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MOJAEJUPOBAHUE OBMEHHOI'O B3AMMO/JIEHCTBUS
JJAEKTPOHHBIX U ITO3UTPOHHBIX ITOTOKOB

C.A. XpuTtkux
Mockoeckuii 2ocydapcmeennbiit uncmumym IMEeKMpPoHuKY U MamemMamuxu
(mexnuveckuii ynugepcuniem)

1. MopenupoBanine  OOMEHHOro  B3aHMOJICHCTBHA B JJIEKTPOHHO-
MO3HTPOHHON Cpejle NMPOBOAMTCA B PaMKaX HAY4YHOrO HAIPaBJICHHSs — ramMma-
MEKTPOHUKA, B KOTOPOM AaHAIM3UPYETCAs B3aUMOJICHCTBHE JJIEKTPOHHBIX H
MO3HTPOHHBIX [MOTOKOB C WIEKTPOMAarHHTHBIM MOJIEM B ramMma-JHana3zoHe JUINH
BonH [1]. DieKTPOHHO-NO3UTPOHHBIE Mapsl MOIYT 00pa3oBLIBATLCS B pe3yibTare
BO3/ICHCTBUA MOIIHOIO HMITYJIbCA TIaMMa-KBAaHTOB Ha padIHYHbIE CpPelbl €
MIOTHOCTBI) YacTHIl, COOTBETCTBYIOIIEH WIM CYUIECTBEHHO TMpeBbIIAIOIICH
IJIOTHOCTH aTMOC(PEPHOIO BO3/yXa.

Hccnenyrores pesonancusie dddextsi npu o6MEHHOM B3aUMOJICHCTBHM B
WIEKTPOHHO-TMIO3UTPOHHOM BEIIECTBE, BEAYIIME K CAMOOPraHM3allM¥ aKTHUBHOI
cpenbl. B ocHOBe MeTO/1a MOACIMPOBAHHA JIEKHT TPEINOIOKEHHE O BOZMOKHOCTH
CO3/IaHUA KBAHTOBOI'0 MAKpOIUIa3MOMja B Buje OONBIION KariM 3JIeKTPOHHO-
MO3HTPOHHON KHAKOCTH. Mcnonms3yeTcs NPHHUMIT  TOXKICCTBEHHOCTH  TPH
3apA0OBOM CONPSXKEHHH TPYMI ICKTPOHOB M MO3MTPOHOB C PaBHBIM HHCIOM
yacTuill. [lpM omnpeJeneHHBIX YCIOBHAX YacTHIlbl TEPEXOAAT B  €JIHHOE
MaKpPOCKOMHWYECKOE KBAHTOBOE COCTOAHHE C OONBIINM BpEMEHEM KH3HH W
CBOHCTBAMM CBepXTeKyuecTH. B KBaHTOBOM MakpoOIUIa3MOHMIE MAaKPOCKOITHYECKHE
BOJIHOBbIC (DYHKIIMH DJIEKTPOHOB M TO3UTPOHOB CTAHOBATCA OJIMHAKOBBLIMH H
MaKpoIIa3sMOHl ipHodpeTaeT cBoiicTBa cBepxmuasmonaa [1].

