q)I/IBI/IKA

DJIEKTPOMATHUTHLIX ABAEHUN

PHYSICS
OF ELECTROMAGNETIC PHENOMENA

VIIK 537.9
AHAAUTNYECKOE P_!EIJ.IEHPIE 3AAAUYUN PACCESIHUA _
IAEKTPOMATHUTHON BOAHBI HA METAAANYECKOU
OAHOCTEHHOUM YIAEPOAHOU HAHOTPYBKE
C HU3KOITPOBOASAIINM BKAIOYUEHUEM

A. B. MEJIbHHKOB", M. B. IIIYEA"?

Y Uncmumym adepuvix npotnem BIY, yn. Bo6pyiickas, 11, 220030, 2. Munck, Berapyco
DTomexuil 2ocyoapcmeennblil yuusepcumem, np. Jlenuna, 36, 634050, e. Tomck, Poccus

CodopmynupoBaHa U pellleHa aHATUTUYECKH 3a/]a4a PacCesIHUS ICKTPOMarHUTHOTO M3Iy4eHUs! OAHOCTEHHOU yruie-
pOAHOW HAHOTPYOKOM C Y3KMMH ydacTKaMH HU3KOI npoBojuMocTH. KpaeBasi anexTpopnHaMuueckas 3anada GopmyIiu-
pyeTcs uepe3 rpaHUYHbIC YCIOBUS IS QJIEKTPHYECKUX U MAarHUTHBIX MOJIEH Ha MOBEPXHOCTH TPYOKH M Ha OECKOHEYHOC-
TH. OTa 3a/1aya CBOJUTCS K pelICHUIO ypaBHEeHUs JIeoHToBHYA — JIeBUHA [Tt TOKA HA OTHOPOAHBIX YYacTKaX yIJIEPOTHON
HAHOTPYOKH, KOTOPOE JIOTIOIHSETCS IPAHMYHBIMU YCIOBUSIMH JIJISI TOKOB Ha KOHIIAX TPYOKH M YCIIOBHEM HEpa3pbIBHOCTH
TOKA B MECTaX PACIIOIOKEHHUS y4aCTKOB HU3KOH MPOBOAUMMOCTH. [IpubnmkeHHOE aHATUTHYECKOE PEeIIeHHE IS TNIOTHOC-
TH TOKa Ha OJJHOPOJIHBIX yYacTKaX OJHOCTCHHON YIJIEPOAHOW HAHOTPYOKH NPEJICTABIISIETCS B BUJE CYMMBI JIByX MTOBEPX-
HOCTHBIX BOJIH, paCTIPOCTPAHSIONINXCS B IPOTHBOIOJIOKHBIX HAlPaBICHUIX, a TAK)Ke KOMIIOHEHTHI TOKA, HHIYIIUPOBAH-
HOTO BHEHIHMM nosieM. [IpoBeieHHOE cpaBHEHUE pe3yNbTaTOB aHATUTUYECKOTO PEILICHUs C Pe3yJabTaTaMU YHCIEHHOTO
peLIeHUs] METOJOM, TIPEICTAaBICHHBIM paHee, 0KAa3alo0, YTO AaHAIMTUYECKOE PELICHUE MO3BOJISIET I0CTaTOYHO TOUHO MO-
JISIIMPOBATh PE30HAHCHOE PACCESIHNE DIEKTPOMArHUTHOTO M3JIyYEHUsI Ha YIVIEPOIHON HAHOTPYOKe ¢ y4acTKaMu HU3KOU
MPOBOAMMOCTH B IIMPOKOM YaCTOTHOM JMAaNa3oHe.

Knwuesvte cnoesa: yroiepoaHasd HaHOTpY6Ka; ME30CKOIMMYCCKOC BKIIOYCHUEC, PACCCIHUC U3TTYUCHUS, KBaHTOBBIN
TPAHCIIOPT, YPABHCHUC XaJmeHa; YpaBHCHHC JleoHTOBHYA — .HeBI/IHa; NOJIAPpU3yEeMOCTh.

Brazooapnocms. Pe3ynpraThl nccieoBaHus MOTyYeHBI IIPH MOIIEPIKKE IpoekTa benopycckoro peciyoiarkaHcKoro
tdorma dyrnamentanbHbeIX uccnenoBannii Ne @18KOP-002 u mporpaMMbl IOBEIIIEHHS KOHKYPEHTOCTIOCOOHOCTH ToM-
CKOT'0 TOCY/IapCTBEHHOTO YHHBEPCUTETA.
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ANALYTICAL SOLUTION FOR ELECTROMAGNETIC WAVE SCATTERING
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The problem of electromagnetic wave scattering by single-walled carbon nanotube (CNT) with low-conductive sec-
tions (LCS) has been formulated and solved. Boundary-value problem is formulated through effective impedance boun-
dary conditions for electric and magnetic fields on the CNT’s surface and on infinity. Boundary-value problem is reduced
to a solution of Leontovich — Levin equation for the current on uniform regions of CNT; it is supplemented by edge con-
ditions for the current on CNT ends and the continuity condition for the current through the LCS. Approximate analytical
solution for the current density in uniform regions of CNT is represented as the sum of (i) two terms corresponding to the
propagation of surface waves in opposite directions and (ii) the current component induced by an external field. The compa-
rison between results of obtained analytical solution and numerical solution presented has been carried out. The comparison
shows that analytical solution allows one to simulate electromagnetic wave resonant scattering by CNT with LCS with
sufficiently high accuracy.

