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TEOPETVI‘-ieCKVI N3y4HE€HO BNNAHNE KBAHTOBAHNA 3HEPTrun 3/1€KTPOHOB B MAarHUTHOM NOJI€ HA MPOHUKHOBEHNE pa-

[MNOBOJH B NOYMETa/bl B FEOMETPUN, KOrja NOCTOsiHHOe MarHuTHoe none H HanpaBneHo BAonb TpUroHanbHOIA
ocu kpuctanna. B aToii reomeTpun B nonymetannax CylecTByeT CIbHOE MarHUTHOe 3aTyxaHue JlaHgay, koTo-
poe MpensaTCTBYeT BOIHOBOMY PacnpoCTpaHeHunto u obycnosnneaet ckuH-3cdekT. [NokasaHo, 4TO KBaHTOBaHMe
MOMEpeYHOA SHEPruy M1EKTPOHOB OKa3bIBAET CYLECTBEHHOE BUsIHNE HA 3(P(PEKTUBHOCTL BECCTONKHOBNTENb-
HOro nornouieHns BonHbl. B pe3ynstate marHuTtHoe 3atyxaHue Jlangay u rnybuHa CKMH-CNOS UCMbITHIBAOT

FUraHTCKne ocuymnnaynm npn n3aMmeHeHnumn nona H.
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1. BBEJEHUE

BeccronkHoBUTEIbHOE MONJIOMIEHHE WIPAET BaK-
HYIO POJIb B METAJIJIAX NP HU3KUX TeMreparypax. OHo
MPEMSITCTBYeT PACIPOCTPAHEHWIO PAJVOBOIH U 00Y-
croBmuBaeT cKUH-3(GexT. [Ipu HATUYIHN TOCTOSHHOTO
varauTHOro nosist H curyanust yemoskusiercs. Bpare-
HU€ HOCUTEJIEH B TAKOM TIOJI€ TPUBOJUT K IMOSIBIIEHIIO
HEIMCCUNATUBHON XOJIJIOBCKOIT TPOBOAUMOCTH U CYIIIe-
CTBEHHO MeEHSeT OECCTONKHOBUTEIHHOE IOTIONIEHIE.
NmeroTcst nBa BUA MOTJIOMIEHUST — ITUKJIOTPOHHOE ITO-
rolenre u MaruutHoe 3aryxanue Jlangay (M3JT)(cu.,
uwanpumep, [1]). ITlepsoe u3 Hux 06yCI0BIEHO HOCUTEI IS
MU, CMEIIeHe KOTOPBIX BIOJb 1ot H 3a muKkI0TpoH-
HBII TTIepUoJ| paBHO JymHe paguodactoTHoii (PY) Bo-
HBI B MeTa/ljle, a BTOPOE — HOCHUTE/SIMH, KOTOPbIE B
cpemHeM IBUKYTCS B (hase ¢ BoHON. BoaHOBBIE CBOII-
CTBA METAJIIa 3ABUCAT OT COOTHOIIEHWS MEXKIY ITH-
MU TPeMsi JaCTAMU TPOBOIUMOCTU. B yMEpPeHHbBIX Mar-
HUTHBIX HOJSX HEIUCCUTTATHBHAS XOIOBCKAS TPOBO-
JVMOCTh U [UKJIOTPOHHOE IMOTJIOIIEHNE OJHOTO TTOPSI/I-
Ka. B 3Toit obmacTtu moseit BOMHOBOE pacIpoCTpaHeHIe
HEBO3MOYKHO U B METAJIIe UMEeT MECTO AHOMAJThbHBIH
ckua-3ddext. B obmactu cuIbHBIX TOJEH, r1e MaKCH-