B cBoboanoM cocrosHuM cBepxiuiasmona umeer (opmy inapa. Bomusu
HEOHOPOIHOCTEH OH NMPOSABISAET CBOWCTBA CBEPXIIPOHHKHOBEHHA, NMPEXK/IE BCETO,
CBEPXTIPOHHKHOBEHHE B AHINEKTpHK. OOMeHHbIE MPOIIECCHl B 1Iape MOJAEIHPYIOTCA
C HCTONB30BAHHEM MAKPOCKOMHYECKHX BOMHOBBIX (YHKUMI OJNEKTPOHOB W
MO3HTPOHOB KBAHTOBOH TeopuH. B wacTHOCTH, NOKa3aHoO, YTO PaBEHCTBO BOJIHOBbIX
(pyHKIMI SNEKTPOHOB M NMO3ZHUTPOHOB, a TAKXKE TIPOXOKICHHE IJIA3MOMJIa CKBO3b
IMONIEKTPHK ©€3 M3MEHEHWA CBOWCTB BO3MOKHO B Cllydac JHHAMHYECKOH
KOMTIEHCAIIMH KYJIOHOBCKOTO TOJIA.
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Pe3onancHble 3¢ dexTsl pH KBAHTOBOM 0OMEHHOM B3aHMOECHCTBHH BEJIYT K
Pe30HAHCHON CaMOOPraHW3allMi akTHBHOrO o0bema 3apsikeHHOW cpefibl M
MPOJIOJIKAKOTCA BIUIOTH JIO JIMHAMMYECKOH KOMIIGHCAllHH KYJIOHOBCKOrO MOJA H
YCTAHOBJICHUA JIMHAMHYECKOH 3JIEKTPOHHO-TI03UTPOHHOM MOJibl. OTMETHM TECHYI0
cBia3b S(dexra TONKAECTBEHHOCTH [PH 3apsaJ0BOM conpsikeHHH W 3¢dexTta
JIMHAMHYECKONH KOMIIEHCAIlHK KYJIOHOBCKOrO mojis Bo Bcem obbeme. Haubonee
BaXXHbl PE30HAHCHI, MPHBOJMIIME K KOMIIEHCAllMM KYJOHOBCKOrNO TONA ¢
MoJIy4eHHEM KBAHTOBOI'O 3JIEKTPOHHO-TIO3HTPOHHOIO MaKpOIIa3MOHU/Ia.

[Ipoueccel OOMEHHOro B3aHMOJIEHCTBHS B  DIEKTPOHHO-NIO3HUTPOHHOM
BEIIECTBE AHAJM3HPYIOTCS B PaMKax METOAa KPYNHBIX YacTHI KJIACCHYCCKOM
Teopud [2] M C HCHIONB30BAaHHEM MAKPOCKONHYECKHX BOJIHOBBIX (yHKIMi]
EKTPOHOB W T[O3WTPOHOB KBaHTOBOW Teopuu [1,3]. VYcraHoBieHHE CBA3M
BOJIHOBOH MOJIE/IH KBAHTOBOH TEOPHM M MOJEJH KPYIHBIX YacTHIl IMOJIC3HO IS
MOHUMAaHHA POJIH XaPaKTEPHBIX PAaCCTOAHHH MEXYy YaCTHLIAMH.

I[IpoBoaurcs coBmecTHoe pemenue ypasHenwii llpeaunrepa u Ilyaccora
JUIS  MAKPOCKOMHYECKHX BOJHOBBIX (YHKIMHA 3JICKTPOHOB M  IIO3HTPOHOB,
MoJie/IMpOBaHHE  TIPOLIECCOB MPOBOJANTCS B  HecKoJNbko dTanoB. CHavana
[OKA3bIBAETCA BO3MOXKHOCTD OJIYHEHHUS CIYUIEHHI 3aps/ioB OJIHOIO 3HAaKa, 3aTeM
paccMaTpUBAETCs BJIMAHWE CHJI TIPOCTPAHCTBEHHOrO 3apsjia Ha B3aMMOJICHCTBHE
CryILEHHI pa3HOro 3HaKa.

2. JUis onvcaHus KOJUIEKTHBHBIX MPOIECCOB B IEKTPOHHO-TIO3HTPOHHO-
MOHHOIH 0ecCTONKHOBUTENBHOM Miasme, corjacHo obuiei meroauke [1], BBoasTCs
MaKpOCKOIMMYECKHE  OJHOYACTHYHBIC  BOJIHOBBIE (YHKUHHM  DJIEKTPOHOB H
MO3UTPOHOB C BBIJICICHHBIMH aMIUTUTY/IaMH W da3amu

‘Pe(x& }’, Z, ’)ﬁ qu(-xa ,vs Z,, r}y LFJ'(I* .V! :1 I}! "Pf.'.p,l g |‘P€Jl.f] exp(fsﬂ,p.f)!
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Beesienne Takux QyHKuMil o3Havaer, 4To B (QU3MUECKH ManoMm obbeme Vg
BCE OJHOTHITHBIC YACTHIIBI (DJEKTPOHBI, TO3MTPOHBI MW HOHBI) BEAyT cebs
YyHOPAJA0YEHO H OJMHAKOBO KaK TOK/IECTBEHHBIE YacTHUBI Oe3 OiM3kux (napHbIX,
TPOHHBIX H JIPYTHX JHCKPETHBIX) B3aHMOCHCTBHIA.

