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Annomayusn. []env HaCTOSIIETO UCCIEAOBAHUS — Pa3padOTKa 3IEKTPOJMHAMHYIESCKOTO METO/a BBIYHCIICHHS IIJIa3MOHHOTO
CHEKTpa B TPEXMEPHOH CTPYKType C AByMEPHBIM JIEKTPOHHBIM I'a30M MpPU BO30YXICHHWHU MANAIOMIei IeKTPOMarHUTHOM
BOJIHOH. Memooui. Pa3paboTaHHbIH METOA OCHOBAH HA PELIEHHM WHTETPAlbHBIX ypaBHEHUH, c(OPMUPOBAHHBIX OTHOCUTEIHLHO
HHIyIIMPOBAaHHBIX TOKOB B ITPOBOSIIUX YACTSIX TPEXMEPHOH CTPYKTYpHl. Pesyivmamol. VccienoBaHbl CXOOAUMOCTh METONA
U BpeMs pacdeTa. BEIICHEHBI yCIOBHS CXOOMMOCTH pacdeTa BRICIINX IIa3MOHHBIX PE30HAHCOB B MPSIMOYTOIBHOH CTPYKType
C IBYMECPHBIM 3JICKTPOHHBIM I'a3oM. I/ICCJ’Ie):[OBaHO HOpMaJIbHOEC MaZICHUEC MPOU3BOJIBHO HOHﬂpHSOBaHHOﬁ 3HeKTpOMaFHI/ITHOI>'I
BOJIHBI Ha IPSIMOYTOJBHUK C JIByMEPHBIM ra3oM. PaccuuTaHbl CIIEKTPHI CEUSHUH MOIOMEHNS, SKCTUHKIUH, IPSIMOT0o ¥ 00part-
HOTO pacCesiHUs MMaJaromieil BOMHBL. 3akioueHue. BEIICHEHO, UTO B MPSMOYTOJIIEHOW CTPYKTYpE, COAEpIKaIleil TByMEpHBIN
3NIEKTPOHHBIN I'a3, CHEKTP IIa3MOHHBIX PE30HAHCOB MOAUDUIMPYETCS 110 CPABHEHUIO C YCTOSIBIIUMMUCS IBYMEPHBIMU MOJE-
JISIMH TTIOCTAHOBKH 3aJ[a4, B KOTOPBIX CTPYKTYpa MpeloaraeTcsi 06CKOHEYHOW M OJTHOPOIHOI B OJHOM M3 HallpaBJICHHH.
YcTaHOBJIEHO, YTO Maalommas BoJHa Hanbosee ¢ PeKTHBHO Bo30OYKAaeT hyHIaMeHTalbHbIEe IIa3MOHHBIE MOIbI. [11a3MOHHBIE
MObI AEMOHCTPUPYIOT CUJIBHOC HAKOIUJICHUEC 3aps/ia Ha KpasdX MPAMOYTOJIbHHUKA, YTO CYIICCTBEHHO BJIUACT HAa PE30HAHCHBIC
4acTOTHI BO30YKIECHHS IUIa3MOHHBIX MO/,
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Abstract. The purpose of this research is to develop an electrodynamic method for calculating the plasmon spectrum in a three-
dimensional structure with a two-dimensional electron gas excited by an incident electromagnetic wave. Methods. The developed
method is based on solving integral equations formed with respect to induced currents in the conducting parts of a three-
dimensional structure. Results. The convergence of the method and the calculation time were studied. The conditions for the
convergence of calculations of higher plasmon resonances in a rectangular structure with a two-dimensional electron gas are
determined. The normal incidence of an arbitrarily polarized electromagnetic wave on a rectangle with a two-dimensional
gas is studied. The spectra of the absorption, extinction, forward and back scattering cross sections of the incident wave are
calculated. Conclusion. It is found that in a rectangular structure containing a two-dimensional electron gas, the spectrum of
plasmon resonances is modified in comparison with established by two-dimensional models of problem formulation, in which
the structure is assumed to be infinite and homogeneous in one of the directions. It has been established that the incident wave
most effectively excites fundamental plasmon modes. Plasmonic modes exhibit strong charge accumulation at the edges of the
rectangle, which significantly affects the resonant excitation frequencies of plasmonic modes.
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BBenenue

