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JlokanuszoBaHHbIe NNa3MOHbI B npoepogalinx HaHo4YactTuyax.
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lMoctynuno B Pegakunio 16 gexkabps 2024 r.
B okonvarenbHoli pegakuun 16 gekabps 2024 r.
MpunsTo k nybrvkauum 16 gekabps 2024 r.

Ha ocHoBe KilaccHuecKoro 3JICKTPOAMHAMUYCCKOTO TOAXOAa W MPUOJIDKCHHOTO MOIXOda Ha OCHOBE METOJa
MIOBEPXHOCTHOI'O IJIA3MOHHOT'O PE30HAaHCa PacCMOTPEHBI JIOKAJIM30BAaHHBIC IJIA3MOHBI B MaJIbIX METAJUIMYECKUX U
npoBomamux vacti@ax. [lokasaHo, 9To MpHOIKEHHBIH MOAXOR JaeT XOPOIIYI0 TOYHOCTh B CIIydae MaJIbIX YacTHI]
C pa3MepaMy IOpsIKa HECKOJIBKAX HAHOMETPOB. Takike NMpHUBEICHBI PE3y/IbTaThl HA OCHOBE KBA3HCTaTHYECKOTO
UHTErPaJIbHOTO ypaBHEHMS [UIA MOBEPXHOCTHOI IUIOTHOCTH 3apsAfa U NpUOJIMKCHHbIE aHAIUTHYECKUE PE3YsIbTaThl

IJII PE3OHAHCHBIX YaCTOT.

KinroueBbie c10Ba: JIOKaIM30BaHHbIC IUIa3MOHBI, TIOBEPXHOCTHAsI IIPOBOANMOCTD, rpa(beH, (bynnepeHLI, HHTErpaJib-

HBIC YPaBHEHUS, TIOBEPXHOCTHBII IUTA3MOHHBIN PE30HAHC.

DOL: 10.61011/JTE2025.05.60276.438-24
BeepeHue

JTokamsoBanuble miasMossl (JIIT) — 3T0 3sieKTpoMar-
HHUTHbIE KOJIEOaHHs 3JIEKTPOHHOMU IJ1a3Mbl MaJIbIX METAJUIU-
YECKHMX M IOJIyIPOBOIHHUKOBBIX YAaCTHL], JIOKAJIM30BAHHbLIE B
UX MaJibIX o0beMax. Takue 4acTULIBI Ha3bIBAIOT HAHOKJIACTE-
paMy, KBaHTOBBIMU TOYKaMM, METaaTOMaMM, KBAaHTOBBLIMU
AIUKaMH, KOIla pa3sMepbl TaKoro ,AIMHUKa“ CTaHOBATCA
HOpAIKA [ECATKOB HAHOMETPOB U MeHee. IlockosbKy nBU-
’KEHME YacTHIl IUIa3Mbl OTPaHUYEHO 110 TPEM HU3MEPEHUSAM,
Takue OOBEKTHI Ha3bIBAIOT HyabMepHbIMU (0D), B oTsmdme
oT 1D-00beKTOB — KBAaHTOBBIX HHUTEH WM MPOBOJIOK, 2D-
00beKTOB — JByMepHOro sjekrponHoro rasa (2DEG),
HampuMmep, B BHAE TIpadeHa, TOHKMX IPOBONAIMX ILIE-
HOK M T.IL, a Tarkke 3D-makpooObexToB. OnHako ecym
KBaHTOBasi HUTb OIPaHMYEHAa IO [JIMHE, €€ TOXKE MOXKHO
paccmarpuBath Kak Hocutenb JIII. Ilpumep — yriieponHas
HaHotpy6ka (YHT) KoHe4HOIl AJIMHBI, OrPaHUYEHHbIE B IBYX
HampasyieHusix ¢parmenTsl rpadena u T.o. JIII mwmpoxo
UCHONB3YIOTCA B MEIMIMHE, MEIULUHCKOH (U3MKe H B
¢u3MKe B 11€J0M JJIs B3aUMONEHCTBHSA C JIA3EPHBIMM ITyY-
kamu, Hanpumep, JIIT B 30510ThIX yacTHLAX, B QysuiepeHax
u YHT [1-5]. TIpoBoasimue HaHOYACTULBI (HAHOKIIACTEPHI)
UMEIOT CXOACTBO C MOJIEKYJIOH, CoflepKalleil MHOI'O aTOMOB,
KOTOpPBIC MMEIOT OOIIME 3JICKTPOHBI MPOBOXMMOCTH [5-8].
Hexkuit XapakTepHBId pasMep (paamyc) TAakMX KJIacTCpOB
MoXeT m3MeHsiThesi oT 1nm (¢dyswiepenst C28, C60) mo
JECATKOB U Jlayke COTeH HaHOMETPOB. B yacTHOCTH, aTOMBI
B TaKUX KJIacTepax MOTYT pacloJlaraTbcs Ha IOBEPXHOCTAX
(bymnepens, YHT, rpaden), a takxke B obbeMe (MeTas-
Jmyeckue HaHodyacTunbl). CTPOrHil MOXXOX HPU peIICHHH
3a/lauyd O B3aMMOJEUCTBUM YaCTHI[ pa3Mepa nopsaka 1nm
(MeTaaToMOB) C 3JIEKTPOMArHMTHOW BOJIHOM ((OTOMOHH-
3aumsi) TpeOyeT pelIeHHMsi KBaHTOBOH 3ajadd Ul ypas-
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uennsi Mlpenuarepa (YII) ¢ BBeneHmeM B raMmIbTOHHAH
BEKTOP-NIOTeHIMaa BoJHbEL OIHAKO €C/Id paccMaTpUBAIOTCS
BO30Y/IE€HHsI C 4aCTOTAMU HE BBHIIIE ONTHYECKHUX, BIIOJIHE
MOKHO HCIIOJIb30BaTh KJIACCUYECKUI MOAXO[. DTOT MOIXO[
JOCTAaTOYHO TOYEH AJIS IIPOBOAAIIMX YacCTHUL] C pasMepamu
nopsimka 10nm  (HampuMep, 30J0THIX HAHOYACTHL), IO-
CKOJIbKY 4acToThl Bo3HMKaromux JIIT jiexar B onrudeckom
nuanasone [1-3] B o6siacTi MOBEPXHOCTHOIO MJIA3MOHHOTO
pesonanca (ITIIP). ®ymnepenst 1 YHT MokHO onmchiBaTh
KaK IpOBOAIIME 000I09KK. UHCI0 aTOMOB MOMKET Bapbu-
posatbesi oT gecatkos (dysurepenst C20, C28, C60) no
coten Thicsd (3.56 - 103 11 MEHON HAHOYACTHIIBI PaMyca
r = 10nm). PaccmaTpuBaeMble HaHOKJIAacTEphl MONMEPIKH-
BaroT JIII — konebanusa ¢ KOMIUIEKCHBIMHM PE30HAHCHBIMHU
vactotamu [1-8]. O6bIYHO TpeOyeTCst CONpsTdb PE3OHAHCHBIE
YacTOThl 3TUX YAaCTHIl C YaCTOTaMM JIa3€pPOB, IO3TOMY HX
onpenenenne HeodxomuMmo. Ilocae Bo30yxaeHUsA KOPOTKAM
Jla3epHbIM uMITyJIbcoM Kosebanust B JIII 3aryxaorT Tem
MeUIeHHee, YeM Oosbiie moOpOoTHOCTh. 3amada O BO30YkK-
JE€HUU IapPOBOM YaCTHIILI NAETCS KJIACCUYECKUM PEIEHUEM
My, xoTopoe NPUTOfHO KaK [JIf AUDJIEKTPUYECKOH, Tak U
U1 MeTajummdeckoll vyactunpl. st ¢y/uiepeHOB HOAXOH,
OCHOBAaHHBEIA Ha BBEIEHHUH IIPOBOAMMOCTU OOOJIOYKH, pac-
cmotpeH B [9]. Kpome sseKTpogMHAMHUYECKUX IOIXOMOB
4acTO UCIMOJIb3YIOT METOAbl KBAHTOBOM XMMMU, Ha KOTOPBIX
OCHOBaHbI CTaHAAPTHBIE aKeThl IporpamMM Tuna Gaussian 9.
TaxyuMy MeTOJaMH MOYKHO IIOJIy4UTb CIEKTP HU3KOYacTOT-
HBIX KOJIeOaHUI U BO3OYKIEHUH KPUCTAIUIMYECKOH peleTKu
KJIacTepa.

1. KBaHTOBOE paccMoTpeHue

PaccmarpuBass dvacTuily B BHAE NapasulesienuIena
dyx,dy,d; KaKk OECKOHEYHO TIyOOKMH TpeXMepHbIA KBaH-
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toBeit simmk (KfA), wm kBamToByro smy (KfA), mmeem
BOJIHOBYIO (yHKIHIO (BD)

Vuonyn, = Anonyn, Sin(ny1x /ay) sin(nyawy /ay) sin(n. 1z /a )
Y yPOBHH SHEPIUH

Eynn. = (h)*[(nc/a.)* + (ny/ay)? + (n./a.)?]/2me.
(1)
3nece m, — Macca ajekTpoHa. B xybmueckom KA npu
pasMepe 1 nm nosryynM MuHUMasIbHYIO 3Hepruto 0.37eV u
MPUMEPHO TaKHe XKE PACCTOSHHS MEXIY HHU3LIIAMH YpPOB-
Hamu. [Ipm pasmepe 4nm yxe Oymer sHeprusi 0.023 eV,
T.e. ke MeHblIe kg7 IIpu KOMHATHOH TemmepaType. B Ta-
koM KfI ¢ koHedyHO#t BBICOTOH CTEHOK (IOpsiika paGoTHI
Beixoma (PB) u3 meraiia) ypoBHE#l MHOro, W OHH pa3-
MBIBAIOTCSI 33 CYET TEIUIOBBIX (PIIyKTyalwid, oOpasysi 30HY
uposogumoctd (3IT) ot mynst 31T go sHepruun @epmu (D).
B sTOoM cityyae u pu OoJIbIIMX pa3sMepax MOYKHO UCIIOJIBb30-
BaTh KJIaccuyeckuii monxon. B [2] kpurepuii ero ucmosb3o-
BaHMsl 0OO3HAYCH KaK KJIACTEP C HECKOJBKUMH NECATKaMU
aToMoB. Ero MoxHO cumTaTth BecbMa jkecTKUM. OIHAKO
yxe mpu 1000 aromoB (pasmep kiactepa mopsiika 1nm)
peasibHOe PacCTOsHIE MEeXIy ypoBHAMHU nopsiaka 0.1 eV mis
MetaiwioB ¢ PB 3—5¢eV, T.e. 3TOT pasmep MOXHO CUMTaTh
rpaHuIeil TPIMEHUMOCTH KJIaCCHYecKoro mopxona. B kia-
crepe ¢ pasmepoM 10nm umc0 aTOMOB yike mopsiaka 10°.
Tak, nna omHomepHoit KA rimy6unsl 13.7eV u TOmmuHb
t =0.34nm (2DEG B rpadeHe) mHosgydaeM [Ba YPOBHS
u3 crpororo ypaBHenusi [10] E; = 1.77eV u E; = 6.7¢V
BMecTo 3.466 eV 1 13.86 eV s 6eckoneuno riry6okoit KA.
IMostomy orenku tumna (1) 3aBbimeHHble. B kadectBe mpu-
Mepa KBaHTOBOTO IMomxona paccMoTpuM chepmaeckmii KA
pamuycarocV(r) =0,r > rouV(r) = —Vo, r < ro. 3necp
OTCYET SHEPruu UAET OT CBOOOTHOIO COCTOSIHUSA 3JICKTPOHA.
XapaKkTepUCTUUECKOE YpeaBHEHUE I HU3IIEH 3HEPruu ¢
HyJIeBbIM MOMeHTOM umiyibea (I = 0) nmeer Bup [10]:

cot(roy/2me (Vo — |E|)/h) = —/|E|/ (Vo — E[),  (2)

IIPUYEM YPOBHH BO3HHKAaIOT, Korma riayomHa KA Gosbrme
MHHUMAJIBHOI: Vo > Vinin = (h/ro)?/(8m,). Tlpu riry6une
4.7eV (cepeOpsiHBI MIAPHK) €ro pajguyc HOJDKCH YHOBJIC-
TBOPSITH YCJIOBHIO 1o > 7Th/+/ (8M,Vmin) = 0.141 nm. B Go-
Jiee MaJloil YacTHIe NMPW OaHHOM MOTCHIMAJIC YPOBHU HE
BO3HMKAIOT. JTO O3HAYaeT, YTO TAaKyl0 YacTUILy CIJIEyeT
paccMaTpHBaTh Kak IOJIHOCTBIO KBaHTOBBIA OOBEKT, T. €. pac-
CMaTpUBATh 3JIEKTPOHBI B IIOJIE BCEX aTOMOB, a HMPUOIMIKe-
Hue KA nve mpmmenmmo. IlIpn Takom paccMoTpeHNH BO3HU-
KaloT MpONOpLUOHaIbHbe —Ze2/|r — 1,,| moTeHIMabl OT-
HeJIbHBIX aTOMOB C KOOPAMHATAMHU I, ¥ 3ajladya CTaHOBUTCS
cyry6o kBantoBoil. Takue 3amaun To4HO He pernatorcst [10].
YmoOHBIM TOIXOMOM [Tl MX PEIICHHS SABJICTCS TEOPHs
¢ynxponana wiotHoct [11]. B Heit MoxHO ydecTh Bce
BKJIaibl B KUHETHYECKYIO U MOTEHIMAJIbHYIO HEPIUH, CBS-
3aHHBIE C paclpeneseHHeM JIEKTPOHOB C 3aJaHHOH IJIOT-
HOCTBIO, a TAK)KE YPOBHH SHEPrvU U MOTCHINAJ HOHU3AIUH
(paboty Bbixoma). Mbl paccMarpuBaeM KBAaHTOBBIC MOIEIA

