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3aBMCHUMOCTH KBAHTOB
XO0JIJIOBCKOW MPOBOAMMOCTH OT

(pyHIAMEHTAJIBLHOU YACTOTHI ), ATOMHOI'0 U
Cy0aTOMHOI0 YPOBHeEM
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AHHOTALUA

Junamuueckas MOJEINb 3JeMeHTapHbIX yactull (JJM) mo3Bosinia mo-HOBOMY B3TJISSHYTh Ha
MHOTHE (PU3HUYECKUE SIBJICHHS. DTa MOJCIh pa3padoTaHa B paMKax HOBOTO (PHIOCO(CKOro
MO/IX0/1a K OCHOBaM (PM3UKH — IUAJIEKTUUECKOro. bynydn BceoObeMITIOMNUM, AUATEKTUYECKUI
¢mnocopckuii  MOAXOA TPEBOCXOAUT (HOPMATBHO-TIOTUYECKHA C €ro OrpaHUYeHHBIMHU
BO3MOXXHOCTSIMHU, JOMUHHUPYIOIIMK B HacTosIIee BpeMmsl B COBpeMeHHOW ¢usuke. B maHHoi
paboTe ¢ HCIOIb30BaHNEM HOBBIX (DyH/IAMEHTAIBHBIX TAPAaMETPOB, OTKPHITHIX B JIM, a Takxe
C YYETOM OTKPBITHS 00O0JOYEHHO-Y3JI0BOTO (MOJIEKYJISIPHO-TIOJOOHOT0) CTPOEHUS aTOMOB,
OOBSICHACTCS NpPUPOJA KBAaHTOB, HAOIMIOAAEMBIX B  XOJUIOBCKOW  IPOBOAMMOCTH.
OyHnameHTanpHye napameTpsl JIM, Heu3BecTHbIE paHee B (PU3UKE, UCIIOIb3yEeMbIE B TAaHHOM
pabote, sBisoTCS: (QyHAAMEHTaIbHAs 4YacToTa oOMeHa (B3aMMOJICHCTBHSI) HA aTOMHOM U
Cy0aTOMHOM YPOBHSIX (. M SJIEMEHTAPHBIN KBAHT HHTEHCUBHOCTH MacCOOOMEHA € = M.

1. BBenenue

Ortkpeitue B 1982 rony lItépmepom u Llyii [ 1] 1ononHUTENbHBIX OpoOHbIX KBAHTOBAaHHBIX
3HAYEHUN CONpPOTHBJIEHHUS IIPU H3MEPEHUH XOJUIOBCKOW NPOBOAMMOCTH B oOpa3uax
Ype3BbIUAIHO YUCTBIX MOJYNPOBOJAHUKOB B CUNLHOM MASHUMHOM HOJe CTalo OOIbIION
HEOKHUJAHHOCTBIO.

B 1983 roay Jladnun [2] BBIABUHYJ TMIIOTE3Y, COTIACHO KOTOPOH OpoOHbIll KBAHTOBBIM
abpdext Xomma O0OYCIOBJIEH 3aXBaTOM  KaXAbIM DJIEKTPOHOM HEUETHOTO YHCTa
(yHIaMEHTaIbHBIX €MHUL (KBAHTOB) MarHUTHOTO MOTOKA, B OTJIMYME OT OJHOW €IMHHIIBI
MOTOKA TIPH yenouucieHHom KBaHTOBOM 3¢ dekte Xoimna. OobsicHeHue ¢ dexra onupaiocs,
TaKuM 00pa3oM, Ha TUTIOTETUYECKOM TOHATHH HOBbIX KEAHMOBLIX COCMOSHUL 8elecmad.

CornacHo runoreze JlaguuHa, HU3Kas TeMiieparypa WU CUJIbHOE MAarHMTHOE I0J€
BBIHY)KJAIOT JJIEKTPOHHBIM Ta3 KOHJEHCUPOBATbCS, 00pa3ys HOGul mun KE8aHMOBol
arcuokocmu. T10CKOIBKY 3J€KTPOHBI KOHAEHCUPYIOTCS KpallHE HEOXOTHO, OHM CHadaja, B
HEKOTOPOM CMBICIIE, 00BETUHSAIOTCS ¢ «KBAaHTAMHU IIOTOKa» MAarHUTHOTO 1oJis. B yacTHOCTH, Ha
MEPBBIX ATAMaX KaKIbli 3JEKTPOH 3aXBaThIBAE€T TPU KBAHTA IOTOKa, 00pa3ys TakMM o0Opa3oM
CBOETO POJIa COCTABHYIO YaCTHUILy, HE CKJIOHHYIO K KOHICHCALINU.

[Tpu aToMm maTo kBauToBOTO 3P dekra Xomra (KOX) o6pasyrores, koraa sueprust Gepmu
nornajaer B IIeJdb IUIOTHOCTH COCTOSHHUM. PasHuma 3akiodaercss B MPOUCXOXKIACHUHU
SHEpreTHYecKUX Ieneil. B To BpeMs kak mpH LeT0YUCIeHHOM 3P deKTe e BO3ZHUKAIOT 13-
32 MarHUTHOT'O KBAHTOBAHUS JIBM)KEHUS OTAEIBHOM YaCTHIBI, IPH IPOOHOM 3ddexTe menu
BO3ZHUKAIOT U3-3a KOJIJIEKTUBHOTO JIBU’KEHUS BCEX JIEKTPOHOB B CUCTEME.

Kak cnemyer u3 TeopuH, OCHOBaHHOW, TaKUM 0Opa3oM, Ha TUIIOTE3€ BO3HUKHOBEHMS
BOOOpakaeMoil KBaHTOBO-MEXaHWUYECKOW YKHUJIKOCTH HOBOW ()OPMBI, © HA MHOTOYACTUYHOMN
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BOJIHOBOI (DyHKIIMHU, 3J€MEHTapHble BO30YKIEHHUS JOKHBI COCTOSITH M3 ICEBIOYACTHI] —
HOCHTEJIEH 3apsii0B, SIBISIFOIIUXCS JOJISIMU 3aps/ia 3JIEKTPOHA.