B nocnennee Bpems mosBUIICS MIMPOKHM HHTEpeC K co3anuio Teparepuesbix (T1'w) ycrpoiicTs
C UCIIOJIb30BAHMEM JIBYMEPHBIX IJIA3MOHOB KaK JJIsl IOKAJTU3ALUH U YCUIIEHUS 3J€KTPOMArHUTHBIX MOJIEH,
TaK U JUIsl UCIIOJB30BaHUS HEJTMHEHHBIX CBOMCTB IU1a3MOHOB [ 1]. TpaauiinoHHO TByMEpHBIH 3JEKTPOH-
HEIH Ta3 o0pasyercs Ipu GOPMHUPOBAHUHN KBAHTOBOW SIMBI B 30HE IMPOBOJAMMOCTH ITOTYIIPOBOTHUKOBBIX
reTepoCTpyKTyp. M3BECTHO, 4TO B MOJICBBIX TPAH3UCTOPaX MUKPOHHBIX U CYOMHKPOHHBIX pa3MepOB
C IBYMEPHBIM JJICKTPOHHBIM KaHAJIOM BO3MOXXHO BO30YXICHHE TByMEPHBIX IJIA3MOHOB TE€ParepreBoro
nuarnasoHa [2]. OCHOBBIBAsICh HA CBOMCTBAX JBYMEPHBIX IIa3MEHHBIX BOJH, TEOPETUUYECKUE UCCIIEIOBA-
Hus TI'm mna3sMoHHBIX 3(pPEeKTOB pemaroTcs B ABYMEPHOW ITOCTAHOBKE 33JaqH, B KOTOPOH M CUHUTAIOT
HanpasJIeHHe, MePIeHINKYIIPHOE PaCPOCTPaHEHHIO IJ1a3MOHa, OECKOHEUHBIM M OJJHOPOAHBIM [3,4].
Takas nocTaHOBKa 3aa4M 3HAYUTENIBHO YIPOINAET PELHICHUE KaK JUCIEPCUOHHBIX 3a/1a4, TaK U 33]a4
0 BO30YXICHHUH IJIa3MOHOB BHEITHEH SICKTPOMAarHUTHOW BOJTHOM. YIPOIICHHBIA IBYMEPHBIN ITOIXOM
MOXKET OBITh IPUMEHUM K IUIa3MOHHBIM CTPYKTypaM, pa3Mep KOTOPBIX B HAMIPABICHHUH, TOTICPEUHOM Ha-
MIPaBJICHHUIO PacIpOCTPaHEHUs IJIa3MOHa, Ha MOPSIOK U OoJiee PEeBBIIAeT [UIMHY BOJTHBI TEParepueBoro
wia3MoHa. [IpuHIMIHaTEHO MIJUITMMETPOBEIE Pa3Mephl KCIIEPUMEHTAIBHO JOCTUKUMEI B TIA3MOHHBIX
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CTPYKTYypax, CO3/1aHHBIX Ha OCHOBE IMOJYNPOBOIHUKOBBIX IeTepocTpyKTyp. [Ipu TMIHYHON MUKpOH-
HOH JIJTMHE BOJHBI TEParepreBoro Iia3MOHa pa3Mephl IMONYIPOBOIHUKOBBIX T€TEPOCTPYKTYP MOTYT
JIOCTUTATh HECKOJIBKUX MIJUTUMETPOB [5]. OmHaKo pa3sMephl CO3IaBaEeMbIX INIA3MOHHBIX CTPYKTYpP 4acToO
CPaBHUMEI C pa3MepaMy KOPOTKOBOJHOBBIX TJIA3MOHOB, a CBS3b C JJIMHHOW SIIEKTPOMArHUTHON BOJHOM
OCYIIECTBIIAETCS C TIOMOIIBIO TOTOTHUTEIBHBIX aHTCHH. B CTpyKTypax Takux pa3MepoB BIUSHUE Kpae-
BBIX 9((PeKTOB HaBEIEHHBIX MOJNEH Ha OTKINK CTAHOBUTCS 3HAUYUTEIBHBIM, 3 HHOTA U JOMHHHUPYIOLIINM.
HecMoTpst Ha HEBO3MOXKHOCTh OITUCAHHS KPaeBbIX APPEKTOB B ABYMEPHOM ITOIXOJIE, C €r0 MOMOIIBIO
OBUIM ONHMCaHBI HOBBIE TUTa3MOHHBIE (hr3mdeckue d(h(eKTsl, Takue Kak IUIa3MOH-TUIA3MOHHOE pacce-
ssaue |3, 6], yBenndenue 3p¢GeKTUBHON JUTMHBI BOJHEI B TUTa3MOHHBIX PE30HATOPAX M PaIUAIMOHHOE
3aTyXaHHe IUTa3MOHOB. B aToM ciydae st pemieHus: mpoOiemMbl BO30YKIACHHS TUTa3MOHHBIX MOJI B
pe3oHaTope JBYMEPHBIX 3JIEKTPOHHBIX CHCTEM HEOOXOIUM y4YeT 3JIEKTPOMArHHTHOTO 3ara3/IbIBaHusl.
Haubornee uccieqoBaHHBIMU TPEXMEPHBIMU CTPYKTYPAMHU SBJISIOTCS IUIA3MOHHBIE CTPYKTYPBI C CHM-
METpUYHOH (hopMOI pe3oHaTopa IBYMEPHOW CHCTEMBI B BHJIE KPYIJIOro Jucka (WM KombIia) [7-12].
3HAYUTEEHO MEHbIIE Pa0dOT MOCBALICHO BO30YKACHHUIO IIa3MOHOB B MPSMOYTOJIHHOM JABYMEPHOM
3IEKTPOHHOM pe3oHatope [13—15]. IlpsiMoyronbHbIA pe30HAaTOp UMEET MOHMKEHHYI0 CUMMETPHIO 110
CpPaBHEHHIO C TeoMeTprel NHcKa (MM KOJIbLIa), TOATOMY TEOPETHUECKOE PaCCMOTPEHUE CTAHOBUTCS
6onee cnoxHBIM. TeopeTHdeckue MOAXOAbI, IPUMEHsIEMBbIE [Tl U3ydeHHs TUIa3MOHHBIX BO30YKICHHHA
B MPSIMOYTOJILHBIX IJIA3MOHHBIX PE30HATOPAX, UCTIONB3YIOT JIMOO KOMMEPYECKUE YHCIICHHBIC pellaTe-
mu [14-16], mubo ympormarontue ammpokcumaruu [13]. K cokaneHuto, METoApl KOHSTHBIX JJIEMEHTOB
CTaJIKUBAIOTCS C CEPhE3HBIMU TPYIHOCTSIMH MPU MPUMEHEHHUH K 3a/1adaM, B KOTOPBIX 33]IeHiCTBOBaHbI
3NIEKTPOMArHUTHBIE MIPOIECCHI CHIIBHO pa3sHBIX MaciITaboB. VIMEHHO Takue TPYIHOCTH BO3HUKAIOT MPH
WCCIIEIOBAHNY TIJIA3MOHHBIX CTPYKTYP, B KOTOPBIX JUITHHA T€ParepleBoi AIeKTPOMAarHUTHOMN BOJHBI U
JUTAHA BOJIHBI TUTa3MOHA OTIUYAIOTCS HA J[BA MOPSIIKA BEITMIUHEL.