*E-mail: vskobov@mail.ru

MaJbHOE CMeIeHNe HOCHTesell 3a IMUKJIOTPOHHBINA TIe-
PUOJ MAJIO TIO CPABHEHUIO ¢ AMUHON PY-BOMHBI, UKITO-
TPOHHOE MOTTIOIIEHe OTCyTCTBYeT. Benmmanna ke M3.JT
CYIIIECTBEHHO 3aBUCUT OT OpwWeHTanuu mojist H oTHOoCH-
TEJIbHO OCH CHUMMETPHUH MOBEPXHOCTH PepMu U BEKTO-
pa pacnpocrpanenus Bomubl. Ecin BekTopsl k m H ma-
MIPABJIEHBI BJIOIb OCH CUMMeTpun nmoBepxaoctu Oepmvu,
10 M3JI MO)KeT 0OpaTUTHLCS B HYJIh W HEIUCCUTIATHB-
Hasi 9aCTh MPOBOJUMOCTH OKA3BIBAGTCS OCHOBHOIM. B
9TOM CJIy9ae B METAJLIEe CTAHOBUTCS BO3MOMKHBIM DPac-
npoctpanenne PU-mon. B coywuae metasnia ¢ HepaBHBI-
MU KOHIIEHTPAIUSAMU 3JIEKTPOHOB U IBIPOK ITO TETHKO-
ubl (cM., manpumep, [1]), a B ciaydae meramia ¢ pas-
HBIMU KOHIIEHTDAIUSIMHU JIEKTPOHOB W IBIPOK — JI0-
TJIEPOHBI, MOIBI, OOYCIOBJIEHHBIE IOTIEP-CABUHYTHIM
UUK/JIOTPOHHBIM PE30HAHCOM HOcuTenell (cM., Hampu-
mep, [2]). Bo3moxkua u obparnas curyamus: M3JI Be-
JINKO TIPW JTIOOBIX OpUEHTAIUsSX mojst H OTHOCUTE h-
HO OCH CHUMMETPUU KPUCTAJIA, & XOJIOBCKAS TPOBO-
JIMMOCTH OCTaBIeHA BCISICTBAE KOMIIEHCAIIUU BKIATOB
3JIEKTPOHOB W NIBIPOK. B 3TOM cjydae pacrnpoCTpaHsi-
FOIIUECST MOIBI OTCYTCTBYIOT, & CKUH-3(DMEKT Ompeie-
asiercst M3JI. Takas curyamnus uMeer MECTO B ITOJTyMe-
ramngax. B pabore [3] Teopernueckn n3ydanoch MpOHNK-
HOBEHUE PAJVOBOIH B MTOJIYMETAJIBI B T€OMETPHUH, KO-
ria none H HampaBieHo BIOIb TPUTOHATLHON OCH KPH-
crajiia. BeencTBue CUIBHON BBITSHYTOCTH JIEKTPOH-
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HBIX /IJTAMICOU/IOB U UX HAKJIOHA [T0 OTHOIIEHUIO K 6a30-
BOI TINIOCKOCTH B 3TOM I€OMETPUN CYIIECTBYET CUIBHOE
M3JI, KOTOpOE ABJSTETCS TPEBATIUPYIOIINM U OTTPEIETsI-
er ckuH-3pPeKT. B ompeaeTeHbr 3aBUCAMOCTD TTy-
OWHBI CKUH-CJIOS OT MOJIst H 7 3aKOH U3MEHEHVsT aMILIH-
Tyael PU-mond ¢ paccTogamueM OT moBepXHOCTH. BBIIO
paccmorpeno Biusiaue Heqmueitnoctn va M3JI u xapak-
Tep cKuH-3]pdexTa. BpImo mokazaHo, YTO 3aXBAT TEK-
TPOHOB MArHUTHBIM TOeM PY-BOTHBI OOMBINON aMITIn-
Tyael yMerbinaer M3J1. 9To IPUBOIUT K TOMY, ITO TITy-
OMHA CKUH-CJIOS B MOJIyMeTAJIe CTAHOBUTCS (DyHKIHEi
AMILIUTY BT BO30Y K maornero PY-moss u Mmoxker Bo3pa-
CTH BO MHOTO pa3.