Key words: carbon nanotubes; mesoscopic insertion; electromagnetic wave scattering; quantum transport; Hallen
equation; Leontovich — Levin equation; polarizability.
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1. BBenenue

YHUKaNbHBIE 3JIEKTPOHHBIE CBOMCTBA M BHITAHYTast (opma o0ycinoBIuBaoT 3G(HEeKTHBHOE B3aWMOJICH-
cTBUE yrieponHbix HaHoTpyook (YHT) ¢ magarommm »meKTpOMarHUTHEIM H3dydeHueM [1] u, Takum 00-
pa3oM, OTKPBIBAIOT MEPCIEKTUBbI MX HCIIOIb30BAHMS B KAUECTBE AJIEMEHTOB MHTEIPAJIBHBIX MUKPOCXEM
U DJIEKTPOMArHUTHBIX YCTPOICTB, TAKUX KaK JIMHUH dJICKTporiepenadu [2; 3], ”HTEpKOHHEKTOPHI [4] 1 HaHO-
aHTeHHbI [5—7]. Kommno3uTHble MaTepuaisl ¢ Majoi gonei YHT neMoHCcTpupyroT Xopouryto 3¢ (heKTUBHOCTb
SKPAaHUPOBKHU B TUTarepoBoM [8] u TeparepiioBOM 4acTOTHBIX Auana3zoHax [9]. binaronaps BeICOKON KuHE-
THyeckod mHAykTuBHOCTH onHocTeHHOM YHT (OYHT) moBepxHOCTHAsi BOJIHA B HEW pacmpoOCTpaHsIETCs
C CHWIBHBIM 3amemneHueM [2; 3]. Bo3OyxaeHue cTosdeil mOBEepXHOCTHOW BOJHBI MOJ JEHCTBUEM Iaaro-
el TIOCKOM 3JeKTPOMAarHUTHOW BOJIHBI IPUBOAWT K BO3HWKHOBEHHWIO aHTEHHBIX (MJIM JIOKAJTU30BAHHBIX
IJIA3MOHHBIX ) PE30HAHCOB B CIIEKTPE MoNsspu3yeMocTH [5] u ceuenus momtomnienus [10] oguHOouHBEIX OYHT
KOHEYHOM JIJIMHEI.

3agaya paccesHUs AJICKTPOMArHUTHOTO M3IYYCHHS pelanach Juisl pasnuuHbix tunoB YHT, Bxirouas
OVHT [5; 10], maoroctennsle YHT [11; 12] u myuku u3z OYHT [13]. IIpu 3TOM 4HCIEHHBIM METOAOM HaXO-
JUIIOCH PELICHNE UHTErPalbHOIO YpaBHEHUS XaJJIeHa JIsl MHAYLUPOBAHHOIO ToKa Ha noBepxHocTd YHT ko-
HEYHOU IJTMHBI B MTUPOKOM YaCTOTHOM JHAIa30HE: OT PaMOYacTOTHOTO 10 yibTpaduoneroBoro [5; 10—14].
Kpome Ttoro, mist Toka Ha noBepxHoctd OYHT Obl1o mosydeHo NpUOIHMKEHHOE aHATUTHUECKOE PEIICHUE
ypaBHeHus JleontoBuua — JleBuna [5]. HemaBHo Obuia chopMynupoBana v YMCISHHO PelIeHa 3a/1a4a paccesi-
nug Ha OYHT co BcTpoeHHBIMU ME30CKOMUYEeCKUMHU CTpyKTypamu [14]. IIpu 3ToM COBMECTHO IPUMEHEHbI
METOJI HHTETPABHBIX YPaBHEHUH KIIACCHYECKOH 3JIEKTPOIUHAMUKHN M ()OPMAN3M KBaHTOBOTO TPAHCIIOPTa
JUTsl BCTPOEHHOM ME30CKOMUYECKON CTPYKTYPHI.