IUISL OIIPEIeSICHUs] TPAHUIIBL, KOIIa MOXKHO IIPUMEHSATD KJlac-
cHYecKMid nonxofl. B Gosiee KpynHOi 4acTulle ¢ pasMepoM
nopanka 1 nm u Gosiee ypoBHE MHOTO, 1 MOKHO paccMaT-
puBaTh ee kak Kfl, umm paxe Kiaaccuuecku Kak oObeM ¢
JJICKTPOHHOU IUIA3MOM M IUAJICKTPUYECKOM IPOHMIIAEMO-
cteio (JIM) e(w) = er(w)—wi/(w*—ivw,). 3nech nepsbiii
wieH JlopeHleB, a BTOpOH COOTBETCTBYET 3JIEKTPOHHOM
BocnpuumuuBocTd 1o [pyne. B obmeM ciydae Haauuus
opburabHoro MomeHTa (I # 0) YIII muist paguaibHOil yacTu
B® umeer Bun [12,13]:

LR +20,R/r + [2m.(E + Vo)/1h* — (I + 1)/r*]R = 0,
(3)
rme Bue KA Vo =0. O6Gosnavast xo = +/2m.(Vo—|E|)/h

u Kk =iy/2m,|E|/h, a Taxxe BBOmS cepudeckue QyHKIHN
beccens

wm (k}") -
&7 (kr) =

uMeeM [T penieHust ypasHenust (3): R = Ay (kor) BHyTpH
u R = B4 (|x|r) Bue KA. Orciona Ay (koro) = B&(ikrg) u
Akoy] (koro) = Bi|k|&/ (i|k|ro), T.e. IMeeM XapaKTepUCTHYC-
CKOE YpaBHEHHUE JIJIsL ONPE/IEICHUs] YPOBHER

Koy (Koro) _ |kc|&] (i]k|ro)

Yi(Koro) & (ilx|ro)

rae cepudeckue GyHKIMM BTOPOro poxa & BBIPaXKaoTCs
4yepe3 ¢yHkuuyn MaknoHasabaa. YpoBHH 1Uist (4) He 3aBUCAT
OT KBaHTOBOrO dumcjia [ (BBIPOXKICHBE). MHUHIMATBHOMY
OTpHLIATESIBHOMY YpPOBHIO cooTBeTcTBYeT / = 0 M ypaBHe-
Hue (2). PaccMOTpUM MeETaJUIMYECKyl0 4acTHIy B (opme
LWIMHApa paguyca ro U BeicoThl h. YIII umeet Bun

ﬂ/(Zkr) Jm+1/2(kr),
w/(2kr) H'Y o (kr),

(4)

|2m(E—Vo)/ W2 4+p 8,405, +p 205,405 % (0. @, 2)=0.
(5)
Pemenue BHYTpPH HIIEM B BUJIC

Y0, @, 2) = R(0)H(z) exp(img).
Merton pas/ie/ieHust IEPEMEHHBIX aeT

[(2m.(E — Vo)/1* — m*p~*)R(p) +p'R'(p)
+R"(0)]/R(p) = —[ZI((ZZ)) = %-

Pewenne nmeer Bup
H(z) = A, cos(nmz /h) + B, sin(nmz /h),
Aon = h/ (‘ﬂn)’ Rimn (p) =CunJm (Kn p)

OHo paspenseTcd Ha YeTHOE M He4eTHoe N0 z. PyHKIMIO
Heitmana Mer oTOpocrum n3-3a ee ocoberHoct. Yetnas B
UMeeT BH

IP(P, P, Z) = Amcmn Jm(Kn /0) COS(” ”Z/h) eXp(l'm(P),

n = \/2me(E — Vo) /12 — (na/h)2.
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Opnnako ee Heyp3s compsiub ¢ BO Bo BHemHei# obiacty,
IIOCKOJIbKY TaM pasfiesieHue IEPEMEHHBIX Y)Ke HCI0JIb30BaTh
HeJb3s, U 3amava o Takod Kfl He mmeeT aHasmTuyeckoro
pemenua. 3 YIII cnenyer ¢yHKIMOHAN OIS ONpenesieHus
SHEPIUM:

() (Vo + h2V2/2m, )V(r)d®r
E=- TU (U dr - ©

OH ompenensieT TOuHBIE YpoBHU. B HeM ciemyer mHTErpH-
poBatb ¢ TouHoi B® mo BceMy mpoctpancTtBy. BO skcno-
HEeHIMaJbHO YyObIBaeT mpu ynajieHuu oT KA. Mul coemaem
HeOobIIyI0 OMUOKY, ecid BMecTo TouHoil BP BospMem
ee 3HaueHue B fAMe. DTO 3HAYECHHE MOXKHO PAa3JIOKUTh IO
HailineHHbIM (yHKIAM. Harmpumep, muia vetHoit BO nmeem
pasjioKeHne

W(r) = ACon Tk p) cos(nz /h) exp(ime).  (7)

m,n

IMoncrasuB ero B (6) M MPUPaBHSB HY/IIO IIPOU3BOIHbIC 10
HEU3BECTHBIM KO3(duireHTaM, NOoIydyuM XapaKTepUCTHYe-
CKO€ ypaBHCHHE B BHJIC PaBEHCTBA HYJIIO ONpENeNTes,
U3 KOTOPOr0 MOKHO Ha#TH BCE OTPHIATEJIbHBIC YPOBHU
SHEPruH, COOTBeTCTByomue 4eTHOd B®. Taxxke kak u
1 cheprdecKoil 9acTHLIBI, 3[€Ch UMEETC KPUTEPUil: 1Jis
MIPUMEHEHHS] KJIaCCUYECKOTO MOIX0MA: 1o ¥ /i IOJDKHBI OBITH
6onee 1nm. B pesynprare npu HCNONB30BaHUM LIECTU
Gasucubix Qyskimit B (7) mus cepeOpsiHO 4YacTHIBL C
ro = h/2 = 1 nm nonyvaem 3HaueHne E; = —0.186 eV.

KBanToBOE pemenne 3agaqn MO3BOIISIET ITOJTyYUTh YPOBHI
sHeprun E,. Ilpu BospeiicTBMM Ha 4YacTHIly 3JIEKTpoMar-
HUTHOTO TOJI1 B CHIJIy €€ MaJlOCTH MO)KHO IIpeHeOpedb
MIPOCTPAHCTBEHHBIM pACIIPECIICHUEM MO Ha YacTHIE U
6patb ero B Buzie E = Ej exp(iwt). [Tone He cTrporo rapmo-
HUYeCKoe (MMEET CIIEKTP OKOJIO YaCTOTH @), T.€. HAYMHAET
ACUCTBOBaTb B HEKUII MOMEHT BPEMEHHM ! = f( U 3aKaH4H-
BaeTcd B MoMeHT 1. Kpome Toro, Ha 4acTuily AEHCTBYIOT
TEIUIOBbIE U [Jpyrue IOoJsd, MO3TOMY Ul BO30YKIEHHOIO
KojieOaHNsI MOTYT HMMETb MECTO CIIOHTAaHHBIC IIEPEXOJIBL.
i ompenesicHUs] BEPOSTHOCTH 3aCEJICHHOCTH YpPOBHEH
Ha MOMEHT 7T HCHOJB3yIoT Teopuio Boamemenuid [10,12],
IJI 4ero HEOOXOAMMO BBIYUCJIATD MaTPUYHBIE 3JIEMEHTHI
BO3MyIICHHIT KBaHTOBOW MexaHuku [10,12]. Bce BO3MOXKHBIE
PpaspelieHHbIe IEPEXOIbl OMPEIEISIIOT CIIEKTP YacToT (KoJte-
0aHMil) IACTHIIBL

2. Knaccuueckoe paccMoTpeHue —
aneKTpognHammn4veckas
nocrtaHoBKa 3agaviu

B xmaccmdeckoM IOgXome HWHTEpPECHA Kak 3amada o
BO30OyneHnu 3agaHHbiM moseM E;,(r) = Eg exp(iwr—ikr)
C 3aBHCHMOCTBIO OT BpeMeHH exp(iwf), Tak M 3ajgada
0 COOCTBEHHBIX KOJIEOaHMSIX, KOTJa HIIYTCH KOMIUICKCHBIE
9acTOTHl Wy, = W, + iw/,. B HacTosimieit pabore paccmoTpe-

Ha Bropas 3amada. O6buHO n0GpoTHOCTH Q) = W), /(2W!)
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TaKuX KosieOaHWi HeBesmKd. B 3amade o Bo3OysknmeHHn mpu
MaJIbIX pa3Mepax 3aBHCUMOCTBIO exp(—ikr) Takxe MOK-
HO mpeHeOpeuyb. OOHAKO YacTHLIa MOXET OBITh HOBOJIBHO
OOJIBIION, WM HAXOMUTCSI B IUIOTHOU Cpefie, Iie BOJIHOBOM
BekTop k mo Monymo cymecTBeHHO Oousblie kg = w/c.
Ha ocnoBe pemreHust 3amaun 0 BO3OYKHACHMHM MOXHO BBI-
YHUCJIUTh [UMOJBHBIE MOMEHT YacTHIBI M MOJIAPU3AIMIO
eMHUIBI 00beMa C TAKUMH YaCTHIAMH, T.e. 3p(PeKTUBHYIO
HI1. TTpuHiMmuanbHO OHA 3aBHCUT KaK O YacTOTBHL, TaKk U
ot k, a Taxke u (hOpMBI YACTHIIBL, T. €. ABJIICTCS TCH3OPHOU
U ompenenseT MPOCTPAHCTBEHHYIO aucrnepcuioo. B ciydae
IUIOTHOM Cpelbl M3 TakuX dYacTurl mpu ompenernenun 11
CJIElYeT y4acTb BHyTpeHHee 1oJe [14].

BexTop-noTeHnuman paccessHHOro Uil COOCTBEHHOTO MOJIs
AMeeT BHJI

A(r) = /G(r — 1, ko)J(X)d*r, (8)
v

rie o6osHauena Gpynxuus [puna (®T) G(r, ko) = (4a|r|)~!
x exp(—ikol|r|). onst u3 (8) BBIpaXKarOTCs KaK

E(r) = Ei(r) + (iko) 'no(k§A(r) + V@ VA(r)), (9)

H(r) = H;,(r) + V x A(r), (10)
e 1o = +/Mo/€0 ¥ BBEOCHB BO30YKAIOLME OIS
B (8) BXogMT  IUIOTHOCTD  TOKa  MOJISIPU3ALIUM

J(r) =iwey(e(r)—1)E(r) B obbeme wacTuisl V. Otn
YPaBHEHHUS TIO3BOJIIIOT C(OPMYJIMPOBATh HECKOJIBKO BUIOB
00beMHBIX MHTErpasibHbIX ypaBHeHuit (MY) u urTErpomud-
¢epenumanpaex ypasuenumit (MIY) kax mis 3apad paccest-
HUSI, TaK M 33789 O CBOOOMHBIX (COOCTBEHHBIX) KOyieGaHMit
B MPOM3BOJIbHBIX HaHovacTunax [15]. B Hacrosimeii pabore
OymeM paccMmaTpuBaTh CBOOONHBIE KOJIeOaHWSI B OIHOPOM-
HBIX METa/UTMYeCKUX HaHOYacTulax, omucbiBacmbie III B
dopme [pyne—Jloperna ¢(w) = er(w)—w3 /(0*—iww,),
a TaKXke B YIVIEPOOHBIX HaHokJacTepax. Tepm Jlopenma
er B UK m onrmdeckoM nmama3oHaX MOXKHO CUYHTATh
MOCTOSHHBIM M TOJIOKMUTEIbHBIM.  Tak, 1A  cepebpa
e, = 9.3, mwiasmennas wacrora (IMY) wp = 1.57-10'°,
a wactota croikHosennit (YC) . = 3.46-1013 Hz.
CoOOTBETCTBEHHO NPOBOAUMOCTb cepebpa Ha MOCTOSTHHOM
TOKE paBHA 0y = w&y/w, = 6.29 - 107, a peanbHas yacTb
I &'(w) =0 na wactore @ = 5.148-10" Hz. anee
yacto YC Oynem nonarate paBHOI HYIIO, T. €. TpeHEOperaTh
AUCCHUMAIMEH M YYUTHIBATH TOJIBKO PaJHALIOHHBIC MOTEPU.
B ciydae ¢ymnepenoB u YHT (8) cienyer paccmarpuBarh
KaK HMHTErpajd Mo HX IOBEPXHOCTH OT IIOBEPXHOCTHOM
IUTOTHOCTH TOKa j(®) = 0 (w)E; (w), npn 3TOM yHeIbHYIO
(o6bemHyl0)  mpoBomMMOCTh  iweg(e(r—1))  crmemyer
3aMCHUTh Ha MOBEPXHOCTHYIO ¢, 4TO O3HadaeT WY s
HOBEPXHOCTHOTO 3J1eKTpuyeckoro noisi E; (w) uam nmosepx-
HOCTHO¥ IUIOTHOCTH ToKa j(w). Wcnonp3oBanne Y u UV
HPUBOIUT K JOCTATOYHO CJIOXKHBIM M HESIBHBIM aJITOPHTMAM.