Bo Bcex cirywasx BaykHa TeCHas CBS3b IJIOTHOCTEH 3apsia W IMOTEHLHana
®D(x, y, z, t) B ypaBHeHuu [lyaccona
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rae U,, Uy, U; — noteHumanbHble JHEPruy 2JIEKTPOHOB, TO3HTPOHOB M HOHOB (3apsi/l
Zle|) B KyIOHOBCKOM 11oJ1e ¢ rnorerumanom O(x, y, z, 1),

U,=—le| @, U,=le| @, Ui=Zle| D.

B Oonee obuiem ciaydae npu ydere MarHMTHOTO TOJISL B HEPEJIATHBHCTCKOM
npejene JUis YacTHIl C HyJIEBBIM ClIMHOM ypaBHenue lllpenunrepa 3anuceiBaeTcs ¢

y4eToM 0000LIEHHOTO UMITYJIbCa, COIEPKAILETO BEKTOPHBIN MOTEHIIHAN A

JUI YyTOYHEHHS MOJIENM M0JaraeM, YTO0 B HayalbHblii MOMEHT BpPEMEHH
CTYUIEHHA DJIEKTPOHOB M IIO3UTPOHOB MMEKOT BH/I IIAPOBBIX 00JIAaKOB, pajanychl
KOTOPBIX He 0OJIbIIE KOMITTOHOBCKOI JUTHHBI BOMHBI (~ 4.10 CM) U MOT'YT OBITh
6MM3KM K KIaccHueckoMy pammycy anekTpoHa rp=10"" cM. BroxkeHHble Apyr B
Apyra, OJIMHAKOBBLIE BO BCEM, KpPOME 3HakKa 3apsja, mapossie obnaka (CrycTkH)
NEKTPOHOB ¢ M MO3UTPOHOB ¢ BMECTE 00pa3yIoT EKTPOHHO-O3UTPOHHYIO T1apy
(MHKpOKaIUIIO KOHJIeHCaTa).

Haxonatcs BbIpaXeHMs IS IUIOTHOCTH BeposTHocTH wyactHn n=‘YY¥ u
MJIOTHOCTH [10TOKA BEPOATHOCTH j

*

2 .h ; \Pd‘{’ —‘P"ﬁ, \ ezlb‘l"!‘*,
2imc dt dt mc

j= i!iﬁ{'f',-[‘l*' grad¥" — W grad ‘P']—
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B Hamem ciiydae paccCMOTPEHHMS MaKPOCKOIMYECKHX KBAHTOBBIX COCTOSHMIA
BEMHYHHA M ABNAETCA INIJIOTHOCTBIO HACTHIIL, a BBKTOpj — BEKTOP IUIOTHOCTH MOTOKA
yactuil. Takoi moaXo1 THITHYEH UIA 3a1a4 TEOPHH CBEPXIKMUIAKOCTEH.

BonHoBoe ypaBHEeHHE MOXHO CYMTATh YPaBHEHUEM JUIs noTeHIMana nons ‘W,
CO3/1aBaACMOr0 JJICKTPOHHO-MO3HTPOHHBIMH HWJIH 3JICKTPOHHO-/IBIDOYHBIMHU MapaMH,
OTBEYalolllee 3a CHIOBOe B3aumozeciicTBue. @yukumo ¥V cieayer paccMaTpuBaTh
KaK JIByXYacTHYHBIH ONEpaTop B MPOCTPAHCTBE YHCEN 3alONHEHNUS TEOPHH
BTOPHYHOI0 KBaHTOBaHMA. OH MMEeT OTJIMYHBIE OT HYJIS MaTpPH4YHBIC DJIEMEHTHI,
COOTBETCTBYHOLIIME MMOTJIOUICHHIO JIEKTPOHA U POXKIAECHHIO MO3UTPOHA.