K coxanenuto, rakoe nomasinenne M3JI u Bozpac-
TaHWe TJIYOWHBI CKUH-CJIOS BO3MOYKHBI TOJIBKO B HU3KO-
YaCTOTHOM JIMaMa3oHe, TOCKOIBKY TTPOUCXOIANINHN TTPU
BBICOKUX 9aCTOTAX MEPErpeB 00Pa3ia He MO3BOJISIET Pe-
ATM30BATH HETMHEHHBIA pexkuM. B To ke BpeMs B BBICO-
KOYACTOTHOM JIMAITa30HEe BO3MOKEH JIPYTOH MeXaHW3M
nogasienns M3JI. O cocrouT B mepexone K KBAHTO-
BOMY PEKHUMY, B KOTOPOM DACCTOSHUE MEYKIY YPOBHS-
vu JIaHgay 3JIeKTPOHOB fiw, CUIBHO TIPEBBIMNIAET TEII0-
By10 3Hepruio koT', 3mech w. = eH /m.c — IUKIOTPOH-
Hasg 9acrora, M, — MUKJIOTPOHHAS Macca, —e — 3a-
DS 3JIEKTPOHA, ¢ — CKOPOCTH CBETA, kg — TOCTOSTHHAST
Bonbnvana, T — temneparypa. To, 9To KBaHTOBaHME
MOZKET CYIIECTBEHHO BJIUATH HA OECCTOIKHOBUTETHHOE
MTOTJIOIIEHNE, OBIIO TPOAEMOHCTPUPOBAHO ['ypeBudem,
Cko60BbIM 1 ®UPCOBBIM [4] MpH W3yYeHNH MOTIIOIIe-
HUs yIBTPA3ByKa B Merasurax. lIpum HuU3KUX Temmepa-
Typax MOIJIONIEHUE OIMPEIETIeTCs SMeKTPOHAMMU, IBU-
Kymmmucst B as3e co 3ByKoBOil BomHOM. B ycrmoBmsx
KBAHTOBAHUS TOMEPEYHAs SHEPTHUS IEKTPOHA KPATHA
hw.. Beaeacrsue 5TOro npoaoibHbIE CKOPOCTH STTEKTPO-
HOB HA MOBepxHOCTH PepMU MMEIT TONBKO JUCKPET-
HbIE 3HAYEHUS:

2
- (6F - ho‘)cn)v

z

Vo = (1)
rae ep — sHeprug Pepvu, m, — TPOIOILHASA Macca,
n — Homep yposus Jlaumgay, z || H. Eciau vu o180 U3 vy,
HE COBIAJAET CO CKOPOCTHIO 3BYKA Cg, TO HA MOBEPXHO-
ctu DepMu HET 3JIEKTPOHOB, KOTOPBIE IBUKYTCA B (pa-
3¢ ¢ BOMHOW 1 3P (PEKTUBHO TOTJIOMIAIOT ee. Ecam ke
OJIHO W3 V), COBIAJALT C Cg, TO TAKUE TEKTPOHBI €CTh.
[Ipu m3menennn H 3HAYEHUS V., W3MEHSIIOTCSI W TPH
OTIPEIEIEHHBIX 3HAYEHUSTX H OIHO M3 V., OKA3BIBACTCS
paBHBIM ¢;. B pe3ymbrare KoM DUIMEHT MOTIOMIEHIST
yIbTPa3ByKa Kak (hbyHKIWsA H UCIBITHIBAET THTAHTCKIE
KBAHTOBBIE OCIUILISIIY. [10106HbBIE OCITUILISAIINT UCTHI-
THIBAET U HEJIOKAJIbHOE 3aTyXaHue reJlukoHos (cum. [1]).
[Mogasnenne M3JI B MUHMMYyMaxX FUTAHTCKUX OCIAILIISI-
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III/II;'I MOZKeT 6bITI) BeCbMa CUJIbHBIM U IIPDUBOJUTH K BO3-
PacTaHuiO TIyOUHBI CKUH-CJIOS BO MHOTO pa3. Teoperu-
YEeCKOMY M3y4UeHuIo 3Toro 3¢ dhekTa B mogyMeTaaax u
MTOCBAIIEHA HACTOSIIAS PabOTA.

2. MATHUTHOE 3ATYXAHUE JIAHJIAY B
KBAHTOBOM PE2KVME

2.1. Knaccuueckuit cirydaii

Paccvorpum ckua-3pdekT B momymerasie B Teo-
METPHUH, KOTJa HOPMaJib K TOBEPXHOCTH OOpasia n
(BekTop pacmpocrpanenus k) u nome H mapasiens-
bl Tpuronanbuoii ocu: k||H || Cs || z. B or-
CYyTCTBHE KBAHTOBAHWS BBIPDAYKEHHE JIJIsl HEJOKATHLHOM
MOTIEPEeYHOlT TPOBOIUMOCTH, ONMPEAeadoNnIeil CBOCTBA
CKUH-CJI0s1, MOKeT ObITh 3anucano B (opme [3]