B Hacrosdmeit paboTe Mbl CpaBHHBacM OCHOBAHHBIH Ha
ypaBHeHn# (8) ¢ npumenennem MY u MUY crporuit noxxon
¢ NMPUOIMKEHHBIM MOAXOIOM, 6a3UPYIOIUMCS Ha PaccMOT-
pernn nosepxHocTHbIX wiasmonoB (I1IT) ¢ TTIIP. Yacrora
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IIIIP ompenmensercd KaK sy, = \/ 0}/ (1+¢e)—w2/4
u npu manoil YC w. paBHa w,, = wp = wp/y/1+ €L
Takoe mpHOJIIKEHNE MMO3BOJISICT MOTYYaTh MPOCTHIC SIBHBIC
GopMyJIBl ISI  PE30HAHCHBIX 4acTOT. [IpHOJKeHHbI
HOIXO ISl MPOBOMSIIUX OGOJIOYEK MOMKET OBITh OCHOBaH
Ha TOM, 9YTO HMEIOTCSI yPaBHEHHUS ISl MOBEPXHOCTHBIX
E-nasmMoHoB kg = kgy/1-4/¢%(w) u  H-IU1a3MOHOB
ky = koy/1-&2(w)/4, tne &(w) = o (w)v/to/€0 — HOPMHE-
pOBaHHAsi MOBEPXHOCTHAsl MPOBOAMMOCTH 00osouku [16].
OTH ypaBHCHHsI CTPOrO CIPABEMJIMBBL IMPU TOCTATOYHO
OOJIBIIMX PaaMycaX KPHBU3HBI (I IUIOCKUX MPOBOMISIIINX
HoBepxHOCTei Trna rpadeHa). Jlanee BBeICHBI IOCTOSHHbIC
pacrpocTpaHeHusi k, BIOJb HEKOW 3aMKHYTOM AYrH s C
HepuMeTpoM L; Ha MOBEPXHOCTH. B cmily 3aMKHYTOCTH

uMeeM ypaBHeHWa kL; =2km, k=1,2,..., wm
wy\/1-4/&%(w) = 2knc/L;, w+\/1-£*(w)/4 = 2kac/L,,
k=1,2,.... OHH U ompeneAl0T PE30HAHCHBIC YCJIOBHS.

Hna ¢ymnepena C60 umeeM Ly = 2.25nm, T.e. Jaxe Opu
3amensieHuAx nopsaaka 100 Bo3MOXHBbIE MUHHMMAJIbHBIE Ya-
CTOTHI JIeKaT B Y nuamnasone, rie 0ObIYHAsT IIOBEPXHOCTHAS
MPOBOIUMOCTD TepsieT cMbIcil. OnHako npu YO vacrorax ¢
KBaHTaMu Oojiee 3 eV Bce aTOMBI yrjiepoa MOHU3UPYIOTCH,
T.e. NpH BO3[EHCTBUU ecTKkoro Y® smazepa 000I0YKY
¢ysiepeHa MOXKHO paccMaTpUBaTh Kak IJIa3My, B KOTOPOU
KaKJIBIi aTOM OTHAeT B HEe YeThIPC BAJICHTHBIX WJIM JIaXKe
BCE IIECTh 3JICKTPOHOB. Takass 000JI0YKa ONMHCHIBACTCS KAk
2DEG [9]. Bosiee HU3KOYaCTOTHBIE CIIEKTPBI COOTBETCTBYIOT
¢ymiepeHaM ¢ OOJBIIMMU paguycaMH M YUCJIaMH aTOMOB.
Ipu pamuyce r chephl C TOBEPXHOCTBIO S = 4mrr?
I TIOBEPXHOCTHOHM  IUIOTHOCTH  aTOMOB  yIJIepona
ng =3.82-10m~2 wuMeeM HOPMHPOBAHHYIO MOBEpPX-
HOCTHYI0 — mpoBoguMocTb & = ikot (1—w}/(0*—ivw,)).
B meit w} = e’ng/(eomet), e t — TOJNIMHA OGOIOYUKH
nopsinka 0.1 nm (nopsinka pasmepa atoma). J{is rpadena
MOkHO Opath f=0.34nm — 3TO paccCTOSHHE MEKIY
ciosivu rpadera B anbda-rpadure, T. €. IPAMEPHBIA pasmep
AJIEKTPOHHOI OOOJIOYKHM JIsl JT-3JIEKTPOHOB. B obGsactn
IIa3MOHMKH @ ~ wp = 1.2-10'®  mpoBogumocTs Mana:
& —io(t/c)(wh/w?) ~ —i03-1072, mnosTOoMy MakcH-
MaJIbHOE 3aMeJUIeHHEe TUIa3MOHOB 1 = +/1—4/£2(w) He 6o-
Jiee 600, T. . pe30HAHCHBIE YacTOTHI JIeXkaT B Y® quamnasoHe.

3. Kgsasucratnuyeckue cpopmynbl

JIIT'  cOOTBETCTBYIOT ~ KBa3HWCTAaTUYECKHE  PEIICHUS
ypaBHEHMI MakcBeiuia, T.e. Bes3ge Jajee CUUTaeTCs
kor =wr/c < 1, rne r — HekHWil XapaKTepHBIi pasmep
vqacTuupl. Jl fpanpHeimero ymoOHO BBECTH YacTOTY
®, = ¢/r, COOTBETCTBYIOILLYIO OOpaTHOMY BpeMEHH IPOXOfia
CBETOM JUCTaHIMU 7, a TaKkKe XapaKTePHbIE YacTOTHI
wo = wp/+\/€L, wp =wp/VeL+ 1 COOTBETCTBEHHO
obbemHOro &(wp) =0 u moBepxHOCTHOrO €(Mp) = —1
IUIA3MOHHBIX PE30HAHCOB. YacToTel wo U wp OJIU3KH,
a BCE PE30HAHCHl TPYNIHPYIOTCA OKOJIO HUX. PopMysibl
MO)KHO 3aITCHIBATD, HCIIOJb3Ys KaK MEPBYIO, TAK U BTOPYIO
9gacToTy. 37mech MBI IpeHeOpersim muccumnanuei. Ecimm ee

y4ecTb, HOJIy4uM

wy = \/wh/eL — @2 = wp/\/er — w2\/er] (2wp)
wp ~wp/\eL+1— wf\/eL +1/Quwp),

T.€. 3HAQYCHUS 3THX 4YaCTOT HEMHOro yMeHbluaroTcs. st
pamuyca 1nm w, =3 - 107 Hz, n mns MeTayumdecknx da-
cTull ¢ paguycoMm r < 10nm Bcerna wp/w, < 1. Ina YHT
HHU3KOYaCTOTHbIC IJIA3MOHBI COOTBETCTBYIOT MX MJIMHAM L,
HOCKOJIBKY HX pauychl CYLIECTBEHHO MeHblle 7 < L.
OTH 4acTOTHl NPHOIMKEHHO ONPENeNAIOTC U3 ypaBHEHHS
koL\/1-4/£2(w) =mm, m=1,2,... ¥ MOTYT JIeXaTh B
WK nmanasone, a mia mmHHBIX YHT paxke B Tl mmamna-
30He. Takue KoseOaHuss HU3KOMOOPOTHBIE.

KBasucrartudeckoe ypaBHEHHE JUI JHUAJICKTPHYECKOTO
tena samumeM B Bume E(r) = —Vo(r), ¢(r) = —VA(r),
npenebperast B (2) k3A(r) no cpashenmo ¢ V ® VA(r).
B cuny cBoiicta VG(r —r') = —V'G(r —r’) neiictBue
omeparopa V Ha A(r) B (1) mpuBogur K 0OBEMHO-
My mHTerpany ot G(r —r')V' J(r') wioc HoBepXHOCTHBII
UHTErpasl ot moToka Bektopa —G(r —r')J(r). Ha mo-
BepxHoct v(r)J(r) = 0, u MOBEPXHOCTHBI MHTErpaj pa-
BeH Hymo. B cmly 3akoHa coxpaHeHHs 3apsjfa HMeeM
V' I({') = —iwé (r)é(r — '), tne ¢(r) — moBepxHOCTHast
IUIOTHOCTD 3apsifia, @ TOYKA I' MPHHAUISKUT [TOBEPXHOCTH.
JHeiictBurenbHo, B yactuile ¢ ogHoponHoit I B ogHOpOn-
HOIl yacThile 00beMHbIX 3apsioB HeT. [ToaToMy Ha moBepx-
HOCTH HMMeeM YypaBHEHHe [JIi HOPMaJIbHOH KOMIIOHEHTHI
HoJs

v(r)\VG(r — )¢ (r)dr”.

(11)
Ota xomnonenrta E, B (11) ompenessiercsi KaKk MOTEHLHMAT
IBOMHOTO CJlosi W WMeeT ckadok E,f/E, =& mnpu nepe-
XOfle TOYKM HaOJIIOACHUS dYepe3 IOBEPXHOCTb — TpaHu-
ny uactunpl. ObosHayass B (11) mHTerpan xak I, nMeem
eES =¢el + /2 u eoE; = gol—¢ /2. Onpenensisi CKavoK,
nonydaeM pesynbrar £ = 20l (e—1)/(1 + €). Takum obpa-
30M, KBa3WCTAaTHUECKYIO 3aady MOXHO C(HOPMYIIIPOBATH
Ha OCHOBE KBaspcTaTthdeckoro MY s moBepXHOCTHOI
wiotHocTH 3apsina £ (r) [2,3]:

V(E() = ~Voplr) =~
S

21—8

£r) = 1+¢

jlév(r)VG(r —1, ko)é(X)d*'.  (12)

N

Vpasuenue (12) maeT KBasHCTAaLMOHAPHOE paclpenesicHIe
nosepxHoctHoro 3apsina JIIT [2,3]. Ero wacrorHast 3aBucu-
MOCTb OIpefesaeTcs 3aBUcCUMOCTbio &(w). Ilpu mepexone
4epe3 IPaHHIly YaCTHIBI MIMEET MECTO CKa4OK HOPMAJIbHOM
KOMIIOHEHTHI 3JIeKTprudeckoro noist: E, (r + 0) = ¢E, (r—0).
Co 3HaueHHeM II0JI MOYKHO CBS3aTh IIOBEPXHOCTHYIO IUIOT-
Hocth 3apsna: £(r) = g(l—1/€)E,(r +0), nostomy NY
MOXHO C()OPMY/IMPOBATh U OTHOCHUTENBHO Hee. [[1s rmias-
MOHHKH XapakTepHO yCJioBHE € =~ —1, W Torma s cy-
IIECTBOBAHUS HEHYJIEBOTO PACIpPEC/ICHHs 3apsia HHTerpas

XKypHan TexHuyeckon comnsmku, 2025, Tom 95, Bbin. 5
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Ha YacTOTe Wp MAO/DKEH ObITh OJIM30K K HYNIO. YpaBHe-
Hue (12) mosBosisieT HAXOMUTh YaCTOTHl KBA3UCTATHIECKOTO
pe3oHaHca.

PaccmorpuM yactuiy B Bume mapa. st O npu r > r/
B c(epHUECKOil cHCTeMe KOOPIMHAT HMMEeM MpelcTaBlie-
Hue [13]

G(r—r', ko)= % Z(2n+1)Pn (cos(y))¥ulkor &R (kur),
n=0
’ o ko -
3,G(r—r', ko) = y ;(211 + 1)P,(cos(y))

X I/)n(korl)ar 5,52) (knr),

P, (cos(y)) = cos(0) cos(0') + sin(0) sin(6’) cos(p — @').
B3siB pacmpenesicHue IOBEPXHOCTHOIH IUIOTHOCTH 3apsiia
&m(r) = P(0) exp(—im@), BumumM, 9To 3Ta QyHKIWMSA yIO-
BietBopsiecr MY (12). [leiicTBUTENIBHO, BBIIOJHSAS HHTE-

IPUPOBAHNE C pa3JIoKECHHEM IOMMHOMOB JlexaHapa 1o
nprcoefHeHHbIM (QyHKIAM Jlexanapa, noayuum

2

/P,, (cos(y)) exp(—im@")dep’ = 27 exp(—im) %
0
x P} (cos(0)) P} (cos(6")),
a 3aTeM Mocje HHTErPHpPOBaHuA 1o O’ Haiinem
=L B a6 ko).
DTo  ypaBHeHHE UIA  ONpENETeHHS  PE30HAHCHBIX

4acToT. Kak BHMOHO, OHH TAaKXKe BBIPOXKICHBI IO 7M.
Beipaxast orciona I, wmmeem &= —(1—a,)/(1+ a,)
WU e=—142a,/(1+ ay). 3z[e01> BEJINYMHA
ay = =2i(kor?/(2n+1) )tpn(kor )0, £ (kor) KOMILTCKCHASI.