Henp nacTosmeit paboTsl — GOPMYTUPOBKA IEKTPOMArHUTHOW 3a7]ady PACCESIHUS M MOJIYUYCHHE ee MPH-
ommxeHHoro aHamuTrdeckoro pemenus st OYHT ¢ y3kumu yuactkamu Huskoit nposogaumoctu (Y HIT), ponib
KOTOPBIX MOTYT BBIIIOJIHSATH ME30CKOTIMUECKUE CTPYKTYPBI, IE(EKThI U T. 1. AHATUTUYSCKOE PEIICHUE TT03BO-
JISICT BBISIBUTH (DU3MUECKUN MEXaHM3M B3aUMOJICHCTBHUSI AlieKTpoMarHuTHOro u3nydeHus ¢ OYHT xoHeuHoi
JUTMHBI Ipy1 Hanmmuuu B Het YHIIL.
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2. ®opMyJIMPOBKA M YHCJICHHOE PeLIeHHe KpaeBoil
jiekTponuHammnyeckoi 3agauu 1 OYHT ¢ YHIT

Pacemorpum metammueckyro OYHT miuHo# L v paguycoM R, OpUEHTHUPOBAHHYIO MapajlIeNbHO OCHU Z

LUJIUHAPUYECKON CHUCTEMBI KOOPJMHAT U JICKALIYIO B MpeAeiax z € [0, L]. TpyOka HaxomuTCs B CBOOOTHOM
npocrpancte. Ha YHT namaer miockast 31€KTpOMarHuTHas BOJIHA ¢ KPYTOBOM YaCTOTOM ® U JUTMHOW BOJIHBI
B CBOOOZHOM MpOCTpaHCTBe A. HacToTa maaaromieil BOJHBI JIKAT MHOTO HH)KE 00JIACTH MEK30HHBIX Iepe-
xom0B B YHT (® < 21 - 10 TTl'r). Tak kak R < A, OyZeM mosiararh, 4T0 z-KOMIIOHEHTa HAIPSHKCHHOCTH T1a-
BH .
natorero nojst Ha nmoBepxHoctd OYHT 3aBUCHUT TONBKO OT KOOPAWUHATHI Z: E (z, t) = Ezo(z)exp(—w)t), rae
EZO(Z) — amrmuTyna monst Ha ocu YHT. Tlpu atom B TpyOKe BO30YkKIaeTcss aKCHAIBHBIN TOISIPHO-CHMMET-
PUYHBIA TOK IJIOTHOCTBIO j(r)z J (z)ez, I1e e, — €MHUYHBIA BEKTOp, HalpasieHHbIN Broab ocu YHT [5].
Jpyrue nonsipHO-HECUMMETPUYIHBIE KOMIIOHEHTHI TOKa He BO30YXKJAl0TCs, TaK KakK Ui 9TOr0 HEOOXOTUMBI

MEX30HHBIE ITEPEXOIBI ATEKTPOHOB, KOTOPHIE UMEIOT MECTO B ONITHYECKOI 00JIACTH YacTOT.
IIpoBomumocTs MeTaimmaeckux Y HT manoro guametpa (R < 2 HM) Oyaem onmuckiBaTh 3akoHoM Jpyne [2]:

. 2
2ie*v,.

ol )= k(o vy

e v, — ckopocth Depmu 1 YHT, v, = 10° M/c; V — 2/IeKTpOHHAs 4acTOTa peslakcaluu: V ="T ', T — Bpems
JIIEKTPOHHOM penaKcanuu.

A A
ITycts Ha yuactke YHT z € (r 5 r+ E)’ 0 <7 < L, pacnioyioxeH NOTEHIUAIBHBIA Oapbep IUPHUHON A

JJIA IBHXKEHHSA DJICKTPOHOB B/I0JIb OCH Z. I[anee 6y,Z[CM Ha3bIBATh OTOT 6apbep MC30CKOITMYCCKHNM BKIIOYCHUCM.

d d .
PaccMoTpum yuacTok TpyOKH ¢ pazmepamu z € | ¥ — —, r + — | Takoii, uto A, , > d > A, rae A,  — AnuHA CBO-
) ) A :

OonHoro npobera snekrponoB B YHT. JlaHHOE yCIIOBHE COOTBETCTBYET YCIOBHIO YIIPYTOIO PACCESHUSI AIEKTPO-
HOB Ha Oapbepe. DToT yuyacTok janee Oyaem HasbiBaTh Y HIL. BenuunHa d onpesensiercs JIMHON SKPaHUPOBKU
Tomaca — ®epmu B YHT A, [14; 15], 3HaueHust kotopoii cpaBuuMbI ¢ paguycom YHT [16]. Tlostomy nmeer

CMBICJT ONPEAEIUTh JAJIMHY MOCIEIHEH B auana3oHe d € (A +4R, A +1OR) [14]. Jna mpuMeHeHHS METOIOB

KJIACCUYECKOH NMEKTPOIMHAMUKHY, ciieayst padote [14], OyneM monenupoBath paccmarpuBaembiii Y HI -
pHUECKON TOBEPXHOCTHIO paguycoM R ¢ 3peKTHBHON yAeIbHON MOBEPXHOCTHOM MPOBOJMMOCTHIO