B manHOI#T paboTe pa3paboTaH alropuTM pacueTa W UCCIIeOBaHbl 0COOEHHOCTH CIIEKTPOB TIIa3-
MOHOB, BO30YXXIEHHBIX HOPMAaJBHO Malaloieldl AJIEKTPOMAarHUTHOHM BOJHOM, B NPSMOYTOJBHUKE C
JIBYMEPHBIM 3JIEKTPOHHBIM Ta30M.

1. Meton

HccnenoBano Bo30yXAeHNE TBYMEPHBIX TOKOB B MPSAMOYTOJIBHHUKE C IByMEPHBIM JIEKTPOHHBIM
ra3oM, Ha INIOCKOCTb KOTOPOI0 HOPMAJIBHO MaJaeT 3JIEKTPOMAarHUTHasl BOJIHA MTPOU3BOJIBHOMN MONSPH-
3anuu. [ymHa npsiMoyroiibHUKa B HanpaieHun OX o0o3HadaeTcs Kak w, IIUPUHA B HAIPaBICHUH
OY — [, a BonHa ajjaeT Ha NPSIMOYTOJILHUK B Hanpasinennn O Z 10 HaNpaBIICHUIO U3 cpefpl 1 B cpexy 2.
[Mnockocts O XY pasznenser ABa MOTYIPOCTPAHCTBA C PA3HBIMH IUAJICKTPUUECKIMH MTPOHUIIAEMOCTSIMH.

Pa3paboranHbI METOA COCTOUT M3 CleAyIOIIMX 3TanoB. Ha mepBoM srtame 3/1eKTpuueckue u
MAarHUTHBIE 1OJS PACCESIHHBIX BOJIH PACKIAABIBAKOTCS B ABOMHOW ITPOCTPAHCTBEHHBIN HHTEerpan dy-
pre B HampasieHusix OX u OY, a 3aBUCHMOCTh PYphe-KOMIIOHEHT OT KOOPIMHATHI Z CUUTAETCS
9KCTIIOHEHIHAIbHOM. [ mpumepa nokasaHa [, -KOMIIOHEHTa 3JIEKTPHUUECKOTO MO

400 +00
E? (2,y,2,t) = exp (~iwt) / / B, exp (k2 =) exp (igyy) exp (ig,2) dgaday, (1)

)

— 00 —O0

II€ ¢y U ¢y — KOMIIOHEHTHI BOJIHOBBLIX BEKTOPOB Dyphe-rapMOHUK B ILUIOCKOCTH IPSAMOYIOJIbHUKA,
1,2

kquz),qy — MONEepeYHble KOMIIOHEHThI BOTHOBBIX BEKTOPOB Pyphe-rapMOHHUK B Cpefax U o — KpyroBas

4acTOTa BOJIHBL. YpaBHEHHs MakcBeJula peniaroTcsl B MOTYOECKOHEUHBIX IUAJIEKTPUYECKUX Cpeax,

OKpY’KaIOIIUX MPAMOYTOJIBHUK C JBYMEPHBIM JJIEKTPOHHBIM Ta3oM. [l clIMBaHUsS pEelIeHUH B TUDIICK-

TPUYCCKUX Cpeaax UCIOJb3YIOTCA 'PAHUYHBIC YCIIOBUA 11 KOMIIOHCHT 3JICKTPUYCCKOIO 1 MarHuTHOT'O

Damees JI. B., Mawunckuii K. B.
W3Bectus By3os. [TH/I, 2024, 1. 32, Ne 3 349



MOJIEH B TIOCKOCTU AByMepHOro ra3a. C ucrnonbp3oBaHueM 3akoHa Oma, B KOTOPOM JABYMEPHEIN dJIeK-
TPOHHBIN Ta3 ONMHUCHIBaeTCa MpoBoAuMOcThio Jpyne o [3], copMHupoBaHBI MHTETpAIbHBIE YpaBHEHUS
JUISL TOKOB j; ¥ jy B JIBYMEPHOM Tase:

/2 w/2
ja,-(x,y)zo/ / Ja (m’,y Ggfqy(x,x’,y,y’)dw’dy'—&—
—1/2 —w/2
/2 w/2
+o / / Jy (2,y) Go¥ o, (2" y, 4 )da' dy' + 0200 Bin
—1/2 —w/2
(2)
/2 w/2
Jy (2, y) —0/ / je (2,9 GYE o (2, 2"y, ') da' dy' +
—1/2 —w/2
/2 w/2
+0/ / jy (xlay/ GggalIy(x’x/v%y/)dw/dy/+GZOyEin,y7
—1/2 —w/2

tne G 0y (z,2’,y,y') — siapa MHTErpanbHBIX ypaBHEHHIL, m,n = T,y , Zoy U Loy — K0IOPHUIMCHTHI
CBA3M C Hafarome BONHOH, Ky, » 1 Fjy, , — KOMIOHEHTBI aMILIATY/IbI SJIEKTPUYECKOTO MO MaaioIeh
BosHBI. CHCTeMa MHTErpajbHBIX YpaBHEHHI (2) pemaerca MeTofoM [ 'ajepKuHa MyTeM pa3iioKeHHs
UCKOMBIX TOKOB j; M j, B PABI 10 IOJMHOMaM Jlexanapa 1o HanpasJIeHUSAM X U Y. ITO IO3BOJIAET Ipe-
00pa3oBaTh CUCTEMY MHTETPAJIbHBIX YPABHEHUH B OECKOHEUHYIO CUCTEMY anreOpandecKuX ypaBHEHHH
OTHOCHUTENBHO K03(h(GHUINCHTOB pa3yioxKeHUs TOKOB. C y4eTOM CXOOMMOCTH, Pa3I0KeHUEe HEN3BECTHBIX
TOKOB B JIBOWHOH psAa 1o nmojuHoMaM Jlexxanapa obOpesaeTcs 10 mojauHoMa nopsaka N

N
T (X/xv E,y) = Z [355211 Pnl (E,y) Pn (X/x)’
n,n1:0 (3)
y(X/anE/y) = Z Bnnlpnl ( )P” (X/$)7
n,n1=0
e P, (y/;) — nonmunomsr Jlexaupa, Bn fl) K03 HIMCHTB! pa3noKeHus TOKOB, (¥ 'z, E'y) — mpo-

CTPaHCTBEHHBIC KOOPAMHATHI (I, Yy ), IPUBEICHHBIE K 0Tpe3Ky [—1, 1]. Kaxkmoe ciaraemoe B mpaBoit
YacTH ypaBHEHHMS C HEM3BECTHEIM TOKoM (2) cosnaer N2 anreGpandecKuX ypaBHEHHMI U, COOTBETCTBEH-
HO, N2 Henm3BecTHBIX KO3(P(HUIMEHTOB pa3noxkeHus. MaTpumna anreGpandecKkoil CHCTEMBI COCTOUT H3
AIIEMEHTOB BHJA

lw o 0
Mn o = r1+7T n+ng -1 n+nl o — nr niri 4
1,71,71, 04n22 ¢ ( ) W17 1,71, 2T+127"1+17 ()
rae
+oo +oo
s a s a s w s w
Wirinr = [ I8 (05) 99 (5) [ 2@ a)d (05) 50 (05 )dauda,. 9

rae Z(qz,qy) — aAMUTTaHChI CUCTEMBI, BHIYHCIICHHbIC U3 ypaBHEHHI MakcBellia; J,SS) (qm%) — cepu-
yeckue Gynkimu beccens; (¢z, ¢y) — BOITHOBBIE BeKTOPHI B Dyphe-NPECTABICHNUH; 7, 7] — HHIEKCHI
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CTPOK MATPUYHBIX JIEMEHTOB, T, '] — UHACKCHI CTOJIOIIOB JIEMEHTOB MaTPHUIILI (MHIACKCHI N, N, T, T’
npuHUMaroT 3HadeHust oT 0 go N). [lomHbli pa3mep KBaapaTHONH Marpuiel M CHCTEMBI ypaBHEHUI
cocrapmser 2N2.

[onmyuennast CI/ICTeMa anreOpandecKkuX ypaBHEHHI OTHOCHTEIFHO HEN3BECTHHIX K03((HUIIMEHTOB
pa3ioKeHHs TOKOB [3 1) pelaeTcst MeTOIOM UCKIIoueHus ['aycca myTeM NpuBEICHUS] MaTPUIBI CUCTEMBI
K TPEYyroJIbHOMY BI/IZ[y. PaccunTannpie HHIYIIMPOBAHHBIE TOKH (3) TIO3BOJISIOT ONPEACTUTh PE30HAHCHBIC
ANEKTPOJUHAMUYECKUE CBOMCTBA MPSIMOYTOJIBHUKA C IByMEPHBIM 3JICKTPOHHBIM T'a30M.