22 [ d
o(k) = %/dg—f x
(2mh) / dep
p
X /Md 3—7r il v a—a—pz X
P2 2 \as 2m
—Pm

x > et (kR) = Jipa (kR)] x

I=—00

Qapz

m )]71’ ()

rae f — byukunsg Pepmu or aprymenta (¢ —ep) [koT,
er — sHeprus ®epMH 3TEKTPOHOB, V — HYaCTOTa, WX

X [v+i<lwc+k

CTOJIKHOBEHUN ¢ paccemBarensmu, J; — dyakmun Bec-
ceurs,

2me ol m 3)
= _— O = Qq—— = —
bPm a 3 a27 \/ma
ay  cy/2me — ap?
R(e,p:) = - (4)

o oo eH

Yucma o; xapakTepu3yiorT (GopMy U HAKIOH JIEKTPOH-
HBIX JJUTUTICOUIOB: B CHUCTEMe KOOPAWHAT, B KOTOPOt
OCh T HAIIpaBIeHa BIOJDL JeKaleil B 6a30BOHM MI0CKO-
CTH IJIABHOM OCH OJIHOTO U3 JLTUIICOU/IOB, 3ABUCUMOCTD
SHEPTUN STEKTPOHA STOTO JLIUMCOUAA € OT UMMYJIHCA
P uMeeT BUI

1

5 (5)

(p) (a1pl + aspl, + asp? + 2aapyp.),

e m — Macca CBOOOIHOTO JIEeKTPOHA,

ap =197, as =164, a3 =811, a4 =94
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Besmuuna m/a  upeacraBiser NOPOAOIBHYIO MAacCy
snexkTpona. JdHepruss Pepvu BucmyTa e ~ (.02 3B.
DuekTponnbie  (HEPMU-TIOBEPXHOCTH CYPHMBI U MbI-
MIbIKA TOI00HBI  (PEePMU-TIOBEPXHOCTH BUCMYTa, HO
KOHIIEHTPAIIUsT JJEKTPOHOB B CypbMe TPUMEPHO B
cro pa3 Gomblme, a B MBINbIKe — B THICATY [5].
Cooreercreerno, sueprust DepMu CypbMbl COCTABIISIET
npumepuo 0.4 3B, a mprmnbsaka — 2 3B. B Boipaxenun
(2) MBI IpeHedpersin 3aBUCUMOCTBIO 0 OT YaCTOTHI BOJI-
HBI W, MOCKOJIBKY HAC MHTEPECYET CIIydail yMepeHHBIX
9acToT: w < V.

Benwuwra R xapakTepu3yeT HAKJIOH JIEKTPOHHBIX
opbuT, OOYCIOBIEHHBINH HAKIOHOM SJIIUTICOUIOB OTHO-
CATEJAbHO 0a30BOM ILIOCKOCTU. Ecim Obl 3/IUIICOUIBL
He Obimn HakjoHeHwl (oy = 0), 70 R u, clemoBaresb-
Ho, Ji (kR) Takxke paBHAINCH ObI HYyII0. B 3TOM City-
9ae MeKTPOHBI ¢ p, = 0 Bpamaauch ObI B MIOCKOCTH
pasHoit (passl Bosubt u ipu k || H M3JI orcyrersosasio
Ob1. B momymeTasiax 3/Iuncon bl HaKJIOHEHbI, R nme-
eT BEeJIMYUHY MOPSIIKA MUKIOTPOHHOTrO paguyca, M3.JT
CYIIECTBYET U SIBJISIETCST IPEBATUPYIOIIM.

IIpw HU3KWX TeMmmepaTypax peaju3yercs CIydait
CUJIBHOI TIPOCTPAHCTBEHHOW IUCTIEPCHN, KOTIA IJTHHA
PY-posubr B nosymerasie 1/k MHOro MeHblie JjuHbI
nmpobera 371eKTpoHOB v/v. B To 3Ke BpeMsi, B KBAHTO-
BOM DEKUME, UMEIOIIEM MECTO B CHJIBHBIX MATHUTHBIX
MOJISIX, T4 JIJIMHA CTAHOBUTCS MHOTO OOJBIIE MUKJIO-
TPOHHOTO PAJNYCA W MAKCUMAIBLHOTO CMEIEHUS JTeK-
TPOHOB 34 UKJIOTPOHHBIN epuo. [losTromy MbI Hymem
CUYUTATH BBITIOJTHEHHBIMU HEPABEHCTBA