_Gdd

Y omR

rne G, — nposoguMocts YHII, koTopast BBIYUCIISETCS ¢ IOMOLIBIO METOI0B KBAHTOBOI'O TPAHCIIOPTa U CBs-
3bIBACT NageHue HanpsokeHud Ha YHII V) u cymmapusiil Tok 7, Tekymuid yepe3 YHII, mo nuHeiiHOMY 3aK0-
Hy [15; 17]:

b

Ided<('0)I{i' (1)
Crnenys [14], momoxum, 4To B pacCMaTpUBAEMOM YaCTOTHOM Juarna3oHe mpoogumocts Y HII Gd(o)) AB-

JSIETCSL YUCTO AeHCTBUTENbHOM 1 paBHOM npoBoguMocTu Y HII Ha HyneBoii yactote, T. €. G, (co) =G, (0)

B IMMOCTAHOBKY 3aJ1auX TAKKE BXOIAT 'PAHUYHBIC YCJIOBUA IS HEIPECPHLIBHOCTU TAHTCHIHUAJIBHBIX COCTaB-
JIAOIHNX DJICKTPUYCCKOTO IOJIA U Pa3pbIBHOCTHU HOJ'IHpHOfI KOMITOHCHTBI MAarauTHOI'O I1OJId Ha MOBEPXHOCTHU
VHT [5], YCJIOBUEC U3JIYUCHHA HA OECKOHECUHOCTH U T'paHUYHBIC YCJIIOBUA JI1 TOKOB, COOTBCTCTBYIOIINMEC KOHCY-
HOM IJIOTHOCTH 3apsA10B HOCHTEJICH Ha KOHIIaX pr6KI/II

Jj(0)=0. j(L)=0. @
Kak nokasano B [ 14], chopmyiiupoBaHHas BbIIIIC KpaeBas 3a/1a4a pacCesHUS MOXKET ObITh CBEJICHA K MHTET-

paJIbHOMY YpaBHEHHMIO XaJJIEHa OTHOCUTEIbHO MOBEPXHOCTHOM INIOTHOCTH MHAYLUPOBaHHOrO Toka B YHT
C ME30CKOIIMYECKUM BKJIFOUEHUEM, BBINOIHAOIMUM posb Y HII:

L 2n

J G(R, ¢, z—2')do | j(z’)dz'= ®(z), 3)

0

J‘ 1 ik|z - 2’| + Rk
1 o(2) 2me,®

rie G(z) — a¢dhexkTuBHAST aKCHATbHAS TIOBEPXHOCTHAS MPOBOAUMOCTL Y HT:

67



ZKypnaa Besopycckoro rocynapcrBeHHOro ynupepcurera. ®usuxa. 2018;3:65-73
Journal of the Belarusian State University. Physics. 2018;3:65-73

“4)

[0) . B
k= ~ — BOJIHOBO¥i BEKTOp B CBOGOTHOM MPOCTPAHCTBE; € — CKOPOCTH CBETA B BaKyyMe; €, = 8,85 - 107 ®d/m;

G(R, ¢, z—z’) — dynxums I'puna gt VHT B cBOGOXHOM IPOCTPAHCTBE:

2
exp ik\/(z - z’)2 + (2R sing)

G(R, ¢, z-2)= - , (%)
\/(z - z’)2 + (ZR sin(g)

L
o A y
O(z)= _[Ef(z)e’ #==ldz’ + Ce™ + De™™, C u D — HemsBeCTHBIC KOHCTAHTEL
0

Uucnennoe pemienne ypaBHeHus (3) ¢ yuetoM (4) uepe3 KBaApaTyphl 1ae€T CTPOTOE PEIICHUE 3aaun pac-
cesuusa s YHT ¢ YHIL B crnenyromem pasmene mperaraeTcs MPUOTMKCHHOE aHATUTHIECKOE pelIeHIe
3TOH 3a/1a4i.

3. AHaJIMTHYeCKOe pellieHne KpaeBoi
3jiekTpoauHamu4eckoii 3agayu 1 OYHT ¢ YHIT

Paccmorpum unTerpo-auddepenipansHoe ypasHenue Jleontosnda — JIeBiHA B HYJIEBOM MPHOJIMKEHUN
st oceBoro Toka B OYHT, Haxonsmelicss BO BHEITHEM IT10JI€ C TIPOIOIBHON KOMITOHEHTOW HANPSDKEHHOCTH

E,.(2) [5]:

922 0. RX RY o (Z)ﬂ (6)

YHT

2 +(0) . .
9’ (z) N (kz— 2¢g,i® Jj(o) _ _28010)E

e X = —ZKO( K2 — sz)IO( T sz); K, u I, — mogudunupoBanusle ¢pyHkuuu beccens; K — BolnHOBOE

YHUCJIO TOBEPXHOCTHOM BOJIHBI, KOTOPasl pacrpocTpansercs Baoib Y HT u onuceiBaeTCss JUCIIEPCUOHHBIM CO-
OTHOLIECHUEM

i€,
RO KoV = K R) 1, (Vi = KR)