Hecmotps Ha TpyiHOCTH B OOBSICHEHUH pAJa AeTalied, ((U3UKK MPUHSIIA B PE3YJIbTATE 3TO
MIEPBOE OMKCAHKE JAHHOTO SIBICHUS (32 OTCYTCTBHEM JOCTOWHOM allbTepHATHUBHI), Oosiee Win
MeHee ynoBieTBopsitoliee ux. Takum odpazom, Ha 6aze runoressl JladauHa cTana pa3BUBaTbHCS
COOTBETCTBYIOILIAsl TE€OPHUs, MOSBUINCH CIEACTBUS, BBHITCKAIOIIUMU U3 HEE, U €CTECTBEHHO,
pasznuuHble mpoOsieMbl. M3ydeHue creayromux U3 MNPUHATOW TEOPUM TaK Ha3bIBaEMBIX
IpOOHBIX 3apsAA0B (WM KBA3UYACTHUI] JPOOHBIX 3apsiioB) U APOOHOM CTATUCTHKH J0 CHUX MOP
octaércs B pU3MKEe aKTHUBHOU 00JacThio HcciaenoBaHuid. [loaToMy paHo roBOpuTh O MOJTHOM
MOHUMaHUH IpUpos! P dexra.

dakTHYeCKHEe U3MEPEHUS] XOJUIOBCKOW MPOBOAMMOCTH OOHAPYKWIM Lieible U APOOHbIE
3HayeHus oT e*/h ¢ Tounoctio A0 107, VIMeHHO MOATOMY eIMHMIIA CONpPOTUBJIEHHS h/e
UCIONIb3YEeTCS Ul KalHMOpPOBKU COMPOTHUBICEHUH BO BCEM MHPE U CIYKUT YPE3BbIUANHO
TOYHBIM HE3aBUCHUMBIM CIIOCOOOM OIpeeIeHUs IOCTOSIHHONW TOHKON CTPYKTYpPbl — BEJIUUNHBI,
uMerolIel pyHaaMeHTalbHOE 3HaUeHNEe B KBAHTOBOM AJIEKTPOAMHAMUKE.

B ¢u3uke Hu3KOTEMITEpAaTypHBIX KOHACHCUPOBAHHBIX CPe IPOOHBIN KBaHTOBBIN 3(dexT
Xoua 10 CUX MOpP OCTAeTCsl BaXKHON TEMOU HMCCIEI0BaHUM, KaK IKCIEPUMEHTANbHbBIX, TaK U
TEOPETUYECKUX.

Obpamraer Ha ce0s BHUMaHHE cienyromuid gakt. M3mepeHus mokasaiu, 4TO TOYHOCTb
KBaHTOBaHUS XOJUIOBCKOH IPOBOJUMOCTU He 3asucum OT YCIOBUM OJKCIEPUMEHTa U
napaMeTpoB 00pasloB, TaKUX Kak: pa3Mepbl OOpas3loB, BIUSHUE TpaHUI], CTENEHb
COBEpIICHCTBA KPUCTAUIMYECKUX CTPYKTyp (Hanmuuue npumeced U Je(eKToB), THUI
KpUCTAJIJIOB, TEMIIEPATypa, CHJIa U3MEPUTEILHOTO TOKA U T. 1.

[lo HamieMy MHEHHWIO, 3TO O3Ha4aeT, YTO MPHPOJA yeabiX W OpOOHLIX KBAHTOB,
Ha0JI0AaeMBIX B XOJUIOBCKOW MPOBOJMMOCTH, Onpeoensiemcs moibKo QyHOAMenmanibHulMu
napamempamu mamepuu, XapaKTepHbIMU /111 aTOMHOT'O YPOBHSI.

B sTom nnane, cpenn psa HOBBIX MAapaMeTPOB, OOHAPYKEHHBIX HaMU, HEU3BECTHBIX J0
CHX IIOp COBPEMEHHOM (HU3UKE, 0c000€ MECTO 3aHUMAET PYHOAMEHMANbHAS YaCmoma 0OMeHa
(B3aMMOACUCTBUS) ®. HA amomMHoM u cybamommom ypoeHsx Bcenemnou. VccnenoBanus
MOKa3ajiu, 4YTO (PU3NYECKUE SBJICHMS, YXKE pPacCCMOTPEHHBbIE HaMH, JOCTATOYHO XOPOIIIO
OOBSICHAIOTCS C YUETOM ATOTO HEU3BECTHOTO paHee (PpyHAaMeHTanbHOro napamerpa [Ipuposst,
OTKpBITOrO B paMkax BoHOBOI Mozenu CTpoeHMsI W TOBEJIEHUS 3JIEMEHTapHBIX 4YacTHll,
MOJITBEPXK/1asi TEM CaMbIM aJIeKBaTHOCTh €€ PeaTbHOCTH.

/lpobnas xBaHTOBass MPOBOAMMOCTh, HaOmogaemass B dpdexte Xomna (kak u
yenouucienHas KBaHTOBasi MPOBOJMMOCTb), €CTECTBEHHO 00bsAcHseTca B [IIM uesasucumo om
yuéma maznumno2o nojs. JlocTaTouHO MoHMMaHMs B paMmkax /M B memoM mexaHu3Mma
Kosie0aTeNbHbIX IPOIECCOB Ha aTOMHOM YpPOBHE W KBAaHTOBOTO IIOBEJECHUS IE€pPEHOCA
ANEKTPUYECKOTO 3apsiia IPH.

Utak, npupooa keanmoganusi XONJIOBCKOH MPOBOAMMOCTH (KBaHTa CONPOTHUBIICHHUS)
pacKpbIBaeTCs HaAMH KaK 6HYMpeHHee CBOUCME0 ATOMHBIX CTPYKTYp, 6e3 yuéma enusHus
BHEUIHUX MACHUMHBIX NoJel. ITO CTalo BO3MOKHBIM OJ1aroaps rnepexoay Ha HOBBI YPOBEHb
WCCIeN0BaHMi, HadaTbix aBTOpoM coBMmecTHO ¢ JI. Kpeitamkom [3] B AEBSIHOCTHIX TOJax
MPOLIOTO CTONIETHSI. A UMEHHO, HalllM HCCIIE0BAaHNUS CBSI3aHbI C nepeocmblclienuemM 0a308blx
NOHAMUL COBPEMEHHON (U3UKU C Yenvio ux co2ndaco8aHusi ¢ IUATJEKTHUYECKOW JIOTHMKOW U
¢dbunocodueii. B pe3ynbraTe HOBBIE MOHATHS TOTYYUITN MTOJTHOE Pa3BUTHE M 000OIIIEHBI B HOBOM
obmeit Teopun ¢u3uku - BonmHOBOM Monmenu, wiM auanekTHueckod ¢usnke —  (usmke,
OCHOBAHHOW Ha uajeKkTudeckor pusmocoduu u e€ moruke [S].