v kv < w., kR<KI1, (6)

rIe v = pya/m — CKOPOCTh 3JEKTPOHOB B OMOPHOI
To4Ke munconsa. B arom ciydae B cymme 1o [ B op-
myse (2) J0CTATOYHO COXPAHUTH Jiuiib 4ied ¢ [ = 0,
3HAMEHATEh B KOTOPOM MHOTO MEHBIIe 3HAMeHATe el
JIDYTUX 9JIEHOB, U WCMOJIb30BATH pa3jioykenue J; mpu
MAJIBIX 3HAYEHUAX apryMmeHTta. Torga BbIpayKeHue st
HEJIOKAJILHON MPOBOIUMOCTH TPUHUMAET B

e} pm
2¢2 df
KN=——1/]d dp, — x
o(k) (27rh)30/ : / P dep

—PM

" 31 far\'"/? A ap?\ k*R?(s,p.) 7)

2 \ay 2m ) v+ikp.a/m’
B kuiaccuueckom ciydae npou3sBoaHyto df /dep mox-
HO C XOpOIIeil TOYHOCTHIO 3aMEHUTh Ha §(e — F), a

Re (v + ikp.a/m)”" — ma 76 (kp.o/m). Toraa umre-
rpupoBatue 1o p, u € B opmyse (7) naer

3ra? nemc?
16030 H?

o(k)=o0.(k) = kv, (®)

re Ne = (ZszF)g/2 /72 h? (alozgoz)l/Q — KOHIIEHTpAa-
sl JEKTPOHOB BCEX TPEX 3JLIUNCOUIOB. B dopmy-
je (8) Mbl ywid, 9TO HEYETHAS [0 P, YaCTb MOIbIH-
TerpanbHON (PYHKIMK HE JaeT BKIaJa B HHTETPAJL.

Benuuuna o, u TpencTaBasgeT MATHUTHOE 3aTyXa-
uue Jlanmay, oOyc/oBIeHHOE 3jIeKTpoHaMu ¢ p, = 0.
IIpu k | H || C3 3aryxaHue cymecTByeT BCIEACTBUE
TOrO, 4TO OPOUTHI ITUX FEKTPOHOB HAKJIOHEHBI K MOIe-
peunoii miockocTr (ay # 0) U OHU BPAIIAIOTCS B HEOJ-
HOPOJHOM BOJTHOBOM TOJIE.

2.2. KBanToBbIii ciayyait

B kBanToBoMm ciaydwae, hw. > ko1, sHeprus more-
DPEYHOro JBUIKEHUsI SJEKTPOHOB MPUHUMAET IUCKPEeT-
Hble 3Hadenus hw.n, e n = 0,1,2,... (caaraembiM
hwe /2 MBI TpeHebperaeM, TTOCKOIbKY XapaKTepHbIe 3Ha-
YeHUs N OYeHb BeauKH). BbipazkeHue /s NPOBOAUMO-
CTH 0 B 9TOM CJIy9ae MOYXKHO MOMYyYUTh U3 (HhOPMYIIbI
(7), ecn € 3aMeHuTh Ha £y, = hwen+ap? /2m, a nHTe-
TPUPOBAHNE TIO & — HA CYMMUPOBAHUE IO 7. ¢ OTHOBPE-
MEHHBIM yMHOKeHueM Ha hw.. [Ipu sToM mHTErprpOBa-
HUE 0 P, HYYKHO PACTPOCTPAHUTH HA BCIO BEIECTBEH-
HYI0 OoCh. B pe3ymbrare dopmysia s TPOBOIUMOCTH
prOOpeTaeT BT

2

6me® a2 (ke
= 75 12 o5 | & (R 03
e (27h)3 o3 (eH) me(ue)”

S [ ap o) 9)

dep V2 + (kap./m)?

n:O_oo

DTO BhIpayKeHNe MOYKHO TPEICTABUTEL B (hopMe
303 e*kiw,

7T e me / ®(p.)D(p-)dp-, (10)