Boipakag ¢ynkumm 3, u é,,
Ju+1y2(kor) u Tankens Hfi)l/z(kor), a TaKKe HUCIOJb3Ys
ACUMITOTHYECKUE (POPMYJIBI IJIs1 MAJTBIX API'YMEHTOB, B LIEp-
BOM Topsiike HaiiieM @, = —27(n+ 1)/(2n + 1)%. Umeem
a; = —4m/9, a npu OomplMX HMHAEKCAX «, = —a/(2n).
Tenepb Pe30HAHCHBIE YaCTOTHI IPUHUMAIOT BHJL

yepe3 ¢yHkuu beccens

. WpW¢

- 1
On = wP\/l—Zan/[(eL T ra)] el

2a, W, W,
’,-?JN 1 n . n L. 13
“”’\/ R TES TR (13)

Takum oOpasom, wactoTel cmektpa (13) crymanores K
4acTOTE NMOBEPXHOCTHOIO MJIa3MOHHOTO PE30HAHCA (Wp.
Hna  Mmerauimdeckux — mapoBbix  yvactun ¢ JIT
e(w) = e,—w}/w* CUEKTP JIOKAIM30BAHHBIX IIA3MOHOB
XOPOLIO OMHCHIBACTCS KBa3UCTaTHYEeCKOM opmysoit [2,3]

w, = wp/\er + 1+ 1/n—dkor/5, n=1,2,.... (14)

KypHan TexHuyeckon comnsumku, 2025, Tom 95, Bbin. 5

B 0003HaueHUAX Wp U @, , OTCIONA UMEEM

n /o)
Z(SL + 1) ’

W, ~ @p (1 - (15)
T.€. YaCTOTHl CIEKTpa CTYyIAlOTCd K YacToTe @p, a IpU
Gompumx n dvacrora (15) Ommska k (13). s ydera
IMICCUIIAIIAN JOCTATOYHO CHENATh 3aMEHY Wy — Wiy + [W,.
Kax BunHO, npuO/IMKeHHbIe peleHns NPUBOAT K YCJIOBHIO
e(w) = -1, Te. w,~wp. dua MerauioB @p ~ wp/3,
T.€. 9TO ONTHYCCKUI AUaIa30H.

[TpuOmmKEHHO YacTOTHl METAJUTMYECKOTro IMIapa MOXKHO
TaK)Ke HANTH, paccMarpuBas IBIDKCHHE IUIa3MOHA BIOJIb
9KBATOPUAJIbHON MM MEPUAMOHAIBHOM OKPYKHOCTEH 11apa,
cuMTasi, YTO IIOCTOSIHHAsl PACIPOCTPAHCHUS OIMCHIBACTCS
mucnepcroHHbM ypaBHeHueM (YY) Llenxexa k, = ko =

= koy/€(w)/ (e(w) + 1). HakmazsiBaeM yciioBue pesoHaHca
2nrky = 2mar. Torna 1uist 3aMeUIEHUs TTOTyIUM

\/e(a)m)/(e(a)m) +1) = —ay = mw, /.

3mech BeMYMHA (), OOJbIIasl, T.€. COOTHOIICHHE
BhIONHsAETC npH  &(w,,) = —1-1/(a?—1)~ -1 wum
npu w,, = wp/\/1+ 1/(a2—1)/(ex + 1). B npasoii yactu
9TOr0 HESIBHOTO YPABHCHHMS 3aMCHUM @, Ha WOp:

- 1
©m = ©p / \/1 MO

NI
wn = Op — @p/2(er + 1) (mw, /dp)?].

Taxxe MOXHO 3amucaTh

1
©m = @0 / \/1 + eL[l — (mw, /wy)~?]

nim

O ~ @P/[l +1/y/ (e + 1) (moo, fiop)?] 2,

gro corsacyercs ¢ (16). Takum oOpasom, 3aBucumocTs (16)
6smska K (14), a crieKTpasIbHBIE YaCTOTHI TAKXKE CYIIAITCS
K YacTOTE Wp.

PaccMOTprM IWJTMHAPUYECKYIO YaCTUILy BBICOTH 7 |
pamuyca R. ®I' B muMHAPHIECKOi cucteme umeeT Bup [13]

oo

G=5= Y exp(—im(p—¢))

— kgl — le)Jm(Kp)Jm(Kp/)

\/ K2 — k3

PaccmarpuBas Manylo BHICOTY /i << R, MOXHO IpeHeOpedb
3apAfoM Ha OOKOBOI IIOBEPXHOCTH, M PaCCMOTPETh TOJIBKO
KOMITOHEeHTY E., = J,(0ko\/€) exp(—ing). OHa ymoBIeTBO-
pseT nByMepHoMy ypaBHeHuto ['enpmrosbia ¢ 9, = 0. Co-
oTBeTCTBEHHO &, (r) = &(e—1)J,(0kor/€) exp(—ing). Tlpn

kdk. (17)

X
0\8
[¢]
>
=)
—~
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muddepennmpoBannn (17) 1m0 z BO3HHKAET MHOXHUTENb
—iy/k3—K?sgn(z—z’). Ob6pasyem n3 (12) QyHximoHal,

YMHOXHUB Ha ,(r) ¥ IPOMHTErPHPOBAB IO O0OBEMY.

Hurerpan
hj2 k2
—i/ /sgn(z—z’)exp(—q//cz—k%|z—z’|)dzdz’
—h/2 —h/2

BBIYHCIISIETCS JOBOJIBHO IIPOCTO, U MBI €r0 HE IMPUBOIHM.
WnrerpupoBanue 1o yriry oaet 27a8,y,, T. €. CyMMa HCYe3acT.
B pesysprate mostyyaeM XapakTepUCTUYECKOE ypaBHEHHE

2(1—¢) I(k 0)J . (kp")pp dpdp’kdk

f{ne

(1 + e ff%mkoﬁ)pdr
0

St—x

=1. (18)

Ono npudinmkenHoe. Ero To4HOCTh TeM BHIIE, YeM MEHb-
me Bbicota. 3anmuchBast ero B Buue (1—¢)/(1+¢) = a2,
HAXOMMM PE30HAHCHBIE YacThl [/ GOJIBIIMX BEJMYUH 2.
Ipu Gompmmx n ¢yskimu beccens B umcimterne (18)
OCIMJUTMPYIOT, ¥ JIBOWHOI MHTErpas MaJl, T.€. BEJTMYAHA (2
BeyKa. Heckorbko 6osiee CII0KHO MOJTyYUTh MPUOIIHKEHHAS
C YYeTOM BapHaIii oJIs TI0 BEICOTe. B mpyrom npeneisHOM

CJIy4ae h > R MOXHO B3fITh TOJIbKO KOMIIOHEHTY

Epnic = Ji(pkov/e) exp(—ike) cos(nmz /h)

O603Ha4UM
W2 2

[ /c):/ /cosz(nﬂz/h)exp(— k2—k3|z—z'|)dzdz’.
—h/2 —h/2

Torma XapaKTEPUCTUICCKOC YPAaBHCHNUC NMPUHUMACT BUJL

2(1 — &) pp'dpdp’ K> dk

0%8
S —x

R
f 1,(k)J (k)T (kp")
0 K=k}

= =1. (19)
(1+&)h(1+ (=1)"/(2nm) )OfJ 2 (pkov/E)pdr

Heckonpko mepBeix pe3oHaHcHbIX dacToT JIIT mpubnu-
’KEHHO ONpPENeNAI0TCA U3 YPaBHEHUS

\/S(wm)/ (S(wm) + 1) = a, = mc/(waR),

T.e. ommceBaoTcsi (opmymnoit  (16) ¢ 3ameHoit WM
r — R. Tlpu GospuIoM pamuyce BENHYHHA (%, MOXET He
ObITh OOJIBIION M Jaxe OBITh MHOpsiKa EOUHHUIEL OTO
coorBercTByeT Oospmioir mo wmomymo Il e(w,,), 9ro
XapakTepHO U HU3KOW PEe30HAHCHON YacTOTHI M MaJIbIX
uHgeKcoB m. B atom ciydae w,, = m(1+ 1(2e(wy)))c/R.

Ilycts, mHanmpumep, m=1 u R =600nm. Torma
c/R=5-10"“Hz u &= —347, 4-59. Bass B mepsoMm
OpUOIMKeHAN ] = 5 - 10 Hz, Haiinem YTOYHEHHUE
w; = 5-10'%(1-0.0014 + 0.00024i). Dto JIII UK

JMana3oHa. YBEJIMYEeHUEe 7 OISITh MIPUBOMUT K OOJIBIIAM
1 K CrynieHuio crekrpa okosio qactotsl I1I1P. 3xecs morepn
Mautel, mockosibKy JIIT oOpasyercst Kak pe3OHaHC IOBEpX-
HOCTHOT'O IIJJa3MOHA, MAYLIETro ITOYTH CO CKOPOCTBHIO CBETa U
HMEIOIIEro Majible MOTepH. PaccMOTpeHHasi YacTuila UMeeT
ele OfWH XapakTepHel pasMep L; = 4R + 2h. O MoxeT
ObiTe Oospiie 277R, W B ciydae d4acToTel 2, = mc/L;,
nexameit B UK quanasone, nepBbie pe30HAHCHBIE YaCTOTHI
MOryT OBITH emie Oosiee HU3KAMH. [[JIs1 TOATBEpIKICHHS
9TOro  3aliIieM  YCJIOBUE peaoHcha 0003Havast
Qu=mc/Ly: @n=Qu\/1+ [e1—(wp/®,)*]"". Ecmm
wp /Ry > €1, peanusyercd cnyqau W, ~ Q,. Ecom xe
e—(wp/wy)? ~ —1, KBajpaTHBi KOpEHb CTAHOBUTCS
MajbiM, W TOIA Wy ~ @Op K Q2. Hia mwumHIpa C
JIIT BOONL OKPYKHOCTH HHAEKC M a3suUMyTaJIbHBIA. [{7is
IJIa3MOHAa BJIOJIb IMAMETPOB M 00PasyIolMX 3TOT WHICKC
yKE XapaKTepu3yeT paauajibHble OCEBblE 3aBHCHMOCTH
noseil. [1pu GosbIoM pagnyce MOXKHO OXKHIATh, 9TO IIOTEPU
Ha W3JIyYeHHe Maybl. PaccMOTpUM elie HWIMHIPHYECKYIO
METaJUIMYECKYIO YacTHIy (KariCyiry) BEICOTH i M pagmyca R
C IByMsI MOJTyIIapamMu pagryca R Ha KoHIax. Husmmue gacro-
o1 JIIT TaKoii Karcyssl MPUOJIKEHHO ONUIIEM ypaBHEHHEM
ome/(e+ 1) = ay = Qun/®m, Ly = me /(R + h/x). Ono
Takoe ke, Kak u (9) mpu 3ameHe mwp — 2. OqHAKO IS
TaKOil 4aCTHIIBI BO3MOKHBI M MOfib (16) ¢ 3aMeHoil r — R.

4. Crtporue dopmyrbl

Ji1 Ipou3BOJIbHON OOBEMHON YacTHILBI CTPOrasi KJIaccu-
yeckas 3aaua MOXXeT ObITb copMyIMpoBaHa Ha ocHoBe Y
win U1V [15]. B ciydae cdeprueckoil MOBEpXHOCTH 3aa4a
UMeeT aHaJUTHYecKoe pemenue. [yia 3agadu o Bo3Oyxme-
HHUM I1apa IUTOCKOW BOJIHOM 3TO perreHne Mu. Mcmomnp3ys
noTeHMasl [{30as 1 cliMBasi MO MPH MOICITMPOBAHUH
YaCTHUIIBI TPOBOISANICH 00O0JIOUYKOI, HETPYIHO MOJTYYHTh ISt
E-mon m H-mon ypaBHeHus 17151 noBepxHocTHBIX JIIT B dys-
JIepeHax:

£0cth, (x0) = i[futhy (x0) — €¥, (x0)]. (20)
&, (o) = i[gndy ¥y (x0) — ¥, (X0)]- (21)

B nux & = ono, xo = koro, ro — PaaMyc 4acCTHILLI, BBEJE-
Hel yHkuun Puxkkatu—Beccens ¥, (x) = Vax/2J,41/2(x)
= \/ﬂx/ZHfi)I/z(x), a TaKKe

u Pukkaru—Xaukess ¥, (x)

KO3(QULIEHTHI
f _ 8,1,&; (X()) _ /4 XOJnfl/Z(XO) — an+1/2(X0) (22)
arer(XO) XOHflz_)l/z(XO) - nHili)lﬁ(XO)
Y. (X0) Jut1/2(%0)
=~ BT ) 23)
Xo H, (%)

B pabore [9] Ha ocHOBe Takoro nomxona ucciegosanst JIIT
B (pysutepenax m mudpakimsa Ha Hax. CBoOOTHbIE KoslebaHMs
g mon E,, n H,, MapoBBIX YacTUI] ONKCHIBAIOTCS ypaB-
Henusimu [17]

2
n Ju-1/2(kor/e) \/EH£21/2(k07)

(e—1)+ - . (24
kor Jus172(kor/€) Hﬁl/z(kor)

XKypHan TexHuyeckon comsmku, 2025, Tom 95, Bbin. 5
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Jn—1/2(kor\/e) Hﬁuz(“”)

7 G = ) . (25)

wt1/2(kor/€) VEH, ) ,(kor)
3nece n=1,2,... — MepUAUOHAJIbHBI HHIEKC, COOT-
BETCTBYIOLIMI 3aBucHMocTH P(0), a 1o asumyTajabHOMY
MHICGKCY M C 3aBHCHMOCTBIO exp(—im@) HMeeT MeCTo
BbIpoKieHre. YpaBHeHusi (24) u (25) mist n =1 MOxHO
3amucaTh B BUJE

sin(kor\/Z)

. \/Ek()r 1—¢

sin(korv/e)/ (korv/e) — cos(kor /&) - 1+i(kor) * kor (_2;
sin(kor/€) ke
Ve sin(kor/€)/ (kor/€)— cos(kory/e)  1+i(kor) _('[;’7)
tan(korv/e) (1 — a/(korv/e)) = —a
|

tan(korv/e) (1 — B/ (kore)) = —B/ /e

[TepBoe ypaBHenue npu |kory/€| < 1 mpuHuMaeT Buza
tan(kor/e) ~ a(kor)’e/3

n TouHO BBmoONHAeTc npu ¢ = 0. Bropoe ypaBHeHme
3aIuIIeM

Vetan(kory/e) = B[tan(korve)/ (kor/e) — 1].