Takum ob6pa3oM, B JaHHOH paboTe MBI HCMONb3yeM (yHIAMEHTAJIbHBIE MapaMeTphl,
OTKpHBITHIE B paMkax JIM [6], a Takke omrpaeMcsi Ha 0007109€YHO-Y3JI0BYIO MOJIENIb aTOMOB [ 7,
8] nuanextuueckou ¢pusukw [3, 5].
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OCHOBHBIMH M3 HOBBIX ITAPAMETPOB SIBJISFOTCS CIICAYIOIIHE JBA:
(1) pynoamenmanvras wacmoma amomusix u CyOAMOMHBIX YPOBHEU M¢; U
(2) 2nemenmapmblii KEAHM UHMEHCUBHOCIIU MACCOOOMEHA € = MeMe, PA3MEPHOCTH g X5\

Wudopmaiius 0 HOBBIX MapaMeTpax COJCPKUTCS B KHHraxX, CChUIKM Ha KOTOpBIC
MPUBEJICHBI B JaHHOM padoTe. Hanbosee moapoOHO OHM paccMOTPEHBI TJIaBHBIM 00pa3oM B [5].
Ilepeuiii mapaMeTp . ObUT COBEPIICHHO HEU3BECTEH COBpeMeHHOU (u3uke 10 1996 roxa, rona
MyONMUKAIUU KHUTH «Abmeprhamugnas kapmuna mupay [3]. [lpupona u uCTHHHOE 3HAUCHUE
(1 crenoBaTenbHO, MCTUHHAS Pa3MEPHOCTh) 6MOpOo2o TapaMeTpa, M3BECTHOTO Kak 3apsii
aNeKTpoHa e, 10 1996 roga Takxke ObLIM HEU3BECTHBHI.

KBanToBsIil 3 dext Xoia, OnmuchIBaEMbIi 3/16Ch B paMKax MPEICTaBICHUNA O BOJTHOBOM
CTPOCHUHU U MTOBEJICHUH 3JIEMEHTAPHBIX YACTHUIl U AaTOMOB, ITPOSICHSIET MHOTHE Ba’KHBIE aCTIEKThI
HE TOJIbKO KBaHTOBOI, HO U aTOMHOM ()U3HMKH, OCOOEHHO B CBETE OTKPBITHI, ClIETaHHBIX 32
MOCJIEAHUE JIecATUWIIEeTUd B 3TOMl oOmactu. Mbl uMMeeM B BHIY OTKDBITHS CEpUU
(dbyHIaMeHTaNbHBIX KIIIOUeBbIX HapameTpoB [lpuponsl, cnenanneie B pamkax [IM, a Takxe
OTKpBITHE BHYTPEHHEW 000J0YEUHO-Y3JI0BOU (MOJIEKYISIPHO-IIOJO0HOH) CTPYKTYpbl aTOMOB,
CHCJIaHHOE IpU aHAJM3€ PELIEHUH KJIAaCCHYEeCKOro BOJHOBOro ypaBHenus [3]. Cnenyer
OTMETHTB TaKXe pe3ynbTarhl Habmoaenuss KOX npu komnamuoii memnepamype B rpadeHe —
OJIMHOYHOM CJO€ aTOMOB yrjepoja, IUIOTHO YHaKOBaHHBIX B  TE€KCArOHAIBHOM
KPUCTAJUTMYECKOM peméTke [4].

Baxxnoe 3ameuanue. Bmecto moHsATHSI 83aumoleticmgue Mbl UCTOIb3yeM Oolee obiiee
MOHATHE — 0OMeH, KaK TIOHATHE, ecTecTBeHHO npucyiiee IM. B JIM nonsitue 0OMeHa BMECTO
B3aMMOJICHCTBUS OOYCIOBIICHO CIEAYIOIUMHU BaXHBIMU O0cOOeHHOCTsMU. [loHsTHE OOMeHa
00yCIIOBJICHO BOJTHOBOU CTPYKTYPOI M BOJIHOBBIM ITOBEACHUEM «3JIEMEHTAPHBIX)» YaCTHIL. JTO
MOHSATHE OXBAaThIBa€T KaK JMHAMUYECKOE PAaBHOBECHUE <«BJIEMEHTAPHBIX» YaCTHI] C
OKPY>KaIOIIMM BOJTHOBBIM TOJIEM, B TIOKOE U B JIBHDKCHHH, TAK U MX BOJIHOBBIE B3aUMOJICHCTBUSA
C IpYrHMH YacTUllaMd M oObekTamu. Takum oOpa3zom, MmoHsATHE oOMeHa sBiseTcs Oonee
a7CKBaTHBIM C TOYKHA 3pEHHS CHenu(UKH TOBEACHUS  DJIEMEHTApHBIX  YaCTHII,
paccMaTpuBaeMbIX Kak BOJHOBBIE oOpa3oBaHus. BomHOBOI 0OMeH MPOUCXOOUT Ha
(GyHIaMEHTalIbHOM YacTOTE€ 53KCAauyaCTOTHOIO [IMalla30Ha e, NPUCYIIEH AaTOMHOMY H
cybaToMHOMY ypoBHsIM Bceenennott [5].

2. DyHAaMeHTAJbHbII KBAHT Y/JAeJbHOI0 CONPOTHBJIEHUSI W CIEKTP
yeJbHbIX CONPOTUBJICHUI

OpaHuM M3 OCHOBHBIX (yHJIaMEHTaJbHbIX MapameTpoB JluHamumyeckoil Mopenu
anemeHTapubix dvactunl (M) [5, 6, 9] sBusercs ¢dynaameHTanpbHas dYactoTa (WM
(GyHIaMEeHTaIbHOE BPEMEHHOE YHCII0) aTOMHBIX U CyOaTOMHBIX YPOBHEH, ¢!

e
w, = — = 1.869162505 x 1018 571, (2.1)

me
rie e =1.702691627 x 1079 g x s~ 1 — 3apsa  DJIEKTpOHA (RJIEMEHTApHbBI KBaHT

MHTEHCUBHOCTH MaccooOMeHa), u m, = 9.109382531 x 10728 g — macca snekTpoHa.
@yHIaMEHTabHBIN BOJTHOBOU pasinyc Ae, COOTBETCTBYIOMINM (yHIaMEHTAIBHOM YacToTe
We, PaBEH
c
X, = — = 1.603886538 x 1078 cm, (2.2)

We

e ¢ = 2.99792458 x 101 ¢cm X s~1 — 6azoBas ckopocTs 06MeHa MaTepUH-IPOCTPAHCTBA-
BpEMEHM HAa aTOMHOM U Cy0aTOMHOM YPOBHSAX (CKOPOCTb CBETA ¢ paBHA TOi CKOPOCTH).
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®dyHIaMeHTaIbHBIA BOJIHOBOW paanyc A. U pyHIaMEHTAIbHOE BPEMEHHOE YHCIIO W, KAK
KpyroBasi 4acToTa, JIEMOHCTPHPYIOT CBOIO aJCKBAaTHOCTb DPEAbHOCTH. PYHOAMEHMATbHbIIL
8OIHOBOU paduyc ONPEACISACT CPEIAHEe 3HAUCHHE MEKATOMHBIX PACCTOSIHUI B MOJIEKYJax H
KpHCTAJUIaX, TO €CTh BO BCEX YHOPSIOYCHHBIX MAaTEPUAIBHBIX CTPYKTYpax, B HaCTHOCTH
ompeneNsieT CcpeaHee 3HAYCHHE I1apaMETPOB PEUIETOK KPUCTALIOB. @PyHOAMEHMANbHAS
Yacmoma . OIPEANSACT, B YACTHOCTH, KGAHM YOENbHO20 CONPOMUGIEHUS AMOMHbBIX
npocmpancme. PaccMOTpUM 3Ty 0COOSHHOCTB OoJiee TT0APpOOHO.