J71s1 BBIYMCIIEHUS SHEPTETUUECKUX XapaKTEPUCTUK B3aUMOJIECUCTBUS AJIEKTPOMArHUTHOM BOJIHBI U
MPSIMOYTOJIFHUKA JIByMEPHOTO T'a3a HEOOXOMUMO IMPE/ICTABUTD TIOJISI PACCESIHHBIX BOJIH BIIEPE]] U Ha3a
Kak CyMMYy IOJIEH OTPa)X€HHOro OT OJHOPOJHOW T'paHUIbl pa3liesia Ccpell U paccesstHHoro nosd. s
IpuMepa 3anucaHa KOMIIOHEHTA 3JIEKTPUUECKOro nojist B 1-0if cpene

“+00 400
E,(z,y,2) = E, pexp ( 2,007 / / E .z ay €XD ( k:g 3:67%2) exp (iqyy) dgy exp (igzx) dqs,

—00 —O0
(6)
rie I, p — DJIEKTPUYECKOE I0JI€ BOJIHBI, OTPAKEHHOH OT OJHOPOIHOHM IpaHMIBI pasjena cpen,
a Em,qx,qy — aMIIUTYA6l Pyphe-KOMIIOHEHT AIEKTPUIECKOTO IOJISl PAcCesTHHON BONHBI Hazan. Cpenauit
MOTOK MOIIHOCTH YMoBa—IlolHTHHTa OyZeT ONMUCHIBaTh yXOASIIUE PACCESIHHBIE MPSIMOYTOJIEHUKOM
BOJTHBI

PZRvT - 23‘( // q$7qu;,q:1:,Qy - Ey,qwqu;qbqy)deer- (7)
+w./1€0M0

Hckimrogasi TOTOKM BOJIH OTPa)KCHHBIX M MPOIIEAIINX Yepe3 TpaHuIly pasfieiia Ccpell U HCHOIb3Ys
ypaBHeHUs1 MakcBeiia, MOTOKH PacCestHHOTO M3JIy4eHUs MPsIMOYTOJIbHUKOM Hazajd P,r u P,r Buepen
3aMnuIueM Kak

2

Ergeay| (E0812m00% — %) + ‘Ey,qzyqy (e0e1,2000% — ¢2?)
PzR,T - 275 // k* dede+
How

21,2
+w./e1€010

2Re (Em,qz,q E; » > QyQx

*
k%, LMo
+w+/e1€0M0

(®)

[TornomeHHas SIEKTPOMAarHUTHAS MOIITHOCTH B MPSMOYTOJIBHUKE OCHUIUTHPYIOIIMMHA TOKAMU MOXKET
OBITH BBIYMCIICHA KAK

w/2 /2
A= Re< >/ / |7, (x,y)] —|—‘jymy‘)dmdy, 9)
—w/2—1/2

a IJIOTHOCTH IIOTOKA MOITHOCTH nazxafomeﬁ BOJIHBI OITPEACIACTCA BBIPAKCHUEM

8 13

[Tonmy4eHHbIE PHEPIETHYECKUE XaPAKTEPUCTUKH MO3BOJISIOT BHIUMCINTE CEUCHUE MOMTIOMIEHHS Oy =
= A/P;,, ceuenne paccesaus Brepen oy = P,p/P;,, cedenue paccestnust Hazan og = P.r/Pip
u ceuenue SKCTUHKIMU ocs = (A + |P.r| + | P:r|) / Pin.
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Puc. 1. 3aBUCUMOCTD CrIeKTpa TUIOMIAU CEYCHUS SKCTHHKIUH
OT yIVIa NOJIIPU3ALUH IEKTPUIECKOr0 OJIsT HOPMAaIbHO Haja-
I0IIEH BOJHBI B MPSAMOYTOJIBHUKE C pasMepaMu w = 1 MKM,
| = 2 MxMm. JIByMepHBIi ra3 OMUCHIBACTCS MPOBOIUMOCTHIO J[py-
Jie CO CIEAYIOIMMH ITapaMeTPaMH: BpeMs peIaKCalluy UMITYIIb-
ca nnekTpoHa 1 Iic, KOHUEeHTparus 2nekTpooB 2 - 10 cm ™2
1 3 dextrBHas mMacca snekrpoHa 0.067m. (BT OHITAIH)

Fig. 1. Dependence of the extinction cross-sectional area
spectrum on the polarization angle of the electric field of
a normally incident wave in a rectangle with dimensions