K =k +

HuddepennmanpHoe ypaBHEHHE (6) 3aTTUCBIBACTCS U PEIITACTCS B OTACTHLHOCTH JUTSI K&XKIOTO OTHOPOTHOTO
yuactka OYHT. s cimygas pacnonoskenns B YHT ogroro YHII ypasuenue (6) 3anmucbiBaeTcst Ha OMHOPO-
HBIX y9acTKaX TPYOKH CICITYIONTIM 00pa3oM:

P ](Z) N (kz_ M]j(z): —280i0)Eoz(Z)’ ze [O’ r— g] U |:I" + g, L:|. @)

2
dz VHT

Ob6mree perenne ypaBHeHUS (7) IMEET BUJ

@®)
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e
o (KZ— kz) r—di2
JOl(z)=yHTT J. EOZ<Z')EXp[iK|z—z':|dz',
0
Oy (KX —K) k
Joz(z)z% I EOZ(Z’)EXp[iK|z—z'|:|dz',

r+d/2

A,, 4,, B,, B, — Heu3BecTHbIC KOG HHULUNEHTDI, ONpeesieMble U3 TPAaHUYHBIX yCIOBUi (2) 1 ycaoBuil Hepas-

pbiBHOCTH TOKa Ha YHII:
. d _ d )
]1(”_5)212(r+5):]d: )

) 1
rae j, = ﬁ — moTHoCTh Tekyuiero yepe3 Y HII Toka, kotopas nonaraercs noisspHO-CUMMETPUYHOM, OJHO-
T

ponHoit u noctosHHoW Ha YHII [14], 1. e. j(z) =j,, Z€ [r - %, r+ %]

UroOb! HailiTu j,, Bocosb3yeMcs BbipaxeHnueM (1). st aToro nanenue Hampsbkenus Ha Y HII Beipasum
yepe3 0CEBYI0 KOMIIOHEHTY ToJIst Ha moBepxHocTr OYHT:

r+d/2 r+d/2
V= | [Bo(z)+EL(2)]|dz=Vy+ | E(R. z)dz, (10)
r—d/2 r—d/2
r+d/2
e by = J EOZ(z)dz oTIpeIeIISIeT BKJIa BHEIITHETO ToJIs. BTopoe ciaraeMoe B KBa3UCTaTHIECKOM TTPHOITH-
r—d/2

KEHHUH TIPEACTABISIET BIMSHIE PacCesHHBIX nonei E’ (R, z), KOTOpBIE OymIeM BBIpaKaTh depe3 JICKTPHUe-

ckuii morennuan ['epma IT°= [1°e_, naaynupoBanHbIil TOKOM (z):

2
EP(R, 2)= 2 T1¢(R, =), (11)

4

e
lR L2m
(R, z)= 4n80w£!](z )G (R, @, z— 2')dedz’. (12)
IToncranoska (11) B (10) gaet
Vo=V, + oIl 3 oIl (13)
aZ z=r+d/2 aZ z=r—d/2

VYrpoleHHoe BhIpaKeHHE JUIsl MOTeHInaa ['epiia MoxeT ObITh IMTOTy4eHO ¢ TIOMOIIIBI0 (hopMan3Ma, KOTO-
PpBIi HCTIONB30BANICS ISl BEIBOAA YpaBHeHUs JleonToBuda — JlepuHa [5] (CM. IprIIOKEHHUE):

(R, z)= 25); i(z). (14)

Ioacrapnss (14) B (13) u yuursiBast (1) u cootHomenue /, = 2nRj,, moly4aeM BbIpaKeHUE, KOTOPOE OIl-
penensieT moTHOCTh Tekyuiero yepe3 Y HII Toxka:

27R), _, , IRX 9,(z)
G, * 2e,0| oz

9 (2)

0z

(15)

z=r+d/2+0 z=r—-d/2-0

VYpaBuenwue (15) — raBHbBIH pe3ynbTar HacTosIeH padoThl, OHO BMecTe ¢ (9) sBISETCS TPAHUYHBIM yCIIO-
BueM is Toka yepe3 YHII. Takum oOpa3om, kpaeBas 3amada it YHT moxeT ObITh chopmysinpoBaHa uepe3
ypaBHenue (7), cripaBeuinBoe Ha ofHOpOoAHbIX yuacTkax Y HT, u rpanuunsie yciaosus ais Toka (2), (9) u (15).