3. Ina nonyuyeHus peszoHaHcHoro 3¢ddekra cpeaHee paccTOAHME MEXLY
HEHTpaMH 4YacTHIl BBIOMpAaETCAs MEHBIIMM MIH TIOpAAKA paauyca ACHCTBUSA
KynoHosckux cui. D¢dexr obOMeHa B craHjapTHOM BHje Habnmaercs yxe B
HaYa/ibHbIE TMPOMEKYTKH BpemeHu f. Pacnipenenenwe 3apsja aaercs JIMHUAMM
ypoBHeit moteHumana @(x, y). B HavyaibHble MOMEHTHI BPEMEHH KYJIOHOBCKHIA
MOTEHIMA XapaKTCPHU3YeTCA HAIMYHUEM Y3KOil Ieinu Mexay AByMs obiactamu

3apsiia npu y = 2,5 (puc. 1).

n

C yy'A.
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Puc.1. Ypoeuu noterumana ®(x, y) npu AByX4acTHYHOM 00MEHE 3apsaMH B HAYAIbHBIHA MOMEHT
spemeni =0 (creea) u B momenT obpasosanus wenu =0,038 (cnpasa)

[log peiicTBMEM KYJIOHOBCKMX CHJI aMIUIMTY/ABl BOJIHOBBIX (QYHKIHI
CIYCTKOB 3JIEKTPOHOB M [O3HTPOHOB M3MEHSIOTCH, WX LEHTPBl CMELIAKTCA
HABCTPCUy JPYr K JApPYyry, B pe3yibTaTe 4Yero BO3HHKAaeT OOIIMH UeHTp ¢
OJ/IMHAKOBBLIM paclipe/ie/ieHHeM BOJIHOBBIX (DYHKIMIT JJIEKTPOHOB M IIO3MTPOHOB.
DTOT pe3ynbTaT WUIKOCTPHPYETCA HAa KAPTHHE JIMHHIT ypOBHEH BOJIHOBBIX (YHKIMii
uiekTpooB ¥ u nosutponoB V' s pesoHaHcHOro OGMEHHOro mponecca,
MPOMCXOJISILIEro B Mpejieliax 0{Horo nepuojia ooMeHHbIX Konebanuii (puc. 2).
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Puc.2. Pacnipesienerins aMIuIHTy 1 OAHOMACTHYHBIX BONHOBBIX (ynKumii anextponos V¥ (cresa)
nosutponoB 'V (cmpaea) ¢ obum uentpom x = 2.5.

Pacnipesienietns (a3 BOMHOBBIX QyHKIMIA 2NEKTPOHOB H 1103UTpOHOB (pHC. 3)
XapakTepU3yeTCs HECKONbKHMH MaKCHMyMaMH ¥ MHHHMymamu. JleficTBHe
KYJIOHOBCKHX CHJI MEXJy CryCTKamH 4YaCTHIl pPa3sHOr0 3HAKa MNPHBOJNT K
BO3HHKHOBCHHIO TpajHeHTa (ha3 OJHOYACTHYHBIX BOJHOBBIX (YHKIMH, HTO
obycapiuBaetT Gosice CHOKHBIH XapakTep MONyYEHHBIX paclpeieNeHuii 1o
CPABHEHMIO C 3aBUCUMOCTSIMH Ha puc.2.
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Puc. 3. Pacnpepenenus a3z oaHOHaCTHHHBIX BONMHOBBIX (hyHKuui anextponos V¥ (cresa) u
nosutporos ¥’ (cnpaea) ¢ obum nenTpom x = 2.5

[IpoBeieHHBIE pacyeThl [OKa3all, YTO B KBAHTOBOIl JJIEKTPOHHKE, KAK U B
mexktponnke CBY, nporneccsl 00MEHHOT0 B3aMMO/ICHCTBHS MOTYT MPOHUCXO/INTH B
KHHEMaTHYECKOM NPUOJIMAKEHHH [PH MaJIOM BJIMAHWH KYJIOHOBCKMX CHJI H B
peKHME MPOCTPAHCTBEHHOrO 3apsjia MIpH JAOCTaTOYHO OONbIIMX KYJOHOBCKHX
cunax. IlokaszsaHo, 4YTO MpH yBEJWYEHHH [UIOTHOCTH CI'YCTKOB (YBEJIMYCHHH
HEJIMHEHHOCTH)  TICPHOJAMYMECKHIT  BOJNIHOBOH  mpollece  MEPEexXoauT B
HEMNEPHOAMYECKHI TTPOLIECC CMELIIEHUA LIEHTPOB BOJHOBBIX (DYHKIHIT 2JIEKTPOHOB U
no3urporoB. Ilpu nocTikeHHH cONMKEHHS BOJIHOBBIX LEHTPOB OCYLIECTBISETCS
KOMIIEHCALMs KYJIOHOBCKOIO MOJIA.
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