OHO Taxke TOYHO BbimoyHAeTcs mpu € =0, T.e. oba
YpaBHECHHUS HUMEIOT BBIPOXKICHHOE pEIIeHHEe @ = wy. [lpm
3TOM ypaBHEHHMS HE AAIOT pafuanioHHsle motepu. C yaeTom
OMHUYECKHX MTOTEPbh MOXKHO HAIUCATh @ = W( + [®W.. YUUTHI-

Basi QMCCHIALMIO, MOXKHO YTOYHHTH PE30HAHCHYIO YacTOTY
mos (27):

w1 = Re(w1) = wp

(kor)* ) w? (3

B (kor)? )
[+ ko))~ 307 ‘

W,
1 _ __\kor)m
X1 5 (3 T+ (kor)?

30)0

B oroit ¢opmyne BemmumHa kor = wp/w, BECbMa Ma-
!
JIast, MO9TOMY @] X o + W /2. AHATIOTHYHO, YTOUHSS KO-
perb B (26), nonyunm e—(kor)?e?/9 = 0. 3necb BKIan
BTOPOr0 WIeHa Majl II0 CPAaBHEHHIO C IIEPBBIM, II03TO-
My [OCTaTOYHO TIONIOKHTH HYJII0 peanbHylo dwacts III:
2 /(02 2
e—wp/(w* + w?) = 0, oTkyna

o' = wy\/ 1-0? |0} = wo—?/(2wy),

T.€. JUCCHUNALMsi CHUMAeT BhIpokaeHHe. CIIeRyloye MOIB!
n =2 MOXHO Ha3BaTh KBaJPYIOJbHbIMU. VX pe3oHaHCHbIE
9acToThl (€3 [MUCCUITAINA TAKKe YIOBJICTBOPSIOT YCIIOBHIO
& = 0, OIHAKO MUCCHIALKS IPUBOIUT K HEOONIBIIOMY OTJIH-
YHI0 MX OT wo. VICTONB3ysi PasIOKeHUst LHIMHAPUYCCKHX
¢ynxummit B (24) u (25), MOXKXHO IOKa3aTh, 4YTO YacTOTHI
cnekrpa JIII crymatores K 9acToTe wp.

KypHan TexHuyeckon comnsumku, 2025, Tom 95, Bbin. 5

st BeiBoma 4acté GOpMysT IS CJIOKHBIX YaCTHI] MbI
ucnonb3oBam 1Y lleHHeka, moslyueHHOE IJIS IJIOCKOM
MOBEpXHOCTU. B cilyyae wacTuupl B cpefie ciieqyeT B3dTb
MOIU(DHKAIMIO 3TOr0 ypaBHeHHs [2|, yuursBatonryro JIIT
cpenpl. Koneuno a3ro mpuOmmxenue. OmHAKO IS MaJIbIX
XOPOIIO IPOBOJSIIMX YACTHUI] OHO MIPUBOIHT K PE30HAHCHBIM
yactrotaM B ob6imactu IIIIP, xopomo coOTBETCTBYIOIMX
OpYTMM MeTodaM, B TOM YHCJIe M TOYHBIM IJIl cepude-
ckux vactul. Pesonancel B MK pmanasone, roe IIIT gyTh
3aMeIJICHHBIC, MOT'YT OKa3aTbhCsl MEHee TOYHBIMU. Bo Bcsikom
cJlydae, Takde IJIa3MOHBI NP JBWKCHUH 110 KPHUBOJIMHEH-
HBIM TOBEPXHOCTSM MOTYT H3JIy4aTb SHEPrHIo, CMellast
PE30HAHCHYIO YacTOTY WM NPHUBOASA K HHU3KOH HOOPOTHOCTH.
B cnydae Bo3Oyxnenua UK nazepom Hu3kas 1oOpOTHOCTH
HE SIBJIICTCS KPUTHYECKAM ITapaMeTPOM.

[IpoBepKy MOIYYEHHBIX PE3YJIbTaTOB KEIaTeJIbHO IIPOBE-
CTH 10 TOYHBIM (opmysaMm. PaccMoTpuM cHMMeETpHYHYIO
mony Ep, Merammyeckoro mmmHapa. Ilycte amexkrpuue-
CKOE II0JIe B HEM MMeeT BUJ

E. = EoJo(p\/k3e — k2,) cos(k-nz),
E, = ik EoJ(p\/k3e — k2,) cos(k.z)/\/ ke — k2,

E, =0, tne k;, = nm/h. BHyTpu OHO yNOBJIETBOPSET BOJI-
HOBOMY ypaBHeHMIO [esbmrosbia. OTMETHM, 4TO HpPU Ma-
JIBIX pa3sMepax MEHee pasMepa CKHH-CJIOSl IIoJIe IIOJIHO-
CTBIO IIPOHMKACT B YACTHILY, MPH 3TOM CJIEAYCT YUHTHI-
BaTh KOMIUIEKCHBI xapaktep [II. Bue pesonaropa Hamo
TIOCTPOUTH APYTOE PEIICHHUE, YIOBJIETBOPSIOIIEE YPaBHEHHIO
TesbMrosibiia npu € = 1 U ycnoBHIO mM3jydeHus (B Cilydac
qactuipl B cpeme ¢ Hekoit HI1 cpemst €). Ha rpanmue
IUIMHAPA HET KacaTeJIbHBIX KOMIIOHEHT 3JICKTPHYECKOrO
nosisi. Taxoxe uist aroit monel H, = 0 u H, = 0. MarauTHOE
T10JIe IMEET eIMHCTBEHHYIO KOMITIOHEHTY. BHyTpr oHa paBHa

Hy, = —iweoeEo]1(py/ ke — k2,) cos(k.z)/\/kie — k2,
(28)
Takum o0pa3oMm, Hallla 3ajiava HAWTH 3Ty KOMIIOHEHTY BHE
pesonaropa u cumth ¢ (28). s Hee Hy, = 3.A,—0,A;.
KOMIIOHEHTBl ~ BEKTOD-TIOTCHIMANA  ONpENeuM  4epes3
IVIOTHOCTH TOKOB mossipusaimu J,(r) = iweg(e—1)E,(r),
J.(r) = iwep(e—1)E,(r) B Bume

A, = iweg(e — 1)/005(@ —¢')G(r —1)E,(x)d*,
v

A, = iwgg(e — 1)/G(r —1)E,(r)d*r'.
v

Asumyransio cummerpudHas ®I' (17) B mumHApHYECKOil
CHCTEME UMeET BUJL

1 pexp(—y/x2—kglz —2/[)Jo(k0)o(kp")
= — Kdk.

4.710 /Kz_k%




872 12-1i MexayHapoaHbii cuMnosuymM no ontuxe u buogotoHuke 23— 27 ceHtabps, 2024, Caparos, Poccus

MmMeeM KOMITOHEHTHI BEKTOP-IIOTCHIIAAIA

k.aweo(e — 1)
4 [kde — k2,

iweg(e — 1)

Ap(p,2) = — Eoly(p, 2),

Ap.z) = Eyl(p,z),

rac 0003HAYCHBI HHTETPaJIbl

oo 2m h/2

wo-[[ ]

0 —h/2

/Rpcow @' )Jo(k0) o (k"1 (p+/K3e — K2,)
X
0

X

x exp(—x|z — z'|) cos(kznz’)rdrd®r’,

0o 21 /2
T 2R 0'Jo(kp)Jo (ko )Jo(pw/koe k2,)
wo- [ ]
0 —h/2 0
x exp(—xlz — z'|) cos(k;nz’)kdrdr.

B Hux x = \/k2—k3, \/ki—«? = —ix. TlepBbiii uHTErpaN

He 3aBHCHT OT yIJla M paBeH Hymo. JlefiCTBHTEIIBHO,
uHTerpupysi mo ¢’, momydaem sin(—¢@)—sin(2z—¢@) = 0.
WHTerpupoBanie o yrily BO BTOPOM HHTerpaje faer 2.
WHterpupoBanue 1o z’ B I, IPUBOIUT K MHOXKHUTEITIO

x cos(knz )+ exp(—hy/2) cosh(xz)
x (nr/hsin(ns/2)—x cos(ns/2))

In > :2
(X z) iR,

>

II09TOMY JUTsl TIPOU3BORHOM J,/ (0, z) nMeeM

o R
p'J1(kp)Jo(kp" ) o (o) kie — k2,
K=o | | e
00

X

x I,(x, z)k*p'dp' dx.

Ipu unTErpHpoBaHuy MO O’ MPUMEHHM TEOPEMy O Cpel-

HeM 3HaueHny, B3siB p'Jo(p’\/k3e—k2,) B cpenHeil Touke

p’' = R/2. B pesynbrare noiyaum

o0

Ji(
I.(p,z) = nRIo(R k2 k25/2/ 1(
0

kR) — 1)

x kI, (x, z)dk.
(29)
WuTerpan ciegyeT BEIMUCIATD YMCIIEHHO, pa3buBas 00J1acTb
MHTErpupoBaHusA 1Mo K Ha 1Be: 0 < Kk < ko mkg <Kk < 00 ¢
3ameHO# k Ha ). Ilockosbky peasbras wacts HIT ma JIIT

OJIM3Ka K HYJIIO, MBI BBEJIM MOAM(HUIIMPOBAHHYIO (DYHKIIHIO
beccens. BHemnee MarHuTHoe 1ojie Ipu p = R paBHO

iwep(e — 1
Hy(R,z) = % EoRIo(R\/k2, — k3e/2)

7 (kR) (1 — Jo(kR/2))
x| Iu(z, ko, X /i I,(x)kdxk.
] x

(30)
IpupasauBaem ero kommonente (28) mpu p = R. [Ipu 3TOM
Mbl YMHOXXUM PaBEHCTBO Ha cos(nsrz /) U MPOMHTErpUpyeM
€ro Io z IO IpaHule pas3uena. B pesyabraTe HHTErpUpoBa-
HUA

02
- hX
I,(ko, x) = / I,(x, z) cos(k;nz)dz = m +
—h/2
(kensin () — x cos (%))
[k sin(%) (14 exp(—hy))+x cos(%) (1— exp(—hy))]
x*+ k2, '

IIpu Gompmmx ¥ 3TOT MHTErpas yobBaeT kak 1/x. OxoHua-
TEJIBHO MEEM ypaBHEHHUE

1—¢

= a,(w) =

2(h/R)1 (R\/K2, — K2
( / ) 1( n 820 . (31)
VK2, — Kelo(R\ k2, — K3e/2) [ Tu(ko,
0

 R) (1-Jo(xR/2))
B HeMm BenmuuMHA @, KOMIUIEKCHAs U OoJIblIas MO MOJIYJIIO,
IpHYeM ¢ Mayioit MHAMO# dacTbio. COOTBETCTBEHHO € ~ 0,
M IMEEM 4acToThl w, = wo/+/1 — [(a;(wo) + 1)ez] L. Ha-
XOIUTh KOMIUIeKcHble KopHH (31) mesecooGpasHo mero-
J0oM uTepanuil. B kadecTBe HauaJbHOTO MPHOJIMKEHUS MBI
UCTOJIb30BATM @ = (o. Pe3ynbpTaThl MpeacTaBiicHbl B Tab-
jmie. OTMETHM TakkKe, 4TO C HCHOJIb30BAaHUEM TOYHBIX
ypaBHeHuit (22) u (23) Taxke MOKHO CHOPMYITHPOBATH
UTEpaliOHHbIC AJTOPUTMEI yTOUHeHHs: KopHeil. Tak, u3
ypaBHerust (23) mig n=1 mpu ydere TpeX UWICHOB B
Pa3JIOKEHUH TaHre€Hca MOoTydaeM

B 2(kor)*e?/15
1+ i(kor) — (kor)2/3
HavanbHoe npuOmmkeHHe ciemyeT B3siITh U3 YCJIOBHS
¢ =0, Te. W = \/wi/e,—w?. Tenepp, nMest HEHYJIEBYIO
komiuiekcHylo JIII, MoxxHO B3ATh mepBylo urepauuio. [lo-

CKOJIbKY BEJIMYMHA (1 (@) OYCHb MaJia, JOCTATOYHO OIHOM
UTEepaIyn.