ITocne moactranoBku (8) B (2), (9) u (15) monygaem cucteMy JIMHEHHBIX YPaBHCHUH OTHOCUTEIHLHO aMILIHU-
TYJ] IOBEPXHOCTHBIX BOJIH 4, A,, B|, B, 1 aMIUIUTY/bl INIOTHOCTH TOKA j,, TeKy1ero uepes YHII:
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rAl +B = _JOI(O)’

AleiK(rid/Z) + BleiiK(rid/Z) —Ja= _Jol(r - %),

21Rj j ; ; aJ,
TRj, _ iRX A,k oKr=d12) _B ik o= 01(2) N
Gy 28,0 dz z=r—d/2
(16)
iRX aJ
: Az-iK—BZ-iK+ﬁ +7,
2800) dz z=r+d/2

d
A, +B,—j, = —Joz(r+ E)’

A

2enc(L—r—al/z) + Bze—iK(L—r—d/Z) — _Joz (L)

Pemenue cuctemsl (16) ¢ yaetom (8) mO3BOISET ONPEACTUTH AKCHAJIBHYIO IJIOTHOCTD TOKA, MHIYLUpYe-
Mmyto Ha YHT Bremnum nongem. OTMeTHM, 4TO PACCMOTPEHHAS 3/1€Ch KpaeBasi 3a/1ada pacCess s OUeBHIHBIM
o0pa3oM MOKeT ObITh Jierko 0000mIeHa Ha cirydaid YHT c Oosnee uem ogaum YHII.

B muaHOBONHOBOM Tiperene (A >> L) YHT xapakrepusyercsi MONSPU3yEMOCThIO, KOTOpas MOXKET OBITh
HalijieHa clieAyrouM oopasoMm [5]:

.p L
=R (2
OF,

0

Hanee st onucanus npoogumoctu Y HIT Oynem ncnonb3oBars mapamerp

_ Ovnr (0)

o 2

GYH]'[

MMOKa3bIBAIOIINHI, BO CKOJIBKO pa3 3ddekruBHas npoBogumocts ¥ HIT MeHbIlle cTaTHUeCKON MPOBOIUMOCTH
YHT.

4. CpaBHeHHe NPUOIHKEHHOT0 AHATUTHYECKOT0
U CTPOroro YMcJeHHOro peumenus 3agaun paccesnus 1jasa OYHT ¢ YHII

Ha puc. 1 npusenens! cnextpsl nonspusyemoctd OYHT ¢ ogaum YHII, momyyeHHbIE ¢ TOMOIIBIO YHC-
JICHHOTO (CM. pa3. 2) ¥ aHAJUTUYECKOTO (CM. pa3ll. 3) peleHni KpaeBol 3JEKTPOANHAMUYECCKOM 3a1a4un st
VHT npu d =10 um, L =2 MxM, 7= 1 MM, R = 0,34 1M, T= 50 dc, Ny = 500.

B cnekTpe MHUMOH 4acTH MOJIIPU3YEMOCTH UMEIOTCS ABAa OTAEIbHBIX NuKa. [Tuk Ha yactote 2,5 TI'1y BO3-
HHUKAeT BCJIEICTBHUE PE30HAHCA IOBEPXHOCTHBIX BOJIH, BO30YKAAEMbIX HE3aBUCUMO B KA)KJIOM U3 OHOPOAHBIX
yuactkoB OYHT, pacnonoxxenusix cripasa u ciesa ot YHII. [1uk na wactore 100 I'Tr o6pasyercs u3-3a mpo-
recca nepenoca 3apsioB yepe3 YHII u pasrpaHuunBaeT 4acTOTHBIN JHaria3oH, B KOTOPOM HaOmronaeTcs 3¢d-
¢dexTuBHBIN nepeHoc 3apsaa yepe3d YHII (/< 100 I'T'), n 9acTOTHBIN Anana3oH, B KOTOPOM MepeHoc 3apsaa
gyepe3 YHII npoucxonut neapdexrusno (/> 100 ['T).

W3 cpaBHEHUs KpUBBIX, IPEACTABICHHBIX HA PUC. |, BUIHO, YTO aHAIUTHUYECKOE PEIICHNE HAa Ka9eCTBEH-
HOM M KOJIMYECTBEHHOM YPOBHE COINIACYeTCs C YMCICHHBIM pElIeHHEM B auana3oHe 4acTtoT Beime 10 I'T.

Ha Gonee HM3KHX "acTOTax Ha6J'IIO,Z[a}OTC$[ SHAYUTEJIBHBIC PACXOXK/ICHHUS B Im[OC], HaﬁHGHHOﬁ AHAJIMTUYCCKU
1 4YUCJIICHHO. AMHJ’II/ITy)_'[LI 1 4aCTOThbI MMKOB B CIEKTpax Im[a] HECKOJIBKO OTJIMYArTCA IAJI PE3YyJIbTAaTOB,

MOJIYYCHHBIX YHCIICHHO U aHAJTUTHYCCKU. DTU OTIUYUS CBSI3aHBI C TEM, YTO aHAJIUTHUECKOE pelliecHue 0a3u-
pYeTCs Ha pelIeHUH sl TIOBEPXHOCTHON BOJIHBI OECKOHEUHO JNTMHHOMN TpyOKH. [TapaMeTpsl 3TOM BOIHBI B He-
KOTOPO# CTETIEHU OTINYAIOTCS 15l OeCKOHeuHO JUTMHHOMN 1 koHeuHoi Y HT. Kpome Toro, npu aHanmuTiyeckoM
pEIIeHNH 3a1a9 PACCESHUS AIEKTPOMArHUTHOE B3aUMOCHCTBIE MEXK/Ty OTACITFHBIMU YacTSIMHU TPYOKH Yepes
paccestHHBIE MO YYTEHO TPUOTMKEHHO.