CXOI[I/IMOCTI) PE3YyJIbTaTOB BBIYUCIICHHUA PE-
30HAHCHBIX XapaKTEPUCTHK ONpENeIsieTCs CpaB-
HCHUEM paCCUUTAHHBIX MHAYKTUBHBIX TOKOB, I10-
JyY9EHHBIX IIPH ITOCIICIOBATEIIHHOM yBEIHUCHUN
pa3Mepa MaTpHLbl cucteMbl. OTIeNbHBIM HE00XO0-
JUMBIM YCJIOBUEM SABIIACTCA CXOOAUMOCTH pacdc-
Ta MaTPUYHBIX DJIEMEHTOB, KaXIbIi U3 KOTOPBIX
npeNcTaBisieT coOol JBOHOE HHTETPUPOBAHUE B
IPOCTPAHCTBE BOJHOBBIX BEKTOPOB IO HAIIpaBIIe-
HUSM (G ¥ ¢y. YUCIEHHOE MHTErPUPOBAHUE KaXK-
J0T0 K03 dUIHEeHTa IPOU3BOAUTCS C YIETOM CXO-
JUMOCTHU U C pa36I/IeHI/I€M HUHTErpajia B BOJJTHOBOM
IPOCTPAHCTBE Ha JIBa — BHYTPH CBETOBOTO KOHYCa
IPH Gz, @y < %\@ U BHE CBETOBOI'0 KOHYyCa IIpH
ey @y > T/, TE € — HAaNOONBIIAS TUITEKTPHHE-
CKasl IPOHUI]AEMOCTh OKpy>Karomux cpel. Takoe
pa3bueHue He0oOXOIMMO, TaK Kak B CYOBONHOBBIX
CTPYKTYpax HM3JIy4alolIHecs U 3aTyXarollue WH-
JyOUPOBAHHBIE ITOJISI UMEIOT IIPOCTPAHCTBEHHBIE
MacmTalbl, pa3InyaroIrecs Ha MOpsIoK 1 Ooee.
OCHOBHBIM OTJIMYHEM Pa3paOOTaHHOTO METOAA OT
UCIIOJIb3YeMOT0 B IBYMEPHBIX 33/1a4ax sIBIISETCS
CYLIECTBEHHOE 3aMeJICHHE BBIYMCICHUI H3-3a
yBeMYEeHHs pasMepa MaTpuilbl N2 Mpu yBesuye-

w = 1pum, ] = 2 um. A two-dimensional gas is described 1
by Drude conductivity with the following parameters: electron HHUH 9UCIIa HOTMHOMOB JICKAH/pa 10 CPaBHCHUIO

momentum relaxation time 1 ps, electron density 2-10'* cm™2 ¢ pa3MepoM mMarpuubl N B IByMEPHBIX 3a1a4aXx.
and effective electron mass 0.067m,. (color online) JBoliHO€ MHTETPUPOBAHHE B MPOCTPAHCTBE HM-

IIYJIbCOB NIPU BBIYUCIICHUU MaTPUYHBIX 3JIEMCHTOB
TaKXKC MMPUBOAUT K 3HAYUTCIBbHOMY 3aMCAJICHUTIO BBIYMCIICHUH 110 CpaBHCHHNIO C OAHOMCPHBIM UHTCTPUPO-
BaHUEM IIPU PEIICHUH JBYMEPHBIX 3a/1a4. B CBsI3U ¢ 3TUM BpeMsl pacyeTa Ka)J10ro MaTpUYHOIO AIEMEHTa
TpeXMepHOﬁ 3ala4i TaKXXE pacTCT KBAAPATHUYHO 110 CPAaBHCHUIO C ,Z[ByMepHOf/i 3a;[aqel71. Brruucnennas
IJIOMIAAh IKCTHHKIIUHN MPSIMOYTOJIBHUKA C JIByMEPHBIM Ta3oM (pHcC. 1) mosrydeHa mpu BBITOJTHEHUH
ONTHYECKON TEOPEMBbI C IIOI'PCUIHOCTHIO B 0.1%. ITouck CXOOAUMOCTH PCIICHUA IMOKa3all H606X0,Z[I/I—
MOCTh yuera 12 monnHoMoB JlexaHapa B pas3jIoKeHHUU TOKOB JJISi MCCIEIOBAaHUS IMEPBBIX YETHIPEX
IJIA3BMOHHBIX PE30HAHCOB JJIsI JOCTHIKCHHA MMOTPCIIHOCTH 0.1%. IIJ'IS[ BBITIOJIHCHHA paCdCTOB CO3/1aHa
Iporpamma Ha s3blke nporpammupoBanus @oprpas. Pacdersl npoBeneHbl Ha NEPCOHAIBHOM KOMIIBIOTEPE
C 10-${HepHI>IM IIponecCcopoM, 4TO IIO3BOJIMUIIO pacCUUTaTh CBOIICTBa CHCTEMBI Ha SaHaHHOﬁ qacToTe
3a 15 cexyHz.

2. Pe3yabrathbl U 00CyXKIAeHUE

C ncnonp30BaHUEM pa3paboTaHHOTO JIEKTPOTUHAMUYECKOTO TTOX0/1a ObUTH BBIYMCIICHBI HHAYIIH-
POBaHHBIE MOJISI M TOKH B CTPYKTYPE, PACCUUTAHBI CIIEKTPBI CEUEHHs MPSIMOTO U 0OPaTHOrO paccestHUs
(puc. 2), cedeHre MOIVIOMIEHUS U CEUEHHE SKCTHHKIMH (CM. pucC. 2) ISl MPSMOYTOJIBHUKA JIByMep-
HOTO Ta3a Ha OCHOBE retepocTpykTypsl AlGaAs c¢ pasmepamu w = 1 MKM, [ = 2 MKM (TUIIUYHBIE
9KCIIEpUMEHTAJIbHBIE CTPYKTYPhI IPOJEMOHCTPUPOBAHKI B paborax [5,17]).