3akon Oma B nuddepenunansHoil popme nmpeacTaBiseTcs Kak

. 1dgq 23
J Sdt’ (2:3)
HNIN
1
j=—E =o,E. (2.4)
Pe

B cgepuueckom mone H-atoma, TUIOTHOCTB “‘9neKmpuieckoco” moxa, m.e. TUIOTHOCTh
moka maccoobmeHa j, paBHa

. wee
j= -t (2.5)
[TocneaHee MOKHO TIEpeNUCaTh B CICAYIOMIEM BUIC
e 1
Jj=¢gw,——=—E. (2.6)

ATegr?  pe

rae & = 1 g X cm™3 — abcomoTHas eMHULA TIOTHOCTH.

Takum 00pa3oM, OIyCTUBIIMCH HA aTOMHBIA ypOBEHBb, MBI MPUILIH K MUHUMAILHOMY
(rpaHUYHOMY) 3HAYEHMIO YAEIBHOI'O CONPOTUBICHUS, a (PaKTUUECKH, K (hyHOaMeHmanbHOMY
K8AHMY y0eIbHO20 CONPOMUBITIEHUS

1 me

Pe = o = 5o = 5349991157 x 107" g x s, (2.7)
e e

rae fo = 1/go cm3 x g7L.

Ortcrona crienyer, 4To PYHOAMEHMANbHbIL K8AHM YOelbHO20 CONPOMUBIEHUS Pe —
BEJIMYMHA, 00paTHO MPOMOPIMOHANIFHAS MPOU3BEACHHUIO (PYHIAMEHTAIbHOM YacTOThl OOMEHa
Ha aTOMHOM (M cy0aTOMHOM) YPOBHE ®¢ M A0COITIOTHON €IUHUIIBI IJIOTHOCTH BEILIECTBA £ HA
3TOM (6a3MCHOM) YPOBHE.

PasMepHOCTD p., BBIpaXECHHash 4epe3 aOCOJIOTHBIE €IUHHIIBI MaTepUHU-TIPOCTPAHCTBA-
BpEMEeHH (g, cm, U §), UMEET BU]I

[1 |- o o] = (2.7a)

[pe] = m )

EoWe =
cm3 s
OTKYJa CIeAyeT ¢usuueckuul cmoici GyHIAMEHTAIBHOTO KBAHTA pe.

A UMEHHO, pe, OyIyun BEIMYUHON, 0OpaTHO MPOMOPIIMOHATIBHON CKOPOCTH MaccooOMeHa
(gxs") Ha equnUIy 06BEMA aTOMHOTO (6a3UCHOTO) TIpOCTpaHcTBa (cm?), IpeacTaBuser coboit
@dyHoamenmanvHoulli K8aHm 00vEMHOU Oeghopmayuu amomuozo (0a3UCHOTO) NPOCMPAHCMBA
IIPU OUHUYHOU CKOPOCMU BOTHOB020 MACCOOOMEHA TIPOCTPAHCTBA.

OO6bexTuBHBIME Mepamu conpotuiieHus 1) u 3apsna 1C [5, ctp. 387 u 391] sBastores,
COOTBETCTBEHHO:

10°

10=—5—
4mcieg

cm™1 x s =8.854187817 x 107 M yy ecm ™ x s (2.8)



https://shpenkov.com/pdf/QuantumHall.pdf

g xs 1 =1.062736593 x 101% g x s71, (2.9)

e ¢ = 2.99792458 x 1010,

CnepnoBarenbHO, (hyHOAMEHMANbHBIL KEAHM YOelbHO20 INeKMPOHHO20 CONPOMUBIEHUS
OIIpEEIIAETCS MEpaMU:

pe = 6.042328514 x 1076 Q X cm, (2.10)

HIJIN

pe = 6421403619 x 1072 m3 x 1. (2.11)

Cpeonee yoenvHoe conpomueienue psna wmetaioB npu 273 K COOTBETCTBYET
¢dbynnamentanbHoMy kBaHTY (2.10). [Tokaxewm 3T0.
Cropocmb obmena B CPEepUUECKOM TMOJIE paBHA

v
v=—, (2.12)
Zr,n
rac
* Zr,n
Zin =2, (2.13)

7,1

U Z., — KOpHU paauanbHbix (QyHkuuii beccenms. MHaekc r yka3piBaeT MOPSAIOK (YHKIUA
beccens, a n — Homep KopHs. TakuM 00pa3oM, uxmeHcugHOCms MaccoobmMeHa ONpeaeseTcs

COOTHOLICHHUEM
e

qQ=-—), (2.14)
ZT,Tl
a yoenvbHoe JIeKMPOHHOe CONPOMUBTIEHUE KaK
1 me
Pe = =—2z, =6.042328514 x 107%z},, Q X cm. (2.15)
EoWe € ’

Teopernyecknil CIEKTP yAEIBbHBIX CONMPOTUBIECHUN HEKOTOPBIX METAIIOB, MOJy4YECHHBIN
no ypaBHeHHUIO (2.15), B cpaBHEHUHU C SKCHEPUMEHTAIbHBIMU JAaHHBIMM, TNPEICTaBIEH B
tabaune 2.1.

Tabauna 2.1. Y nenbHble COMPOTUBIIEHUS, TEOPETHUECKHUE U SKCIIEPUMEHTAIIbHBIE, HEKOTOPBIX
MeTayioB (p,, 1076 Q X cm).