— 00
re BBeJeHbI 0003HAYCHUS

B v/m
D(p.) = Wa

d(ps) = Y 2 H ) _

n=0 dEF
1 0

o [(eF — hwen — pPa/2m
T > n’ch 2( ;kOT 0/ ) (12)
n=0

Oyuxuusa D(p,) umeer makcumywm npu p, = 0 ¢ mmpu-

HOM

op= 2. (13)
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Oyukuus P(p.) npeacrapiger coboil COBOKYITHOCTD y3-
KUX TIMKOB, HAXOIAMIAXCS TTPU 3HATEHUSTX

[2m (ep — hwen) Ja]'/?,
n=0,1,2,...,N,

Pz =Dn (14)

riae N — HambosbIee 3HAYEHWE 1, TPW KOTOPOM TIOJI-
KOopeHHoe Bbipazkenue B dopmyiie (14) momoKuTenbHO
(N = [ep/hw.] — uncno yposreii Jlangay Ha moBepx-
noctn @epmn). CoorrercrBytomuii muk GyHrnn ® Ha-
XOAuTCA OMMzKe BCeX K Hadgary KoopauHat. PaccTosinme
MEXKJLy 9TUM W COCEIHMM MHUKOM ¢ HOMepoMm N — 1 mo-
psaKa

A= (2%71%)1/2. (15)

KaJIbHast TPOBOJUMOCTh 0y BeChbMa UyBCTBUTEILHBI K
COOTHOIIIEHUIO MEYKY Op U PACCTOSTHUEM MEXKIY COCeI-

[Ipoussenenue ®(p.)D(p.) wu, ciregoBaresbHO, HEJIO-

mnmu nukamu yaxmun $. Hambomee maTEpecen ciy-
Jaif, KOraa MmupuHa MakcuMyma, D-dyHKIIN §p MHOTO
menbie A. C yaerom dopwmyn (13) u (15) aro ycnosue
CBOJIUTCS K HEPABEHCTBY

k12> N, (16)

rae | = v/v — ayuaa cBOGOAHOrO nMpobera JIEKTPOHOB.

Eciu nepasenctso (16) yaoBieTBOpsiercs, TO BeJn-
quna M3JI, onpexnensiemas unrerpasom (10), cunbho
3aBUCUT OT nepekpbiTust pyHKImit ® u D, 1.e. or Oau-
30cT pN K Hymo. Ecn py = 0, To Beqmuuna o, aB-
nsgercs MakcnmanbHoi. Ecm ke py ~ A/2, To 04 oka-
3BIBAETCA HAMHOTO MEHbIIe. BeJnduHbl p,, 3aBUCIT OT
H. Ilosromy npu m3menennn H 3HaMEHUS TPOIOIBLHO-
IO WMITYJIbCA 3IEKTPOHOB, COOTBETCTBYIOIINE DAY~
obiM ypoBuaM Jlanmay ma nosepxumoctu Pepmu, cme-
IMAIOTCS BAOML OCH P, W MOOYEPEeIHO OOPAIAIOTCS B
myab. B pesyiabrare rpadux o, kax dyukmuun H npen-
craBisteT cOOOM MOCTeIOBATEIBHOCTD Y3KUX U BHICOKUX
KBAHTOBBIX MHUKOB, PA3JILIEHHBIX MUPOKUMUA MUHUMY-
MaMHu. DTa KBAHTOBAS CTPYKTYPA MATHUTHOTO 3aTyXa-
uus JlaHgay mogobHAa TUTAHTCKUM KBAHTOBBIM OCITHII-
JAMASIM TIOTJIONIEHNsT YIbTPa3ByKa B MeTaiiax [4].

B macrosimeit pabore MbI He OygeM HHTEPECOBATH-
cst opmoit muHUE KBaHTOBBIX ocrursainuii M3JI u
OTPAHNINMCH BBIYNCICHNEM 3HAUeHNl 0, B MaKCUMY-
Max u MuauMyMax. Ilycrs 3uadenne H = Hy TakoBo,
4910 ypoBenb Jlamgay ¢ Homepom N HAXOIUTCH HA IIEH-
TPATBHOM CEUYeHUN SJLIUIICOUIA, PN = 0, T MAKCHMY MBI
dyukmuit ® u D copmagator. [IpeacraBum BoIpazkenne
JUISL 0g B BUJE O = ON~+0p,, THe o —teHcn = N, a