Janee BBISICHMM, KaK OTIIMYAIOTCS PACIpPENeNICHUs IIOTHOCTH 3apsnoB Baoias YHT, momydennsie ¢ mo-
MOIIBIO YUCIICHHOTO M aHAJIMTUYECKOTO pelIeHui s pexkuMoB 3ddekruroro (dacrora 10 I'T'm) u mano-
adpexruBHoro (uactora 1 TI'm) mepenoca 3apsaa uepe3 YHII (puc. 2).
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Puc. 1. Cnextpsl nonsipuzyemoctd OYHT, nosydeHHbIe W3 YUCIEHHOTO (CIUIONIHAS JTMHHS)
1 aHAJIUTHYECKOTO PeIIeHNUHT (ITyHKTHP) 3aa9l PACCEsSTHUS

Fig. 1. Polarizability spectra for SWCNT obtained using numerical (solid line)
and analytical solutions (dotted line) of the scattering problem
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Puc. 2. Pacipenenenus miotHocTH 3apsiaoB Baoab OYHT ¢ YHII, paccuntanubie npuOInKeHHBIM

AQHATUTUYECKUM (ITYHKTHP) U CTPOTUM YHCICHHBIM (CIUIONIHAS JTMHUA) MeTogaMu Ha yacTotax: ¢ — 10 I'T; 6 — 1 TI'n

Fig. 2. Charge density distribution along CNT with LCS calculated with approximate analytical (dotted line)
and strict numerical (solid line) approaches at frequencies: a — 10 GHz; b — 1 THz
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3 puc. 2 BuaHO, 4TO Ha paccMarpuBaeMbix dactorax Re[p]> Im[p]. Ha wacrore 10 I'Tu Biusane YHII

Ha Bo30yxnaembiii Tok B YHT maio, Tak uyTo uMeet Mecto nporecc noisipuszanuu YHT Bo BHerHeM mose,
o0ycioBieHHbIH A dexramu koHeuHoU uuHbI [5]. Ha gactore 1 TT'n, roe YHII npensitcTByeT neperekaHuio
3apsia, HaOMrOMAeTCsl MPAKTHUECKH He3aBHCHUMAs TIOJIsIpU3alivs OJHOPOAHbIX yuacTkoB YHT, pacnonoxen-
HBIX clieBa U cripasa oT YHIL.

Crnemyer OTMETUTh Ka4€CTBEHHOE COTIACHE MEXKIY CTPOTMM YUCIEHHBIM MTOIX0I0M U IPUOIMKEHHBIM aHa-
JUTHYECKUM perieHneM. [locienHee yka3piBaeT Ha aHAIOTHIO C BOSHUKHOBEHHEM BBIHYK/ICHHBIX KOJIeOaHU,
JEMOHCTPHPYS, YTO IOCTATOYHO CIOKHOE pacIpe/ielieHue 3apsiia U TOKOB 1o Beeit juynHe YHT mMoxer ObITh
OMMCAHO TPEMs CIaraeMbIMU, ABa U3 KOTOPBIX UMEIOT CMBICI PACHPOCTPAHSIOUIUXCA B MPOTHUBOMOIOKHBIX
HaIpaBJICHHUAX MTOBEPXHOCTHBIX BOJH (aHAJIOT COOCTBEHHBIX KOJIeOaHUI KojIeOaTeTbHON CUCTEMBI), @ TPEThE
€CTh PE3yJIBTaT B3aUMOJICHCTBYSI C BHEIITHUM IT0JIEM (aHAJIOT BBIHYK/aroliel cuiibl). [Ipruem «iucTouHnKamMimy
MOBEPXHOCTHBIX BOJIH B YHT sBJSAIOTCS Kak €e KOHIIBI, TaK U yYACTKU HU3KOM MPOBOAUMOCTH. TpeThe cnaraemoe
BO3HHKAET TAKXKE B 33]1a4€ B3aUMOJICHCTBUS IIOCKOH BOJTHBI ¢ OECKOHEYHO JUIMHHON HAaHOTPYOKOH — CHTYyaIlus,
KOIJIa TOBEPXHOCTHBIE BOJIHBI HE MOT'YT BO30y>kaaThbes [18].