Zin = Z:’I Element Theory (2.15) Experiment [12]
1 19K 6.04 6.1
28 Ni 6.14
Jai, =1.578 76 Os 9.54 9.5
Jar =1.639 78 Pt 9.9 9.81
46 Pd 9.77
2 73 Ta 12.08 12.4
Ji, =1.831 50 Sn 11.07 11.15
37 Rb 11.29
j;‘% =2.138 90 Th 12.92 13
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Jry =2.263 25 Cr 13.68 14.1
Jor, =2.692 41 Nb 16.27 16.1
Jra =3477 92U 21.02 21
3 23V 18.13 18.2
Jn, =313 75 Re 18.92 18.9
82 Ph 19.2
Jis =4.299 33 As 25.98 26
5 72 Hf 30.21 30
38 Sr 30.3
5B 35.9 36

Xopollee COBNAIEHUE NPEACTABICHHBIX JAHHBIX MOATBEPKIAET CIIPABEIJINBOCTh HOBOU
TEOPETUYECKON KOHLEIIIUY, PEAIM30BaHHON B paMKax /M, nexaieil B OCHOBE BBIBOJA.

. 1
Jnist paguanbHON QYHKIUH MOPAIKA ' = - BOJIHOBOE YHCIIO Zrp =N H

1 me B
Pe = =—n=6.042328514 X 107°n Q X cm (2.16)
EoWe  &p€

rnen=1,2,3, ...

3. ®yHIaMEHTAJbHbIII KBAaHT 3JJIEKTPOHHOI0 CONPOTHBJIEHHS W CIEKTP
(GyHaaMeHTaIBHBIX CONPOTUBJICHUH

@OyHIaMEHTANBHBIM ~ KBAHT  YJIEIBHOIO  CONPOTUBIICHMS  ONPENEHSAET  TaKXKe
@ynoamenmanvHolli keanm conpomusnenus. [1ycTh aneMeHTapHas IuHa paBHa /=27r, Tae r —
HEKOTOPbI BOIIHOBOM paauyc. Torna B chpepuueckom 1noine Kganm conpomusnienus pPaBeH

Il 1m, 2nr 2mm, er 2nmyvr
R. = pe S = = =

2 Me _ - , 3.1
g, e 4mr? e? A4dmeyr? e? (3:1)

e
° __ 3.2
dmegr? v 3.2)

— CKOPOCTb-HANPSIKEHHOCTb.
B cgepuueckom none vr = vyry = const, r1e vy U 1y — bopoBckas CKOpOCTh U paanycC,
COOTBETCTBEHHO. CIIe10BATEINBHO,

2mm,voyry h 9 1
e = ———— =— = 2.285514295 X 10" yy cm™" X s, (3.3)

e’ e’

nim

h
Re = —; = 25812.80567 Q, (3.4)

rae h — nocrosuHasd [nanka.
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Takum oOpasoMm, @ynoamenmanvhviii Keaum conpomusienus R, — 3TO BEIUYHHA,
3aBHCSIAs OT (YHIAMEHTAILHOTO KBaHTA WHTCHCHBHOCTH MacCOOOMEHa e Ha aTOMHOM
(0a3rCHOM) YpOBHE H, CIICJ0BATEIBHO, OT PYHIAMEHTATLHOM YaCTOTHI e, KAK H e, TOCKOIBKY
oHM (PyHIaMEHTAIBHO CBS3aHBI MEXKTY co00i (cM. (3.1) u (2.1)).

PasmepHOCTE R., BBIpaOKEHHas depe3 aOCOJIOTHBIC CIMHHIBI MaTEePHH-IPOCTPAHCTBA-

BpEMEHH (g, cm, U §), UMEET BUJL
2

[Rel =27+ (3.4a)

CrnenoBarenbHo, R., OyIydd BEIHMYMHOW, OOpPATHO MPOMOPIUOHAIBHOW WHTECHCUBHOCTH
MaccooOMeHa, g/s, Ha eIWHHUILy IUIOIAgH aToMHOro (0a3MCHOro) NpOCTPAHCTBA, cm’,
XapaKTEPHU3yeT CO00N ¢hyHOamenmanvbHulll K8AHM NOBEPXHOCMHOU Oehopmayu amomMHO20
(6azucHOTO) Mpocmpancmea TIPU  EIWHUYHOW CKOPOCTH BOJHOBOTO  MaccooOMeHa
MIPOCTPAHCTBA.

B yununopuueckom none oOMeHa K6anm conpomueiienus HaXOOUTCS U3 YCIOBHM: T;, =
ToZyn U | = 2mryz; . llpuoTom S = 7732, @ S1IEMEHTapHbIi KBAHT CKOPOCTH (MHTEHCUBHOCTH)
MaccooOMeHa (3apsj| 2JIEKTPOHA) ONpeIesaeTCs BRIPAKEHUEM e = TIT¢€yV, [6]. B pesynbTare
noJryyaem

I 1m, 2nr9z;y,, vo h 1
Re = Pe § = T s N2 =

— —=—=— 3.5

& e m(roz;n)?vo €%z, (35
. 1 .

Jis uunuHApUYecKoil GyHKIMU Mopsaka 7 = ~» XapaKTEPUCTHHECKUH apryMeHT paBeH

Zyp =N, U TPOCTEHIIMH cnexmp conpomuenenuii OyIeT NPEICTaBIATbCA CIIETYIOIMM
BBIPAKECHUEM:

R, = ——. (3.6)

OTmeruM, 4TO CTaOMIIM3aLUs CONMPOTHUBIEHUS XoJula (B KBaHTOBOM 3(dexre Xosa)
HaOMIOZaeTcss TpH  3HAYCHHSX, YAOBJIECTBOPSIONIMX  (YHIAMEHTAIBHOMY  CIIEKTPY
conpotusneHuit (3.5).

[Tomepeunoe cedyeHne S B IMJIMHAPHYECKOM II0JIE MOXKHO MPEJICTABUTH CHUCTEMOI
JIEMEHTAPHBIX KAHATIOB C CCUCHIAME Sy, = NITG U Ty = ToZp 1. B TakoM ciryuae

*
_ h Zpm

=== (3.7)

e

*

1
Ecm p = > TOrMa Zpm =M, U MBI HPUXOIUM K CHEKmpy @yHOamenmanvHbix

conpomuenenui
h m
R, =—=—. (3.8)

9TOoT CIICKTP U3BCCTCH KaK 0[7051-!06 K8AHMOBAHUE B XOIIOBCKOMN IMPOBOANMOCTH.