&

KdKk

=qa.

5. JIMN B AnuHHBLIX HaHOYacTULax

Ilox JJIMHHBIMH HaHO4YaCTHIIaMH 6yneM IIOHUMATb TaKHue,
JUIMHa KOTOPBIX YHOOBJICTBOPACT COOTHOIICHUIO L~ ﬂ,, a

XKypHan TexHuyeckon comnsmkuy, 2025, Tom 95, Bobin. 5
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PeambHpie wactm kpyroseix dactor (B THz) cepebpstHoro tm-
JIMHIPUYECKOro pe3oHatopa ¢ R =4nm mno ¢opmymam (31),

(19) u (12)

h =6, nm

N
(31) (19) (12)

1 5137.128 4890.883 4891.887
2 5138.009 4891915 4891.926
3 5138213 4891.929 4891.933
4 5138232 4891.933 4891.936
n h =12, nm
1 5138.078 4891.729 4891.832
2 5138959 4891.887 4891912
3 5139.164 4891916 4891.927
4 5139.183 4891.926 4891.932

HomepeyHblil pasmep Maix kor < 1. Takue dacTuubl MOXK-
HO paccMaTpuBaTh KaK HAHOAHTCHHBL OTO XapaKTepHO
IU1 HaHOIPOBOJIOK, MMHHBIX Y HT, rpadenoBbx HaHOJIEHT.
Crporuil momxox msa Hux TpeOyer pemenus WNY. Tlpu
MaJIoM MOIEePEeYHOM pa3Mepe OHH CBOHATCS K YypaBHe-
HusM Tuna [anena, [loximHrTOHA M K HX Momu(HKa-
musivm [18]. Kpome mpOmosIbHBIX pPE30HAHCOB BO3MOXKHBI
U PE30HAHCHl, CBA3aHHBIE C IIONEPEYHBIMU pa3sMepamMiu.
B cmwty cymecTBeHHOH UIMHBI KOMIIOHEHTY ITPONOJIbHOM
IUIOTHOCTU TOKa MOJKHO CUMTaTb HE 3aBHCAIICH OT IIO-
HEPeYHbIX KOOPAMHAT W B3ATh B BUAe J, = sin(nmz/L),
n=1,2,..., T.e. cCAUTaTh, YTO HA KOHIIAX OHA OOpaIIaACTCs
B HyJIb. DTa KOMIIOHCHTa CO3/IacT BHYTPH YACTHUIBI IUIOT-
HOCTb 00beMHOro 3apsiia py(w) = i(nm/L) cos(naz /L)/w.
Ilonnas xommoHeHTa E, BHYTPU YacTHLBI OHpeNesIseTcs

yPaBHEHHEM
0 L
sin(ns
e i d | AR
iweg (e(w) — " iwe
0
L)o. K(w
x sin(nmz' /L) + (nt/L)3. aE =) COS(n.ﬂZ/L)] dz’,
(32)
e 06O3HAYEHO SIPO
K(w,p,z —2')=R
—k3lz — 2’|
0 ) dk.

) /OOJo(KP)h (R) exp(~
5 24/K% — k3

Mu paccMaTpuBacM I3TO YPaBHCHHC BHYTPH YaCTHUIIBI, CUU-
Tad, 4TO Ji€Bad 4aCTb OT O HC 3aBUCHT. YMHOXasT Ha P u

KypHan TexHuyeckon comnsmku, 2025, Tom 95, Bbin. 5

HUHTCETrpUpys, MOJIYYUM TO KE YPAaBHCHHUE C ANPOM

dk.

; 1 /OOJ (kR) exp(— —k3lz —z2')

K(w,z —7)
0 \/Kz_k%

Vmuoxas (32) Ha sin(nzz /L) n uHTErpHUpYs 10 Z, MOTy4Ya-
€M XapaKTepUCTUIECKOE YPaBHEHHE

L L
//sm nmz /L) [kOK(w z—7')
0 0

(n/L)K' (w,z —2')

w

1 (—1
(nmz /L) (e(w

x sin(nzz' /L) + COS(n.ﬂZ/L)] dz'dz.
JleBast wacTh oGpamiaeTcss B Hy/b JUISl YETHBIX HHJIEKCOB.
ITpaByio 9acTh MOKHO YIPOCTHTH HHTEIPHPOBAHUEM II0 Ya-
CTAM:

L
/K’(w, z—z')cos(nmz/L)dz’ = K(w,z—2")((-1)" = 1)
0

L
+ (nmz /L) /
0

Wuterpasel mo koopamHaTe OepyTcs aHAJMTUYECKH, W
OCTaeTCsl CXONAIIMICA CIEKTpalbHbIil nHTerpas. Haxonuts
KOMILJICKCHbIE KOpPHM YI0OHO METOIOM HTepauuii, JIs 4ero
HavaJibHble NPHOJIDKCHUS MOXKHO HCKaTbh, KaK M BBIIIC,
u3 yciosuit koy/e/(e +1) = nm/L. dT0 ypaBHEHHE BECh-
Ma NpUOTIKEHHOE, IOCKOJbKY HE YUYHTHIBAET KPUBHU3HY
mpoBofa. Ctpormit momxom TpeOyeT peleHusl ypaBHEHHS
3ommepdesbia Ui BOJIHBL BIOJb mpoBoma [19], a He
ypaBHeHus llenneka. [l Bomabl 3ommepdenbra BHYT-
pH POBOIA MOXKHO BBHIPA3UTh CIMHCTBEHHYIO KOMIIOHCHTY
asekTpuyeckoro Bekropa I'epua uepes ¢ynkxumio beccens

B BUJIE
I, = AJo(\/ek3 — k2) exp(—ik.z),

a BHe IpoBofia — depe3 (GyHKImo MaknoHaabaa

I, = BKo(p\/ k2 — k}) exp(—ik.z).

B pe3yibTaTe CHIMBAHUA noJien ToJry4acMm

\/k2 K2 Jo(R\[kGe — k2K (R \[k2 — K3)
VR =R2 Ky (RyJk2 — 12) 1 (Ry[K2e — K2)

(33)
IIpu manoii njiMHe MpoBoOAA, MOJOKUB k, = nsr/L, Haiigem

H3 YCJIOBUA &€ =~ 0 PE30HAHCHBIE YaCTOTHI. HpI/I 9TOM BECJIN-
YHa

w,z —7')sin(nmz /L)dz’

(najL)  To(R\/(nr/L)*) Ky (Ry/ (n7r/L)? k)

,/ (n/L)*—k3 Ko/ (nmw/L)? — k31 (nR/L)
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no/bkHa ObITh Majia. CyIIecTBEHHO HIDKE ONTHYCCKHX 4a-
cTOT BojiHa 3oMMep(esibaa B IPOBOAE UAET UyTh MEUICHHEe
ckopoctn cBera. Ha »stmx dactorax /Il komrulekcHas
u Oornbhrasi mo Momymo. B aTom ciydae pe3oHaHCHOE
ycioBue ko = nor/L TpuU MasIbIX HHAEKCaX M OOJIbIION
IUTIHE TOCTATOYHO TOYHOE, & Pe30HAHCHBIC YaCTOTHl HU3KHE.
Vpasuenne (33) wucmompsoBath Heyno6Ho. Ilpu R — oo
OHO TepeXOOUT B YypaBHeHHe LleHHeka, koTOpoe Tmpolne
UCIIOJIb30BaTh 111 HAYaJIbHOI'O IPHOIMKEHUSL.

AHAaJIOTUYHO HAHONPOBOLY (opMyHpyeTcs —ypaBHe-
wue mia JIII B YHT c Toit pasHumeir, 4ro 3ana-
eTcsl IUIOTHOCTh MOBEPXHOCTHOIO TOKa j, = sin(nsmz/L).
Ona QopmupyeT MJIOTHOCTh IIOBEPXHOCTHOIO 3apsnia
ps(w) = i(na/L)cos(nmz/L)/w. Tenepp oObeMHbIE HHTE-
rpajibl 3aMEHSIIOTCS ITOBEPXHOCTHBIMH, ITOCKOJIbKY BCE Be-
JIMYMHBL COTEpaTh febra-QpyHKImo S§(0—R). YpaBHe-
Hue (32) npuHEMaeT BHJ

L
sin(narz /L) ,
E.(0,2) = - o
(@.2) 0, (W) zweo/[ (@,2-2)
0
L)d, K -z’
x sin(nzz' /L) + (nat/L)9; a)(w’ 2= COS(nJTZ/L)] dz
C AIPOM
Kw,z —z7')=R
T Jo(kR)Jo(kR) exp(— k3 |z —z'|)
X / KdK.
0 24/k2—k3
HuHamuvecKast MPOBOIUMOCTh YHT 0,;(w)
ompefiesiecHa B [20].  TlpubmmkeHHOe  penicHHE
3agaud  JUiA  E-IlasMOHA  TIOJIydYaeTcss W3 YCJIOBHS
k. =nm/L = ko\/l — 4/ (noo:.. (a)))z. OHo TaKKe

COOTBETCTBYET HPHOIKEHUIO OoJbioro pammyca. [lis
nosyyenus 1Y B Oeckoneunoit YHT Bo3bMeM IJIOTHOCTB
Toka B Bune J, = exp(—ik,z)6(p—R) ¥ Hailnem mis Hee
KOMIIOHEHTY I10JIA

exp(—ik.z) T JO(KR)JO(KR)
B(R2) = = e / e — g3
0
_ exp(—ik,z) (34)

O-Z Z

Nurerpan (34) cymecTByert, MOCKOJIBKY BeJIMYMHA ko KOM-
1wiekcHast. Cokpammasi Ha SKCIOHCHIMAJIBHBIT MHO)KUTEJTb,
MOJTy4aeM ypaBHEHHE

2.71”(0
k> =k3 — . (35)

.][)(K?R)J() K?R
nOO'zz(a))f KKK ! kdx
0

OHo siBJISIeTCSl aHAJIOTOM ypaBHEHHMS [IJIS1 TIOBEPXHOCTHOTO
E-nytazMoHa BIoJb TpadeHoBoi MiiockocTH. s rpadeHo-
BOJ HAHOJICHTHI Majioi mwmpuHel W u 1ummHbB L MOXHO

Hammcats J, = sin(naz /L)6(x). B cuny Majodl UIMpHHBL
npeHeOperaeM 3aBUCHMOCTBIO OT y W KOMIIOHEHTOH J,.
Nmeem

7/2

w Zﬂ(;)?o[)((nﬂ/L 7d/c/dg0/L/Lsin(nﬂz/L)
0 0 00

y sin® (K sin(@)W/2) exp(—iy/k3 — k2|z —2'])
(kyW)z /k% — K2

30ech IpU UHTErpUPOBAHUU Mbl INEPElUId K IOJIAPHOU
cucTeMe KOOpAUHAT. MIHTerpas no yriy BBIYHCIISEM IO Teo-
peMe O cpeHEM 3HauCHHU, B3[B CPEIHIO TOUKYy ¢ = 77/4,
YTO [JaeT MHOXUTENIb 7 Sinz(K.ﬂW /8)/2. Wnrerpansl 10
KOOpAMHATAaM z U z' BBIMUCIAIOTCS sIBHO. TakuM o6pasom,
npaBas 4acTh MPEACTABIACTCS CXOAAMIUMCS CIEKTPaIbHbIM
UHTETPajIoM.

x sin(nmz’ /L)k>dz dz.

6. Yactuubl B chopme TOpa u raHTenm

Top ¢ pammycamur R U r MOXET IHOUICP)KABATh HU3KOYA-
CTOTHbIC a3MMyTAJIbHBIC KOJICOAHHUsI, COOTBETCTBYIOIINE [UTH-
HaM L =27(R+r), L=2n(R—r) u L = 27R. B 0603Ha-
4eHUH @, = ¢/(R + r) KOMIIIGKCHAs 4aCTOTA ONPEeIAeTCs
U3 ypaBHCHUsI

= 03 — io0e = op\/(n0,/0,)? ~ 1/

V (10, /0,2 (61 +1) — 1 % w0, — ie0/2. (36)

B HeM w,/w, > 1 m oHO HesiBHOe. Pemenne B mepBoMm
MIPUOJIMKEHAN MOYKHO 3aIicaTh, IpeHeOperas 1o KOpHIMA
eIMHUIICH U £ B BUJEC:

D =wp/\er+1+iw/2.