5. 3akjIroueHue

Kpaesas anexrpogunamuueckas 3anada juist YHT ¢ YHII, naxonsieiics BO BHEIIHEM 3JIEKTPOMAarHUTHOM
ToJie, CBEJICHA K PelIeHHuI0 ypaBHeHus JIeoHTOBHYA — JIeBHWHA JITsI ITIOTHOCTH TOKA HAa OJJHOPOIHBIX y4acTKax
YHT ¢ rpaHuuHBIMH YCIIOBHSMH Ha KOHIIaX TPYOKH U B MecTax pacnoioxenus YHII. Ykasannoe ypaBHeHue
pelnraeTcs B HyJIeBOM MPUOINKEHNHN, KOTOPOE UTHOPUPYET XapaKkTep paclpeie]ICHHs TUIOTHOCTH TOKa 110 BCeH
YHT. Ananutuyeckoe pelieHue NpeCcTaBIseTcs] B BUAC ABYX CIAraéMblX, COOTBETCTBYIOLIUX paCIpoOCTpa-
HEHUIO COOCTBEHHBIX MTOBEPXHOCTHBIX BOJIH B IMTPOTHBOIIOIOKHBIX HAMIPABICHHSIX, M CIIAraeMoro, CBI3aHHOTO
C maJIamuUM nojeM. M3 permeHus BUIHO, YTO MCTOYHHKAMH BO30YKIICHUS MTOBEPXHOCTHBIX BOJH B TPYO-
K€ CIy»aT ee KOHIIBI, a TaKXKe Y3KHe OOJIACTH HH3KOW MPOBOIMMOCTH. biaromaps M 3HepTus Majaromiei
TJIOCKOM BOJTHBI TIpeoOpa3yeTcsl B SHEPTHI0 TOBEPXHOCTHHIX BONH. [lomydeHHOE MPpUOIIKEHHOE aHAIUTHYE-
CKO€ pEILICHUE MO3BOJSICT HAUTU paclpeiesieHue TOKOB U 3apsiioB Baonb YHT, a Takke ee moisipuzyeMocTb
B IIMPOKOM YaCTOTHOM JMAINA30HE. YIOBIECTBOPUTEIBHOE COBMAJACHHUE 3TUX MMapaMETPOB C TAKOBBIMHU, MOIY-
YEHHBIMH CTPOTUM YHCJICHHBIM pPEIIeHnEeM, YKa3biBaeT Ha 3(P(PEeKTUBHOCTH MPEATIOKEHHOTO aHATUTHYECKOTO
MoJXo/la B 00JaCTH BBICOKHMX 4acTOT. Ha HHM3KMX YacToTaX aHAJIUTHYECKOE pPEIICHUE 3a/laud 3HAYUTEIHHO
OTIIMYAeTCs OT YHCICHHOTO PEIICHHUs, YTO CBA3AHO C IPUOIMIKEHHBIM XapaKTepOM MEPBOTO.

[IpencraBieHHOE aHAIMTHYECKOE PEIISHHE 3a7]a9l PACCESHUS ITO3BOJISIET MPOCIEAUTh (PU3UIECKYIO Kap-
THUHY BO30YKJIEHHS U PACIIPOCTPAHEHUS TOBEPXHOCTHBIX BOJH B YHT ¢ HU3KOMTPOBOISIIIMMY BKITFOUSHUSIMHU.

Tpunosxcenue

VYrpolieHHOe BbIpakeHHE Ul TOTEHIHana [epria MoXKeT OBITh MOIYYEHO C MOMOIIBIO (opMai3Ma, KOTOPIA Hc-
TOJIB30BAJICS ISl BEIBOfIa ypaBHeHUs JleoHToBnya — JleBuna [5]. @yHkuumio ['prHA B CBOOOIHOM NIPOCTPAHCTBE IS
YHT (5) nepennmiem B BUze

exp (ikr)

G(R, (p, Z—Z’)— T’

e r = ,I(z - z’)2 +& uE=2R sin(%). 3anuuieM CleAyOIUi HHTerpa:

T(z, @)= J.LJ(:,) exp (ikr)dz’,

KOTOPBIi ¢ yueToM (2) mpeoOpasyercs K BUIy [S]:

T(z, ¢)=-2j(z)In(g€) + V[ z j(z)], (17)

TJle ¢ — IPOM3BOMbHAS KOHCTAHTA 1
L — a ’
VL= ()] = [in(aglz = espliklz - 1) - | T )

0 —Zz

—ikj(z’) |dz"

B Bepaxennu (17) nmpeHeOpekeM BKIIaI0M CIIaragMoro V[z, J (z)] AQHAJIOTUYHO, KaK IIPU 3alKCH ypaBHeHUs JIeoH-
ToBHYa — JIeBHHA B HyJIeBOM NpuOimxeHuu (6).
[Moxncrasnsst materpan (17) B BbIpakenwe uid noteHimana lepua (12) u uHTErpHpys 1o @, IOJIy4aeM
iRX
I1° (R, z) =
2e,m

0

](Z) — YIPOIIIEHHOC BbIPAXKCHUEC JId TOTCHI ATl Fepua PACCCAHHOI0 OJI Ha TOBEPXHOCTHU VHT.
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