4. KBaHT y/1eJIbHOT0 POTOHHOTO CONMPOTHUBJICHUS

JIBrxenue mpoToHoB (H-enuHMIT) B TOIYyITPOBOIHUKAX B COBPEMEHHOM (hU3UKE ONITUOOYHO
UHTEPIPETUPYETCS UEPE3 TEOPUIO «JIBIPOUHOI» (IIOJIOKUTEIBHON) TpoBoaguMOcTH. COrIacHO

7
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000J104€YHO-y3JI0BOM MOJIETTH aTOMa, aTOMBI HapsAy C TJIaBHBIMH y3JaMH, 3all0OJTHECHHBIMH
HYKJIOHAMU, UMEIOT IyCThIe MOOOUHbIE Y3kl [5, 7, 8, 10, 11]. BotHoBOe ABM»)enue H-equuuig
B aTOMHOM IIPOCTPAHCTBE OCYIICCTBIISIETCS Yepe3 MOOOUYHBIC Y3IIbl, Ky/a MOMaIal0T HyKJIOHBI,
HaxoJdIlIuecs TaM B HEPaBHOBECHOM COCTOSHUU. COOTBETCTBEHHO, K KBAaHTAM )Oel1bHO20
NEKMPOHHO20 CONPOMUBTEHUSL Pe TOTDKHBI OBITH I00ABICHBI K8AHMbL YOEIbHO20 NPOMOHHO2O
CONpOMUBTIEHUS Pp.

Omnupasice Ha 3akoH OMa B nuddepeHmanpHoi Gopme 71 TOKa HYKJIOHOB (T. €. IS TOKa
H-eaunun),

Jp = & win I, = @S, (4.1)
Pp Pp

OIpeaACIiUM yACIbHOC MMPOTOHHOC COIIPOTUBJICHHUEC.

Cornacuo JIM, ranpsoicénnocms — 310 ckopocme JBHKEHHUA, T. €. , E;, = v; clie10BaTeNbHO,

%
pp=—S (4.2)

Iy

I[Tonarast, 4TO 31€MEHTAPHBIN KBAHT TOKA PaBEH
I, = we, (4.3)
1 CCUCHUA pr6KI/I TOKa B 3TOM CJIy4ac paBHBL

S = ﬂ(zezr,n)zf (4.4)

CIICKTP YACIIbHBIX HYKJIOHHBIX COHpOTI/IBJ'IeHI/Iﬁ MMPEACTABIIACTCA B CIICAYIOIICM BU/JIC:

v 2,2
Pp = En?&ezm. (4.5)
ITockonbky
%
w r le,n ( )
MoJIyyaem
TA3z3
pp = % (4.7)

OTO BBIpAXEHHE OTHOCHUTCS K KO.1e0amenbHOMYy YPOBHIO IABHIKEHHS, TO €CTh K YPOBHIO
HajacTpoiiku. Ha b6asucrnom ypoBHE, V = € M W = W,, CJIeI0BaTEIbHO,

1% (o
—=—=X 4.8
o= =k (48)

CJIeJIOBaTeJ'II)HO, YACJIBHBIC HYKJIOHHBIC COITPOTHUBIICHUA 6331/103, ppc , IMCIOT B

A3 zE

pp=—" (4.9)

Ecnu osnemenTapHbiii kaHan oOMeHa ompenensiercd (GyHIaMEHTAIbHBIM BOJHOBBIM
panuycoM Ae (z-,=1), T. €. mpoLecchl MPOUCXOAST B BOJHOBOI 30HE, TO KBAHT YIEIHHOIO
MIPOTOHHOT'O COMPOTHBIIEHU Kak 0a3uca, TaKk U HaJCTPOHKU OyAeT paBeH

= e = e = 7.612634088 x 10715 cm3 x g~ x 4.10
'Dp_e_a)eme_ . cm® X g s, (4.10)

WIH
pp = 8.090221375 x 10~ m3 x ! (4.11)
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KBaHT p, (4.10) 3HAaUUTETHHO OOJIBIIE KBAHTA YICIHHOTO 3JICKTPOHHOTO COMPOTHBIICHUSI
pe (2.10) (cMm. Taxxke (2.7)). CpaBHuBast 00a KBaHTa YIEJIbHOTO, IPOTOHHOTO U 3JEKTPOHHOTO,
COIIPOTHBIICHUSI, MTOJTyYaeM CIICYIOIIee COOTHOIICHHUE!

TA3g,
Pp =

= Cp., 4.12
m. Pe = {Pe (4.12)

rze K03 HUIUEHT TPONOPLUUOHATBHOCTH  UMeeT (PyHIaMEeHTaIbHOE 3HAYCHHE

3
7\550

T
7= = 14229.24613 (4.13)

me

OH MOXET CITyKHUTh MEPOil CBA3HM HYKJIOHA BO BHEUTHEW aTOMHON 000JIOYKE.

5. DJIeKTpOHHBIEC M HYKJIOHHBbIE TOKH M 3P PexT Xos1a

DKCIEpUMEHTAIBHO pa3felieHue SJICKTPOHHBIX U TPOTOHHBIX TOKOB B IMPOBOJHUKAX
MpeIcTaBIseT co0ol HempocTyro 3amady. Omxaako 3¢ dekr Xosia B onpenenéHHON CTEICHH
pemiaet e€, moMerasi IpOBOAHUK B MArHUTHOE T10JIE B, HapaBiIeHHOE MEPIEHAUKYISPHO TOKY
(puc. 5.1).

Puc. 5.1. Hampsoxkenus u toku B 3ddekre Xomra: Uy — mnonepedyHoe MOTEHIIUATBHOE
Hanpspkenue Xosa, iUy — nonepedyHoe KMHETUYeCKoe HamnpsbkeHue Xoiuia, le —
ANEKTPOHHBIN TOK, I, — IPOTOHHBIN TOK; @ U b — TIONIEpeUHbIe pa3Mepbl TIACTUHBL.

VYcinoBue CcTallMOHApHOW TOMEPEYHOM pa3HOCTH mnoTeHuuanoB Uy omnpenensercs
CJIEIyIOIMMH PAaBEHCTBAMU JJIs 3JIEKTPOHHOU U HYKJIOHHOW KOMIIOHEHT COOTBETCTBEHHO:

v, v
eE,, = %eB, eE,, = %eB. (5.1)
[Tonarast Ha ypOBHSX TOJIEH, UTO Vey = Egy M Vpyx = Epx W BBINOJHSSA Pe0Opa3oBanus,
E J Jeab I
AUeZ=EeZa=%aB =pe?eaB = Pe ecb B =pe£B, (5.2)

IoJIy4acM BBIPAKCHHUC JIA 3ﬂ€Kmp0HHOZ/7 pasHocmu nOmMerHyualos

I
AUe; = pe EB: (5.3)
rae
le _ I 5.4
Z=1 (54)

— DJIEKTPOHHAsI LIUPKYJIALHUS.
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AHaJIOFI/I‘-IHO, BBIPAXKXCHUC IJIA HyKJZOHHOI;Z pasHocmu nomeHyualoe UMECT BU/L
Iy
AUy, = pp - B. (5.5)