Ioncrapnsst ero B (36), momydnM (CXOOMMOCTh HMMEET
MECTO TIPH ABYX UTEPAIIHsiX )

W, = iw./2 4+ wp

(nw,/(uf,l))2 -1 /

\/(na),/a),gw)z(q +1)— e (37)
Ecsmn npene6peds UCCHIIALMC, T. €. B3SITh
eLwy — wp = ("o} /op)[(eL + Doy — wp],
TO IOJTy9MM YPaBHEHHE YETBEPTOI CTCICHH
wy — op|op/eL + "ol (1+ 1/e1)] + n*wiwf /e, = 0.
Ero pemenue
W = wp/eL +n202)r2(1 +1/e1)

wp/er +n*o}(1+1/e)  nPolop
4 ErL

XKypHan TexHuyeckon comnsmku, 2025, Tom 95, Bbin. 5
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ynoOHO mpeobpasoBate npu n = 1:

d

W — wh/ep +w+ e |wh/er — w?

" 2 2

20} + w?

2

X 4|14+ w2 2T
[wF — er]

r

2 2
Ecan Top Man u w; > 2wp, noaydaem

w; = o (1+3/(4e)) — wp/(4¢}).

n

OTo pelieHue CiIefyeT OTOPOCUTb, TaK KaK 4acTOTa JICHKHT
cymecTtBeHHO Bbime yactoTsl IITTP. ITpumennmocts MeTona
IITP cootBercTByer ycioBuio Re(e < 1). Ecom Top 6ostb-
woit u w3 /e, > w?, To 4acrora exut B6M3n [I1P:
2 2 2 2 2
, wp wr(l-1/e)) wr wp/er —w

Wi~ = - T !

" &L 2 a)% 2

Orto npubnmwkenue Gonee rpydoe, dyem (37). AHaIOrHYHO
MOJKHO paccMOTpeTh KojeOaHws ¢ 3aMeHOUH R +r — R—r
(puc. 1). Takue KoseOaHHsI CO3TAIOT MATHUTHO-IHIIOJIbHBIC
nosisi. BeicokowacToTHBIe KosieOaHUs B BHae Oerymieir BOJI-
HBl BJOJb OKPYKHOCTH pajphyca ¢ MOTYT CYyILIECTBOBAaTb,
€C/I1 OHW CHHXPOHW3WPOBAHBl, @ MMEHHO IIOJII B TOYKaX
p=—(RFR)usp=(R=*r) IoKHB OBTH B (ase Wi
npotuBodaze. s gacror IIII, Gerymmx Bmojb OKpYX-
HOCTeH, moiy4yaeM rky = m. J{7 4acTOT BOOJIb OOJIBIION
okpyxHOCTH Rk, = n. Iloatomy r/R =m/n < 1/2, tne m
U n 1ejble, MPUYEM YETHOCTb—HEYETHOCTb KOJIeOaHMI
ompenensiercss n. X0Ts 9TH COOTHOLICHUS MPUOJIKCHHBIE,
OHM OHNPENEJIAIT pa3Mepbl, NMPU KOTOPHIX CYIIECTBYIOT
takue JIII. B wactHocTH, Ipn m = 1 u n = 3 KoseOaHuA
npotuBodasHele Ipu p = £R, a npu n = 4 — cuHpasHbe.
Kak u s Y (36), 370 MarHUTHO-AMIIOJIBHBIC MOJISL C
pacrpenesIeHHBIMA MarHUTHBIMH IUTIOJISIMU, IPAYEM ITPOTH-
BOIIOJIOKHBIC MarHWTHBIC AWIIONN OPHEHTHPOBAHHI JIMOO B
OIHOM HAIpaBJIEHNH, JINOO B MIPOTUBOIOJIOKHBIX HalpaBJle-
HUAX. 37eCh HAa4aJI0 KOOPAMHAT IMJIMHAPAICCKONH CHCTEMBI
B3fTO B LleHTpe Topa. Pacuetsl mo dopmyse (36) ¢ yderom
noTtepb JaHel Ha puc. 1 u 2. JIocTaToYHO MCIOIB30BATH IBE
UTEpanum.

Yactuusl B ¢gopMme raHTesqu OyaeM paccMaTpuBaTh B
MPEIIONIOKEHAN, YTO pPagnyC INapoB r MHOTO OoJb-
e paadyca IUIMHApPA UX coeguHsmomero. J[imHa nu-
smagpa [. Torma ectp ,HU3KOYACTOTHBIC KOJICOAHUS
ks = kov/e/(e+1)=n/2r+1), n=1,2,... u ,BbiCO-
KOYacTOTHBIE KojiebaHusi ¢ JumHOM BoJHB IleHHe-
Ka Ay = 2m/ky, yKagpBaolleiica Ha OKPY:KHOCTU 277,
T.€. kyr = m. Ho mpu 3TOM Lieoe 4HCiIo MOJIyBOJIH TAKKe
IOOJDKHO YKJIabIBaThCA Ha mymmHe [, T.e. [/r = nor/m. Opu-
CHTAIMM MArHUTHBIX JHUIOJIeH (moyspu3anuy KosreGaHmii )
pasinyHble, KaK U B CJIy4ae Topa. TWI JuIojei COOTBET-
crBytoniero JIIT ompenensercst mo KapTUHE TOKa, TEKYIIETO
B yactuile. Bricime kosie6aHus COOTBETCTBYIOT KBaApyIIO-
JaM 1 MysbTHnONAM. Ilockonbky Bee IIII B HeMarHWTHOR
qacTtuue cootseTcTByIOT E-III1, nonspusanuio MoxHO onpe-
IEJIMTD 10 KAcaTeJIbHON KOMIIOHEHTE SJICKTPUYECKOTO TOJIS
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4875 F
4825 | 2
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N . 5
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= N
8 4775 F
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4725 F
4675 B
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Puc. 1. Pesonancuple uyactotsl (B THz) mns kxoHTypa R +r
(xpuseie 1,2), R (3) u R—r (4) B 3aBucumoctu ot R (nm) mpu
r = 2nm (kpuBble 2—4) 1 3nm (/), a TaKKe 9aCTOTHI UIs1 KOHTYpa
R +r B 3aBucmmoctu oT r(nm) npu R =20nm (xpusas J)
u R = 30nm (6). Marepuan — cepebpo, w. = 3.57 - 10'® Hz.

148
i —6
144 |
S
140 | _5
0 5 10 15 20

R, ¥

Puc. 2. JloGporHOCTH KOJIcOaHMii, COOTBETCTBYIOIME pHUC. 1
(HOMEpa KPUBBIX PE30HAHCOB M TOOPOTHOCTEH COBMAMIAIOT).

K moBepxHOCTH. Tak, mia chepudeckoil yacTuipl B chepu-
YeCKOil cHcTeMe KOOpPAMHAT BO3MOXKHBI TPU IOJISIpU3ALUU
¢ onmHakoBbiMH vactoTamu: III1 nBmkeTcss BOOmb 9KBato-
pa, III1 mBmkercst Bmoib HyJdeBoro mepummana (& = 0),
u IIIT nBmxerca Bposib Mepunuana € = 90°. Koneuno 3to
NpUOJIMKEHNUs], TTOCKOJIbKY KpuBas IOBEPXHOCTb 3aMEHEHa
IUTOCKOH, @ TOYHbIE I10JIs UMEIOT JOCTATOYHO CJIOXKHBIA BUM.
Ho ecnu pemars 3aady cTporo, oBOpoOT B IUIOCKOCTSIX HA
YroJ @ U O TOXE MacT TPEXKPATHOE BHIPOXKICHHUE IOJISPHU-
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saumu. O6osHavast @, = ¢/(2r + 1), moy4aeM ypaBHEHHE
IJIs ONpEieSIeHHsl YacTOT B OTCYTCTBHHU IOTEPb

y — oy [wp/er+ oin (1 + 1/er)] — i’wlwp /e = 0.

o
[Tocsie HaxOXKmEHWS PEUICHUH ®, MOTepH HPUOJIIKEHHO

MOXKHO Y4acTb IyTE€M 3aMEHHl @, — @, + i,/ (2w,).

7. O6cyxpaeHue pe3ynbTaToB U BbIBOAbI

B pabore mokazano, aro meron [1I1P sBisiercs xopormmm
npubmmkeHreM i onpenesieHus gactot JIII Oto ca3ano
C KBa3UCTaTHMYECKMM XapaKTepOM YKa3aHHBIX PE30HAHCOB.
Bce ommcanHBIe BHIIIE PE30HAHCHBIC YaCTOTHI ;, COOTBET-

CTBYIOT (hopmyIie

\/e(a)n)/ (e(a)n) + 1) = nw,/w,,

rie 4acTora , =c/L cBsi3aHa ¢ HEKUM pasMepoM L.
Ecim on 6ompmioit M nw,/w, < 1, To pe3oHaHcy cooT-
BEeTCTBYeT &(wy) ~ 0. DT0 pe3oHaHC 0OBEMHOrO ILIa3MO-
HA @, =iw./2 + \Jwb/er—w2/4, Te. w,=wy+ i /2.
C pocroM n mpaBas 4YacTb YBEJIMYHBACTCH, U MPH
nw, /w, > 1 nmeeM ycinosue &(w,) ~ —1. Iro IIIP. [Ipu
n — 00 IMeeM

Woo = iwe /2 + \/wl%/(sL +1) —w2/4 = o +iwc/2.

His Manoit dvacTWIbl IpaBasi 4YacThb Bcernga OoJiblmasi,
T.e. €(w,)+ 1~ 0, empu 3TOM pPaBEHCTBO TEM TOYHEE,
4eM Oosblie . COOTBETCTBEHHO W) — TOYKA CTYIECHHS.
Yewm Boime 3ameniienne III1, TeM Bblllle TOYHOCTh METOMA.
YacToThl Wy, ¥ o OTIMYAIOTCA MAJIO M, €CJIM PE30HAHCHAs
yacTtota Oym3ka k HuM, 3amemuienue [II1 cymectBeHHoe.
JHocTrmKeHne BEICOKOIO 3aMEIJIEHUS CBSI3aHO CO CHIDKCHHIEM
morepb. CHUIBHO CHU3WTH IOTEPU B METAJUIMYCCKUX dYa-
cTuiax (HampuMep, Ha [Ba MHOPSIIKA) MOXKHO, HCIIOJB3YSI
HHU3KHE TeMIlepaTypbl. Besie Bblllle MCHOIB30BaHBl MaKpo-
CKOTIMYCCKHEC TapaMeTphl I HAHOYACTHUI, JTO SIBJISCT-
csl CHJIBHBIM IOMyIIeHneM. MUKPOCKOIMIEecKasi MoJspu3sye-
MOCTb HaHOKJIACTEPa MOXKET CYIIECTBEHHO OTJIMYaThCS OT
3Ha4YCHUS UII MAacCHBHOIO oOpaslia (B KOTOPOM aTOMBI
PAacCIIOJIOKEHbl TIEPHOANYCCK) B OCHOBHOM W3-32 BJIMSIHHS
TpaHUI] ¥ W3MEHEHHUs BHyTpeHHero mojs. CTtporo 3amady
CJIelyeT pellaTh METOIaMU KBAaHTOBOM MEXaHHKH C YUETOM
BO30YXKJIEHHsI KJIacTepa IOJIeM IJIOCKOM MOHOXpoMaThye-
ckoi BosIHBL Takue 3amgaym, Kak HpaBWIO, HE pelIacMble
Jaxe B TpuOMDKeHNsX. Hammdame TpaHdIl mpm HaIAYAA
CBOOOJHBIX 3JICKTPOHOB IPHBOAUT K CYHNIECTBEHHOMY W3-
MEHEHHIO YaCTOTHl CTOJIKHOBeHHH [2]. JIJisi HaHOK/IaCTepOoB,
OIMCHIBAEMBIX ITPOBOIMMOCTBIO, BO3HUKAIOT IIPOOJIEMBI, CBSI-
3aHHbIE C pa3MEpPHBIM KBAHTOBAHHUEM M C OAJUTUCTUYECKHM
TPAHCIOPTOM. YYacTBYIOIIME B IPOBOAMMOCTH 3JICKTPOHBI
OBWXKYTCS CO CKOpocThlo Pepmu, T.e. XapaKTepu3ylTCs
myHOM BoyHBL me-bpoitns A = 2wh/(m.vp). Yactumsl c
MCHBIIMMH SHEPrussMH HE YYAaCTBYIOT B HaIlpPaBICHHOM
OBWXEHNH. B cirydae Gosbimoii nymHbl cBoOomHOTO mpobera