PaccunTanHoe ceueHrEe NONIOLICHUS] MIMEET PE30HAHCHBIM XapaKTep, YTO COOTBETCTBYET BO30YXK-
JCHUIO B CTPYKTYpPE Pa3IMYHBIX TIA3MOHHBIX Moj. [ maeHTHGHUKAnny BO30yKACHHBIX TIa3MOHHBIX
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Puc. 2. CiexTpsl ceueHns MOMIOMECHNUS (KpacHasi KpUBasi), CEUEHHs SIKCTHHKIMH (CHHUE TOYKH), CEUYCHUS] 0OPaTHOTO PacCcesHus
(uepHast KpUBas) U CEUSHUs MPSIMOTO paccesiHus (3ejIeHasi KpuBasi) Uil IPSIMOYTOJbHHKA ¢ pazMepaM w = 1 MkM, [ = 2 MKM.
JIByMepHBIH ra3 ONUChIBaeTCS MPOBOAUMOCTBIO JIpyze co cieyonmmu apaMmeTpaMu: BpeMst peIakCalliy HMITyJIbca JIEKTPOHa
1 nc, xourentparus smexrporoB 2 - 10 em™? u sddexruBras macca snexrpona 0.067. BeKTOp 3MEKTPHUCCKOTO MO
Najaroleil BOJHBI HAalpaBJIeH Mo yrioM 45 rpaaycoB oTHOCUTeNbHO ocu OX (LBET OHJIANH)

Fig. 2. Spectra of the absorption cross section (red curve), extinction cross section (blue dots), backscattering cross section
(black curve) and forward scattering cross section (green curve) for a rectangle with dimensions w = 1 um, [ = 2 um.
A two-dimensional gas is described by Drude conductivity with the following parameters: electron momentum relaxation time
1 ps, electron concentration 2 - 10" ecm™2 and effective electron mass 0.067. The electric field vector of the incident wave is
directed at an angle of 45 degrees relative to the OX axis (color online)

MOJ] MOKHO HCIIOJIB30BaTh MOJEIb PE30HATOPA € UACATBHO OTPAXKAIOUIMMU rpaHullaMu. B Takoit Moaenu
BOJIHOBOM BEKTOP ILIA3MOHHOM MOJIBI Oy/IeT HMETh JIMCKPETHBIE 3HAYCHUS ¢ = 4 /q2 + qg ,THE @y = =D —
10 HAMpaBIEHUIO T U Gy = Tp1 — MO HANPABIEHUIO Y, P U p1 — Helble yncia. CrenoBaresbHo, Kak 1ok
IIa3MOHHOI MOJIe B MPSIMOYTOJIbHIKE MOXHO MPHIHCATh [Ba HHAEKCA (P, P1).

s unenTuduKauu MOA TMOCTPOCHBI MTHOBEHHEIE pacIpenelieHus IUIOTHOCTH 3apsna, OcC-
LWJUTUPYIOLIETO B NMPSMOYTOJBHUKE C IBYMEPHBIM ra3oM. JlJis 3TOT0 C UCIHOJb30BAHUEM YpPaBHEHUS

HEIPEPLIBHOCTH BBIYMCIICHO PACIIPCACICHUEC JIMHCHHON TJIOTHOCTH 3apsaia AJid mjIa3MOHHOIO pe30HaHCa
B IIPAMOYTOJIBHUKE C IBYMEPHBIM Ira30M:

_ (9 Oy
p= w<8x+8y . (11)

[ocTpoens! pacnpenenaeHus IIOTHOCTH 3aps/ia Ha 4acToTax Iia3MoHHoro pezonanca 0.4009 TI'n,
0.7342 TI'm, 0.9675 TI'm u 1.551 TI'm (puc. 3), KOTOpBIE MTO3BOJISIOT CIIETATh BRIBOJLI O CTPYKTYpPE
TUTa3MOHHBIX MOJ M WACHTU(GHUIIMPOBATH UX C MOMOIIBI0 MOJEIH TUCKPETU3AIMH BOJHOBOTO YHCIIA.
[Tnasmony Ha wyactore 0.4009 TI'1r coorBercTBYIOT HHAEKCH (0,1), Ha wactore 0.7342 TI'm — (1,0),
Ha yacrote 0.9675 TI'm — (2,1), a Ha yactote 1.551 Tl — (1,2). Jlorapudgmuueckuii rpaguk CIEKTPOB
SKCTUHKI[MH M MOTIOLICHHUS MOKA3bIBAET, YTO B MPAMOYTOJIbHUKE Harbosee 3)PEKTUBHO BO30YKIAOTCS
byHIaMeHTaNbHbIe M1a3MOHHbBIe MOjbI ¢ uHAekcamu (0,1) u (1,0), Torma kak ajst BRICIIMX MIa3MOHHBIX
PE30HAHCOB CEUCHHE IKCTUHKIIUY MAJIacT Ha MOPsIOK u Ooniee. Ha puc. 3 BUIHO CUIBHOE HAKOILICHUE 3a-
psia Ha Kpasx MPSMOYTOJbHHUKA, YTO CYIIECTBEHHO BIMSCT HA PE30HAHCHBIC YACTOTHI MIIA3MOHHBIX MOJT
M0 CPaBHEHMIO C YACTOTAMH, MTPEICKA3bIBAEMBIMH YIIPOIIICHHBIMU MOJIENIAMU. Takoe HAaKOIUICHHE 3apsijia
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Puc. 3. Pacnpenenenne mIOTHOCTH 3apsjia B INIOCKOCTH NMPSIMOYTOJIBHHKA C JIByMEPHBIM 3JIEKTPOHHBIM Ta30M B IIA3MOHHBIX
pe30oHaHcaX, COOTBETCTBYIOIIMX pe3oHaHcaMm Ha puc. 1 Ha dactotax 0.4009 TI'm (a), 0.7342 TI'u (b), 0.9675 TI'm (c)
u 1.551 TT'u (d) (uBet oHyaiiH)