CyMMa 3TUX HaIpsDKEHUH OIpEAENseT noaHoe nomenyuanvhoe («3JIEKTPUUECKOE»)
HanpsiceHue Xouna:

r
AUH = pH EB, (56)
rmae
r=r,+r, (5.7)
- MTOJTHAS] MATHUTHAS [IUPKYJISIHS, U
I, +p,l,
Py = M (5.8)

— 3TO  NOJHOe  YOelnbHOe  2NIeKMPOHHO-HYKIOHHOEe  CONpomusiieHue, Ha3bIBAEMOe
koappuyuenmom Xonna Ry, T. e.

oy = Ry (5.9)

OOBIYHO HaIIpsAKCHUC Xomna npeaACTaBJIICTCA B BUAC

B

(5.10)

rac HHACKC m YKa3bIBACT HA «TOK» U UHAYKIHIO B MarauTHOM CHCTEME C€ANHUIl, XOTdA HA CaMOM

I _ _
nene (310 cnenyer us JIM) ), Iy = = =T’ — 5T0 UUPKYJIALMS, PASMEPHOCTH g X S Ix em™1,

Korna pel, < ppl, vl K I,
Ry = pp =7.612634088 X 1071 O x cm = 8.090221375 x 10711 m3 x ™1 (5.11)

Jlig psiia MeTaJuIMYeCKUX MPOoCTpaHCTB (cM. Tabul. 5.1) nmonoxutenbHbiil 3¢ dext Xonna
(yaenpHOE NMPOTOHHOE CONMPOTHBIIEHHE) B MpeJesiaXx CpeAHed TeMnepaTypbl HE3HAYMTEIbHO
OTJIMYAETCS OT KBaHTa BOJTHOBOM 30HKI (5.11) (cM. Takxke (4.11)).

Tadauua S.1. Koaddunuents Xoa [12]

Metal T.K Ry 107 1m3xc™1
Be 290 +7.7
Mn 297 +8.4
Nb 273 +8.8
Ta 273 +9.7
A/ 293 +7.9

Ecnu TOk MMeeT mperMyIeCTBEHHO HYKJIIOHHBIN XapaKTep, TO ONPENEIIUTh CBA3b MEKIY
kod¢pdunmenTom Xoiia U yAETbHBIM HYKIOHHBIM COMPOTHUBICEHHEM OUY€Hb MPOCTO. B 3TOM
ciydae ypaBHeHHE (5.6) ciaemayeT nmpeCcTaBUuTh B BUJIC

10
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Uy =R F”B—RI”B 5.12
H — H b - H Cb ) ( " )
rac

IP

E,ab
— WUPKYJIALUA HYKJIOHOB. 3aMEHsAsA Iy PABEHCTBOM [, = ';—, BBITEKAIOIINM 13 3akoHa Oma (cMm.
14

(4.1)), umeeMm

Uy = Ry 2281 5.14
W= Ru = (514)
Ho na ypoBHe nosis, kak cinenyet u3 (5.1),rne v =E
1
Ey = EEPB (5.15)
CnenoBareinHO,
Eya
UH - RH_ . (5.16)
Pp
U nockonbky Eya = Uy, npuxoaum K
Un

Pp
Kunerndeckoe «MHUMOE» («MarHHTHOE») HampsHkeHue XoJula, NEepHeHIMKYISIPHOS
noTeHuanbHoMy (MOKa3aHo Ha puc. 5.1), paBHO CleAyIOIEMY O4EBUIHOMY COOTHOIIEHUIO

6. 3akiaoueHue

JIM no3Bosinia B3IJSHYTh HA MHOTHE (PU3UYECKUE SBJICHUSI C HOBOW TOYKHU 3peHMs. DTa
MoJiesib Obula pa3zpaboTaHa B paMKax BCEOOBEMIIIOLIETO JAMAJEKTHUECKOro MOoJXojAa K
OCHOBaHUSM (PU3MKHU, KOTOPBIN SBIIIETCS HOBOU puiocodckoit ocHoBor (pusuku. [locneanuii
B OyayIeM 3aMeHUT (HOpManbHO-JOTHUECKUH MOAXOJ C OTPaHUYEHHBIMH BO3MOXHOCTSIMH,
JOMHUHHUPYIOIINN B HACTOSIIEE BPEMsI B COBPEMEHHOM (PU3UKE.

B nanHoli paboTte mpupoja LenbIX M APOOHBIX KBAHTOB, HAOJIOJAaeMBIX B XOJIJIOBCKOM
IIPOBOJMMOCTH, PACKPBIBAETCSI HA OCHOBE BBINICYNIOMSIHYTOIO IUAJIEKTUYECKOro IOAXOJa,
BIIEPBbIE MIPUMEHEHHOT0 K OCHOBaHUAM (u3uku. Ha mpakTuke HOBBIN MOIXOJ peaan3yercs
yepe3 (yHAaMEHTalIbHbIE MapaMeTpbl, BIEpPBble OTKPBIThIE B pamkax JIM, u c yderom
000JI04eYHO-y3JI0BOI CTPYKTYpPbI aTOMOB, OTKPBITOH B pe3yJbTaTe HOBOTO MOIX0/IA.

B yactHOCTH, OTHUM U3 OCHOBHBIX (DyH/IaMEHTAJIbHBIX TAPaMETPOB, UCTIONIb3yEMbIX 3/1€Ch
(1, BOOOI1IE, B THAIEKTUYECKON (PU3UKE NPU ONMUCAHUU BCeX (PU3MUECKUX SBICHUM), SIBIISETCS
(¢yHIaMeHTanbHas 4acToTa aTOMHBIX M CyOAaTOMHBIX YPOBHEH ®., KOTOpas /0 CHX MOp
0CTa&TCsl HEM3BECTHBIM ITaPAMETPOM JJIsl COBPEMEHHOM PpU3uKu. J[pyroil OTKpHITHINA TapaMeTp
— (yHIaMEHTANbHBIA KBAHT CKOPOCTH MACCOOOMEHA €=/ 0, PA3MEPHOCTH g XS™', H3BECTHBIIA
KAaK 3apsiji 2JIEKTPOHA; €ro MpUpOJa W, COOTBETCTBEHHO, HCTUHHOE 3HAYCHHE U PA3MEPHOCTD
ObUTH pacKpbITH B JIM.

PanuanbHbIMU  pelieHusMH  OOIIET0 BOJIHOBOTO ypaBHEHHS (KJIaCCHYECKOro, a He
HIpenunrepa) spisitorcs KopHU GyHKIM beccens z,,,. OHU ONPEENSIOT CHEKTP BO3MOKHOIO
qucia, LEJI0ro WM JApOOHOro, KBAHTOB, HAOMIONAEMBIX IPHU ONPENEIEHHBIX YCIOBHAX
(MarHuTHOE BO3JEHCTBUE U SKCTPEMAIIBHO HU3Kasl TEMIIEpATypa) B dKCIIEpUMEHTE XO0IIa.

