
4 pasa MeHbIIeM IJIWHBI BONHBI. MBI monydyaem Momy,
KOTOpasA MOKeT PacHpOCTPaHATHCA HUMKE IepBOil KpH-
THUYECKOil 4acTOTBI.

Ppu ymeHbIIeHMM BHEIIHEro pa3Mepa BOJHOBOJA
(puc. 3) Touka Gudypwauuum D (puc.2) caBuraerca B
cTopony Gonee Bbicokux yactor (F' Ha puc. 3). B pesyiub-
TaTe NPU HEKOTOPOM COOTHOLIEHUM Pa3MepoB BOIHOBO-
na o6beiHEeHNe MeANeHHONH U OCHOBHOM MOJ HMCUEe3aerT,
KaKk ¥ pacllenieHNe OCHOBHOI Mopbpl. Bo Bcem uacrtor-
HOM [uanas3oHe CYyLIeCTBYIOT CBepXMeJJleHHasA Mozaa 6e3
noreps (Mona A Ha puc. 3) U OCHOBHAA M0OJa C IOTePAMHU
(moza B Ha puc. 3).

B cnyvae Hanuuua HeGONBLUINX NOTEPb B MeTamare-
puane (puc.4) Bce BOIHBI HAYMHAIOT PAaCIPOCTPAHATHLCA
¢ notepAMu. OTMeTHUM, UTO NMOTEPH CBEepXMEIJIEHHON
Mopb!l (Mopa A) Manbl BO BCEM YacTOTHOM JuanasoHe,
B KOTOPOM OHa CYIIECTBYET, [I0 CPABHEHUIO C OPYTHUMHU
BONHOBOAHBIMEU Mogamu (Monsl Bl u B2 ua puc. 4).

3araouenue. B paboTe uccienoBaHbl AUCIEPCUOH-
Hble XapaKTePUCTUKY IIaHAPHbIX OJHOCIOHHOI0 U ABY X-
CIIOMHOTO BONHOBONOB. PoKaszaHO, 4YTO B TaKUX CTPYK-
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BOIHOBOJA M3 Meramarepuana npu b = 8a. IllTpuxoBans

IUHUA — ofpaTHafA BONHA, WMTPUX-NYHKTUPHAA IUHUA —
BOIIHA C IOTEPAMU
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Puc.4. IucnepcuoHHble XapaKTepPUCTUKHU ABYXCJIOHHOIO
BOIHOBOJIa U3 MeTaMaTepuaia npu b = 20a, npu €’ = 0.2.

CniomHaa IMHUA — OpPAMag BOIHA, NYHKTHUDP — oOpaTHas
BOJIHA

TypaX CyHmecTBYIOT CBepXMeldJIeHHble IIOBEPXHOCTHLIE
BbIHCHeHO, 4YTO TaKue I[IadMOHbI MOI'YT
cyuieCTBOBaTb B BOJIHOBOJE, pa3Mepbl KOTOPOro MHOI'O

IJIa3MOHBI.

Pucema B #APT® Tom 93 Bemm. 11-12 2011

MeHbllle JJIMHbI BOAHbI. B pe3ynbTaTe mose gaHHON BOJ-
Hbl KOHIEHTPUPYETCA B MPOCTPAHCTBe, HAMHOIO MEHb-
meM JIMHbI BOJHbI. Ppu BBeleHMU NOTeph B MeTaMare-
puan 3aTyXxaHue 3TUX BOJH AOCTAaTOYHO Mano. B cuiy
CUJIBHOrO 3aMe[lleHUA CyllecTByeT INPOKUIl CIEKTDP 3a-
a4, 1A KOTOPBIX TaKad BONHA MOKeT OKa3aThCA 0YeHb
MOJIE3HOH.

OTMmeTuM, YTO pealbHble MeTaMaTepuanbl 061afaoT
CUJIbHOM YacTOTHOU gucnepcueit. PoaTomy co3maTh Me-
TaMaTepual ¢ IOCTOAHHBIMYM BO BCEM paccMaTpuBaeMoM
HaMU{ [Uana3oHe 4acTOT NPOHUIIAeMOCTAMU HEeBO3MOK-
Ho. OpgHaKo IJiA Kaaoro He6GOJbLIIOr0 y4yacTKa 4acTOT
MOKHO cO3[aTh MeTaMaTepual c 3aJaHHbIMU IpOHUIIae-
MOCTAMHU, U B HeM OynyT HabaiogaTbcA yKa3aHHbIE BbI-
e CBOcCTBa.
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