Fig. 3. Charge density distribution in the plane of a rectangle with a two-dimensional electron gas in plasmon resonances
corresponding to resonances in Fig. 1 at frequencies of 0.4009 THz (a), 0.7342 THz (b), 0.9675 THz (¢) and 1.551 THz (d)
(color online)

CBSI3aHO C YBEJIIMYEHUEM 3JIEKTPHUUECKOTO MOl Ha TPaHUIaX MPSIMOYTOJIbHUKA C IBYMEPHBIM 3JIEKTPOH-
HBIM Ta30M W MPHUBOIUT K 3HAYUTEIHLHOMY BBIXOY TIOJIS 38 TPAHUIIBI MIPSIMOYTOJIBHNKA, YTO YMEHBIIAET
PE30HAaHCHBIE YaCTOTHI BO30YKACHHUS IJIa3MOHHBIX MOJl. PazpaboTaHHbIi anropuTM no3sonser Oonee
TOYHO TIPEACKa3bIBaTh 3JEKTPOMArHUTHBIE CBOWCTBA MPSMOYTOJBHUKA C JIBYMEPHBIM 3JIEKTPOHHBIM
ra3oM 10 CPaBHEHHIO C KOMMEPUECKUMH ITPOrpaMMaMH, OCHOBAaHHBIMH Ha METOJZI€ KOHEUHBIX 3JIEMEHTOB,
IIOCKOJIBKY HE TpeOyeT IOMELIEHHs UCCIIEAYeMOI cucTeMbl B 001acTh pemieHus. M, cienoBareibHoO,
MOJIBI 00IaCTH PELICHUS. HE NOAMELIMBAIOTCA K MCTUHHBIM PELICHUSM pPacCMaTpUBacMOil CHCTEMBI.
[IpenoskeHHbII aIropUTM MO3BOJISIET UCCIIE0BAaTh MHOTOCIIONHbIE TPEXMEpHbIE CTPYKTYPHI U peIlaTh
3a/la4d ¢ MPOCTPAHCTBEHHOW AHCIIEPCHEN B JBYMEPHOM JJIEKTPOHHOM Ta3e, HE pelIacMble METOJaMHU
KOHEYHBIX 3JIEMEHTOB.
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3akiaoueHue

Takum oOpa3zoM, B AaHHOW paboTe pa3paboTaH ajJrOpUTM pacueTa TOKOB, HaBEAECHHBIX JJICK-

TPOMAarHUTHOW BOJIHOH B MPSIMOYTOJIBHHMKE C JABYMEPHBIM 3JEKTPOHHBIM razoMm. HaiineHsl ycinoBus
CXOAMMOCTH aJITOPUTMA U IIPOBEACHO CPaBHEHUE €ro OBICTPOACHCTBHS B CPAaBHEHUH C aHAJIOTMYHBIM
aJTOPUTMOM /Il BBIYMCIICHHUS IIJIa3MOHHBIX CBOMCTB B IBYMEPHOM IIOCTAHOBKE 3aJa4u. PaccunuTaHbl
CEYEHUs MONIOIIEHNUS U SKCTUHKIUH, a TaKXKe MPOCTPAHCTBEHHBIE PACIIPEEICHUS IIIOTHOCTHU 3apsaaa
B IJJa3MOHHBIX pe30HAHCax. YCTaHOBIICHO, YTO Majaromas BojJHa Haubosee 3ppekTuBHO BO30YyKaaeT
¢dbyHIaMeHTanpHble M1a3MoHHbIe Moabl ¢ uHAekcamu (0,1) u (1,0). IlnasmMoHHBIE MOIBI AEMOHCTPUPYIOT
CUJIbHOE HAKOIUICHUE 3apsiia Ha KPasX IPSIMOYTOJIBHUKA, YTO CYIIECTBEHHO BIUSET HA PE30HAHCHBIE
9acTOTHI BO30YKIEHHS TUIA3MOHHBIX MO/,
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