RJICKTPOHA Ze > L TmpuW OBWKECHAW BIOOJb IPOIOJILHOTO
pasMepa BO3HHUKaeT n = 2L/ Z ypoBHeEi, eMy COOTBETCTBY-
fonmx (3¢derr pasmepHoro kBaHToBaHusi). Takke mMeeMm
m = 2W / X ypoBHeii, COOTBETCTBYIOIIHX MONICPEYHOMY pa3-
Mepy W. OTm mocienHue ypoBHHM U IJIMHHOW TpadeHo-
BOI HAHOJICHTHl COOTBETCTBYIOT YHCJy IPONOJIBHBIX MOJ
TIPOBOMIMOCTH, W TIOTIEPEYHBIX MO, KOTOPHIE KBAHTYIOTCS.
Peasnbro mist Takoit KA (rpadyeHOBOI HAHONIEHTHI) CIlCMyeT
pemars YII ¢ BekTOp-MOTEHIMATIOM, COOTBETCTBYIOIINIM
9JIEKTPOMArHUTHOMY Tomo. Ecim jieHTa (Hampumep, me-
TAJUTNYECKast) UMEET elle W TOJIIHHY f, BO3HHUKAET TpPeX-
MepHbiit 00bekT — KA ¢ mpumepro 8LW¢/ I° ypoBHsMH.
DT ypOBHH COOTBETCTBYIOT HMMEHHO 3JIGKTPOHAM IIpO-
BOAMMOCTH. Mojeian aOCOJIIOTHO BBICOKMX CTEHOK ¢ B®
Y = sin(nsrz /L) sin(mary /W) sin(karx /t) COOTBETCTBYeT m3-
BECTHBI pe3y/bTar (1) ¢ 3aBHIIEHHEM 3HEPrHii, HOITOMY
OHAa HE IO3BOJISICT IMOJYYaTh KaKWe-THOO Pe3ysIbTaThl IS
gacToT nepexona. Ecim m3BecTeH noreHmmain B 3tom KA ¢
YYETOM BCEX aTOMOB, WJIM MPHUOJIMKECHHBIN MMOTEHINA IS
AJICKTPOHOB TTPOBOIMMOCTH, /IS KOTOPHIX MOXKET OBITh pe-
meHo ogHovyactHyHoe YIII, To MOXHO ompenenwTh YPOBHH
SHEPIMHA W COOTBETCTBEHHO YaCTOTHI Iepexonos. Ilospu-
3yeMOCTb TaKOro Meraaroma (KBaHTOBOW Touku mwim Kf)
B IIOJI¢ IUIOCKOM BOJIHBI ONTHYECKOrO AMAamna3oHa MOKHO
OIIPENIEIIATh METOIOM BO3MYIIIEHHH. boibioe 9mciio aToMoB
B KBaHTOBOW TOYKE IMO3BOJIIET HAIEATHCS, YTO MaKpPOCKO-
mmyeckass JIII macT mpaBWIIBHBINL KadeCTBCHHBIA pE3YIlb-
TaT. MaKpOCKOITMYECKHEe SKCIePUMCHTAIbHBIC ITapaMeTphI
MeTaJuIoB BOJIM3M mepexonma peanbHOM wacté II1 depes
HYJIb HaJIO alllIPOKCIMHUPOBATh AOCTATOYHO TOYHO. TOYHOCTD
FCIOJIH30BAHHON AaNIMPOKCUMAIIAN C OTHAM WICHOM & B
9TOM [IMAINla30HE YXyALIAeTCs, MOITOMY clienyeT OpaTp /iBa
i Tpu TepMma JlopeHrta. [{71s1 He cAIIKOM Matoif 9acTHITb,
KOrJa eIie MOXXHO BBECTH JUUII HEE MAaKpOCKOIMYECKYIO
ckopocth Pepmm, u Bpems mposeta T = 2r /vy, IIA KO-
TOPOH CyIIECTBEHHO MEHBIIE MaKPOCKOINYECKOTO BPEMEHH
penakcarmu 7, = 1/w,, YC MOXHO B3SITh B BUIE @, = UF,
rae vy — cKopocTh Pepmu, YIUTHIBAsS TO, YTO IEPEHOCSIIHEC
TOK 3JIGKTPOHBI HAaXOMATCS B OKPECTHOCTH ypoBHS Pepmu.
OnHako mpH ynpyrom (3epKajbHOM) pacCesHuh OT CTEHOK
HMITYJIbC TI0 MOIYJIIO COXPaHSIeTCs, a TOTEPH CBSI3aHBI C
HEYHNPYTMMH paccesHusAMH, T.€. ¢ Kodad¢ummerTom 3ep-
KaJIbHOTO paccestHusi, mosTomy peanbHas UYC w, Oymer
MeHbie. [Ipn Bo3meiicTBUM OBICTPONIEpEMEHHBIX TIOJICH C
aMIUTATYRO# E(p M 9YacTOTOH @, 3JIEKTPOHBI KOJIEOTOTCS
OKOJI0O WOHOB PCIIETKH C STOW PE30HAHCHOH YacTOTOU
Wy, TPA OTOM pa3Max KojeOaHWil yMEHbINAeTcs C Ya-
crotoit r, = Eo(e/m,)/|w2—iw,0.| [14]. B 310it Momem
paccMaTpHUBAIOTCS BCEe JIEKTPOHBL [Ipy pasMepax gacTHITH
CYIIECTBEHHO OOJIbIIE 7, TPAHMIBI IEPECTAIOT CIUIBHO BJIU-
ATb HA ®,. C POCTOM YaCTOTBHl CMEUICHHE yMEHBIIACTCS,
U yMeHblIaeTcs BimsiHAE Tpanum, T.e. YC w. OomKHA
CHIDKAThCcA. B CHJIBHBIX TOJISIX CMEIICHHE OOoJIbIne, a Tpu
CBOOOIHBIX KOJICOaHMSIX aMIUIMTYy/a 3aTyXaeT CO BpeMe-
HEM, T. €. HalpaBJICHHOE CMEIICHUE JICKTPOHOB CTAHOBUTCS
menbire. [Ipu stom YC w, nomkHa ymeHbmaThes. Takum
0o0pa3oM, @, 3aBUCHT OT PE30HAHCHOU YaCTOTHI M aMILIH-
Tynbl KosieOanwmit. [Ipu Masoil amImMTyne BIIMSIHAE TPaHUIT
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HE CKa3blBaeTCs, a YaCTOTHl ), MU3MEHSIOTCS CJIa00 OKOJIO
qacToTsl III1P, 4TO mo3BosiseT HE YYUTHIBATH 3aBHCUMOCTD
wc(wy). M ouenkn vactor JIII MOXHO HCMONIB30BATh
Makpockonuueckoe 3HadeHne YC w,.. Ilomydenue yxasan-
HeIX Mopmeniell s YC — otTnmenbHast ciioKHAs 3ajada,
MPUBOAAIIAS K HEJIMHEHHBIM YPaBHEHUSAM JIJIs1 ONpeeIICHUs
9acTOT Wy.

PaccmoTprM B kKadecTBe mpuMepa METaaTOM B BHAE I'pa-
¢enoBoit 2DEG-o6sactu ¢ pasmepamut L 1 W (KBaHTOBYIO
TO4Ky). [IOBEepXHOCTHAsI IPOBOMUMOCTD rpadyeHa, moIydeH-
Hasi W3 JIMHEHHOH IMCriepcuH (I JICKTPOHOB M IBIPOK
B OKpecTHOCTH TOo4Yek [lupaka) m Ge3 ydera MeK30HHBIX
nepexonoB faaercst daxruaecku popmyoit Ipyne [21]:

O-intra(o)
’ ’ Co T = T > 38
G l+iw/w. (38)
eszT M
Oinra(0) = 0p = o, In| 2|1 + cosh ‘aT . (39)
3mech U, — IIIEKTPOXUMUICCKUN MOoTeHnman, I — Tem-

neparypa. [lockosbky, corslacHo [pyne, Ha TOCTOSTHHOM
toke 0 (0) = 0p = ensvp, w3 (38) ompenesnseM HOBEpX-
HOCTHYIO KOHIICHTPAIIMIO 3JICKTPOHOB M JBIPOK IPOBOMIU-
moctu ng = op/(evy). JmmHa cBoGomHoro mpobera A, B
rpadeHe BecbMma Oosbimasi (mopsimka um). Ecmm pasmepst
KJIacTepa CYIIECTBEHHO MEHbIIE, CTOJKHOBEHHSIMU MOMK-
HO mpeHeOpeus. [lpm manoii dacrore w/w. < 1 mpo-
BomuMOCTh (38) OayumcTHYecKasi Oy, (0) Wi Kiactepa
L < 1, n mudpdysnonnas npu L > 1,. B obmem ciryqyae
0 = Ointra(0)(1 + L/2,). TIpu GoJIBIION YacTOTE IUTMHA IPO-
bera 1, yMeHbIIaeTCs, IIO3TOMY IPOBOAMMOCTh CTAHOBHT-
Csl PEAKTUBHO (MHIYKTHBHOMN), MAJOM M OaJUTMCTHICCKON
0 = —i0pira(0)w, /@. DTO COOTBETCTBYET TOMY, 4TO C yBe-
JITYCHHEM YacTOTHl BKJIAJ B MPOBOAUMOCTb YMEHBLIACTCS
n3-3a KoJiebaTeJIbHOrO XapakTepa M YMEHBIICHUS] aMIUIU-
Tymbl KojieOaHuii (C yMEHbBIICHIHEM HEePUONa YMEHBIIASTCS
npoGer MeKIy CTOJKHOBeHHsMH). Torma CyliecTBEHHYIO
POJIb HaYMHAET WUTpaeT KUHETHUYeCKass WHAYKTHBHOCTb, KO-
TOpasi TMPH HAMPaBJICHUM TOKA BIOJb OOJIBIIOTO pa3Mepa
B TakoM 2DEG umeer Bun Lo = m,vpLl/(Wope). OHa n
KBaHTOBasl eMKOCTb C( BHOCSIT BKJIAJ B IOBEPXHOCTHYIO
MIPOBOIMMOCTD I'pa)eHOBOr0 (pparMeHTa:

o(w) = —ioo(1 4+ L/2e)w. /@ + iWwCo + W/ (iwLg),
tie Co = e?u./(wvph?). 3anuchbiBas ycioBUe pe3OHAHCA
koL\/1 —4/0? = nm, nonydaem
4 w?

" AWCowi —W/Lg — 0o(1 + L2 )wc|?

w

n*Q?
[WCQwZ - W/LQ - 0-0(1 + L/ﬂ'e)wc]z.

3nece Q2 = car/(2L). fIBHBle pELICHUST MOXHO IOJIyYHTb,
ecin npeHeOpedb KBaHTOBOW €MKOCTbIO. PesoHaHCH B MO-
IIePEYHOM HAIpPAaBJICHUN MOJy4YaloTCs IpH 3ameHe L «— W.
DopMysbl paboTaIOT /1711 HEOOJIBIIHX 7.
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Yro xacaercs ¢popmyssl Hpyne—Jlopenna pos A1 metan-
J1a, To oHa BecpMa TouyHasd B MK u Oojiee HM3KOYaCTOTHBIX
nuanasoHax. s ontudeckux JIIT B Hell :xenaTesbHO B3SITh
HECKOJIbKO TepMOB JlopeHIla, anmpoKCUMUpYs pealbHble
skcriepumMenTasbabie [T metaos. Tak, mist cepedpa €' (w)
TIEPEXOMIUT Yepe3 HyJIb TPWHKABL, TOITOMY OTHOTO 3HAYCHHS
&, ABHO HepocTaTouHo. CiI0)KHas 4acTOTHas 3aBHCHMOCTD
JII npuBogMT K HESABHBIM U TPOMO3IKHAM (popMysam, peso-
HaHCHbIE YaCTOTHI U1 KOTOPBIX CJIEAYeT ONpeNessiTh UTepa-
roHHO. OOBIMHO ABYX MTEPALiA JOCTaTOYHO. UTO Kacaercs
ydeTa OfHOW KOHCTaHTBl & B TPHUBEACHHBIX (OpMyJax,
TO COOTBETCTBYIOIIAasi IOTPEHIHOCTb IMOPS/IKA HECKOJIBKUX
MIPOIIEHTOB, KaK M MOTPEHIHOCTb CaMHUX KBa3HMCTATUYECKHUX
¢dopmysn. CrenyeT OTMETHTb, YTO HCIOJIb30BAHHE CTPOTUX
(GopMysT TPUBOOUT K CIEKTPY 4YacTOT, CryIIAOMUXCH K
4acToTe Wy = Wp/+/€L, TOTNA KaK KBa3UCTATHYECKUH MOM-
xon u Meron IIITP mpuBOOAT K TOYKE CrylleHHWs CIIEKTpa
wp = wp/+v/e, + 1. OTMETHM TaKXKe, YTO YacTO YaCTHIIBI
paccMaTpuBaloTCsl B Hekod mpo3pauHoil cpeme c¢ I &
B sTom ciydae Bce pesysnbTaThl INOJYYaloOTCs 3aMEHOM
ko — kox/g u & — & —&. HakoHell, MBI HCIOJIb30BaJIA
macnepcnio LleHHeka muis mytockoil rpaHunsl pasgesna. [Ipu
9TOM HOJIyYHJIA IOCTATOYHO NPOCTHIE pe3ysbTaThl. AHaso-
ruyHo MokHO monyuuTs Y Llenneka mna cdepuueckoit u
LIIMHAPAYECKOH MOBEPXHOCTEN YaCTHLl, €CJIM aHAJIOTHMYHO
BoiBOy Qopmyset (33) pacemarpusare ITI, Geryime 1o
KoopauHate @ i muwmHApa wm chepsl. Takwme Y cy-
IIECTBEHHO 0OoJiee CII0KHBIC M HESIBHBIC, HO OHM IPAaBUJIBHO
YUYUTBHIBAIOT KPUBU3HY MOBEPXHOCTU U JAIOT Oosiee TOYHBIC
pe3yJIbTaTHL

®duHaHcupoBaHue paboThbl

Pabora nopgepxana MuHUCTEpCTBOM 00pa30BaHMUs U Ha-
yku P® B paMkax BBHIIOJIHEHHS I'OCYIapCTBEHHOIO 3aIaHUs
(mpoext No FSRR-2023-0008).
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