11



https://shpenkov.com/pdf/QuantumHall.pdf

Bce mapamerpsl nuanekTuueckoil (pM3MKM, MCHONB30BAaHHBIE B CTaThe, BKIIOYAs JBa
BBIIICYTOMSHYTHIX, TIPEACTaBICHBI B Tabmie 6.1.

Tao6auua 6.1

IHapamemp 3HavueHue PazmepHocmb

OnemenmapHvlll KEAHM
CKOPOCMU MACCOOOMeEHa e = 1702691627 x 10~° gXs
(3aps10 snekmpoHa), e

Dynoamenmanvras w. = £ _
uacmoma amoMHbIX U ¢ m, st
CyOamoMHbIX YPOBHEl, Me 1.869162505 x 1018
c
DynoameHmanoHwulll Re =—=
i paouyc, Ve cm
GOAHOGOU PACUYC, T 1603886538 x 1078
Abconromuas eounuya _3
=1 g xXcm
NIOMHOCMU, &
Cropocmb-HanpajcEHHOCmb e _
v=EFE=—— 1
v=E ATrEyT? cm xs
Kopnu paouanvnvix ¢hynkyuii ;= ".a
beccens, zpy Pa
10°
Obvekmuenas mepa 10 = = -
A2 g lxem?xs
conpomusenenus, 1) 0 14
8.854187817 x 10~
Obvexmuenas mepa 3apsaoa, 1C = CoVAT Van = —1
1C 10 gxs

1.062736593 x 101°

B pamkax unamuueckoit Monenu Onementapubix Yactun (JIM) nomydens! GpopMybl U
packpeiTa mpupoja (YHIAMEHTAIBHBIX KBAaHTOB M COOTBETCTBYIOIIMX UM CIIEKTPOB,
CBSI3aHHBIX C AJIEKTPOHHOHN U MPOTOHHOW MPOBOJMMOCTBIO TBEPABIX TeJ, KOTOPHIE CBE/ICHHI B
Tabnuiy 6.2.

M&b1 BUAMM, YTO MPUPOJA IENBIX W JPOOHBIX KBAaHTOB, HAOIIOJAEMBIX B XOJUTOBCKOW
MIPOBOJIMMOCTH, 3aBHCUT OT (PyHAaMEHTAJIbHBIX MapaMeTpoB OOMeHa (B3aMMOAEWUCTBUS) Ha
aTOMHOM YpPOBHE: (DYHOAMEHMANbHOU Y4acmomvl 0OMeHa . U KBAHMA UHMEHCUBHOCMU
(ckopocmu) obmena e, MPEACTABIEHHBIX BhIIIE. DTH MAapaMETPBI 10 CUX MOP ObLTH HEM3BECTHHI
COBpeMeHHOM (hu3HKe U BrepBble ObLIIN 0OHapY:KeHbI B pamkax [IM nuanexktudeckoi Gu3NKH.

Cnenyer Takke MOMYEPKHYTh, YTO COBpPEMEHHasl (PU3MKa HEBEPHO HHTEPIPETHPYET
JBUKEHHE TPOTOHOB B TIONYMPOBOJHUKAX HYepe3 TEOPHIO «IBIPOYHON» MPOBOAMMOCTH.
CormacHo 000JI0Y4EYHO-Y3JIOBOM MOJENIM aTOMa, AaTOMBl HAIlOMHUHAIOT JJIEMEHTAapHBIE
HYKJIOHHBIE MOJIEKYJIbI, UMEIOIINE, MOMHMO TJIABHBIX Y3JIOB, 3allOJHEHHBIX HYKJIOHAMH,
MyCThIE TOOOYHBIE Y3JIbI (HE pACCMAaTPUBAIIUCH 3/1€CH).

12
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Tadauua 6.2
dyHdameHMarbHbIEe KEBAHMBL U
Dopmyant
cnexkmpul
DynoameHmanrbHulll KGAHM YOEIbHO20 1 m,
NEKMPOHHO20 CONPOMUBTEHUSL Pe EoWe o€
DyHOAMEHMANbHBIU K8AHM YOeIbHO20 A3
NPOMOHHO20 CONPOMUBTEHUS] Pp =7,
Cnexmp yOenvbHbIX 91eKMPOHHbBIX 0, = me 7
conpomuenenul ¢ ge
Cnexmp yoenbHbiX npOMOHHbIX TA3Z3
conpomuenenull Pp=""7%
. h
DyHOAMEeHMAanbHbLL KEAHN CONPOMUBITLEHUSL R.=—
e
Cnexmp ¢hyHOameHmanbHuIx hm
conpomuenenull R, = T

BomroBoe JABHIKCHHUEC H-CIII/IHI/III B A@TOMHOM HPOCTPAHCTBC OCYHICCTBIIACTCA 4YCPE3 3TU
IMyCTBIC TPOCTPAHCTBCHHBIC Y3JIbl, B KOTOPBIC, ITOIIaasA, HYKJIIOHBI, KaK IIPaBHUJI0, HAXOAATCS B
HCPAaBHOBCCHOM  COCTOSIHUMU. COOTBGTCTBCHHO, K KBAaHTy YACJIBHOI'0 JSJICKTPOHHOTIO
COIIPOTUBJICHUS pe HCO6XO,I[I/IMO I[O6aBI/ITB KBAHT YACJIIBHOTO ITPOTOHHOI'O COIIPOTUBJICHUS pp,

Kak MoKa3zaHo 3/1ech. DopMyna KBaHTA pp U COOTBETCTBYIOIIMMA CIEKTpP pp MPEACTABICHBI B
Tabimune 6.2.

Takum oOpa3zoM, Mmpupoja MENbIX U JPOOHBIX KBAaHTOB, HAOJIOAAEMBIX B XOJUIOBCKOM
MPOBOAMMOCTH (BKJIIOYass KBAaHT COIMPOTUBIICHHsS), PACKPHIBAETCS B JAaHHOM paboTe Kak
BHYTPEHHSII OCOOCHHOCTh AaTOMHBIX CTPYKTYp, CBSI3aHHas C BOJIHOBBIM OOMEHOM
(B3auMoielicTBHEM) HA aTOMHOM YpOBHE, 0€3 yuyeTa BIHMSHHUS BHEITHHMX MAarHUTHBIX TOJEH,
JeXalero B ocHoe Teopun Jlagiuna.
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