12 ZKBT®, Brim. 1

Om — CYMMa BCEX OCTATBHBIX UJIEHOB. BBITHCINM CHa-
qana oy . Eciu Temmeparypa yaoBIETBOPSAET YCIOBUSIM

a (6p)”

om < koT < hwc, (17)

TO MakcuMyM (ByHKIuM [ HAMHOTO yKe MaKCUMyMa
npon3BoaHoit pyHKIun PepMu U APTyMEHT TUIePOOTH-
YECKOTO0 KOCHHYCA MOYKHO CUMTATH PaBHBIM HYJ0. [To-

Jraras
kap.

D(p.) ~ 6 18
() o (2 (18)

¥ TIPOBOJST MHTETPUPOBAHNE TIO P, HAXOAUM

hw,

oN R 2 19
N kT °° (19)

rme o. — TpeaenbHoe Kiaaccrdeckoe snaderme M3,
nasaemoe dbopmyoit (8).

Benuuuna oy upexacrasiaser Braan B M3JI, oby-
CJIOBJIGHHBIN 3JIEKTPOHAMH, KOTOPbIE HAXOMATCS HA
N-m yposue Jlanmay. [Ipy H = Hy Bce 3TH 371€KTPO-
HBI B CpegHeM IBUKYyTCsa B ¢a3e ¢ BomHOMA. [loaTomy
UX BKJIAJ B MTPOBOAUMOCTH OKA3BIBAETCS OOJBINNM U B
KBAHTOBOM ciydae, hw. > koT', mpeBbImaeT o,.

B Boipakenun s o, nukn $yHKnn P mpuxo-
JATCSI Ha TIaBHbIe KPbLibd (yHKImun D. ITostomy
npou3BoaHyo GyHKnuu PepMu MOKHO CUUTATH TEJTh-
Ta-pyuknnei, a pyaxnuio D — mraBHOM, TAK 9TO

2 272
3o e“ktw,

om = ar2a3  m,
0 N-1
2m vdp
2 2 2 z
X E —0 — — (20
/ ne0 " a (v =) v2 + (kap./m)? (20)

Borancisis uHTErpas M0 Py U CYMMY TIO 11 C YIETOM TO-
ro, aro N > 1, naxomgum

o 047 F) /R (21)
kl

Bennunna (21) obparHO MpOMOpIHOHAIBHA | U B CHITY
yenosust (16) siBgercs MaJsoii 10 CpaBHEHUIO ¢ 0. [Ipu-
9UHA COCTOUT B TOM, UTO MPOAOJIbHBIE CKOPOCTH BCEX
371eKTPoHOB ¢ n < N BO MHOrO pa3 bosbine (Gha30Boi
CKOPOCTH BOJIHBI W 3TH 3JIEKTPOHBI IAIOT BKJIAJ B MO-
IJIOIIEHNE TOHKO BCISACTBYE UX paccesHus. B pe3yiib-
TaTe UX CyMMAPHBIH BKJIAJ B MPOBOIUMOCTb OKA3BIBA-
eTCsT TPeHedPEKMMO MAJIBIM TTO CPDABHEHHIO CO BKJIAIOM
snexkTponoB ¢ n = N. Takum obpasom, mpu H = Hy
IIPOBOJUMOCTD 0, IPAKTHYECKU PaBHA O .
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Bynem reneps ysenumausarh moie H. IIpu stom N-it
ypoBeHb JIaHmay yXOAWT C MOBEPXHOCTHU 3JIIATMICOUIA,
YUCII0 SJIEKTPOHOB HA 3TOM ypoBHE U uX BKIa B M3/,
[IPEeICTABISeMbIH 0y, SKCIIOHEHIUAJIBHO Y MEHbIIAIOTCS
¢ poctom H — Hy. Bennunna ke on_1 HaAYMHAET BO3-
pacrarh, — cHaJaJia MeIJIeHHO, a 3aTeM Bce ObIcTpee.
B pesyabrare cymma on + on_1, Jaiolias OCHOBHOM
BKJIAJ B 0q, PE3KO [AJaeT, IMeeT MUHHMYM, a 3aTeM
BO3pacraer, gocruras 3uadenus (19) npu H = Hy_1.
Murumy™m o, cremyer BCKOpe 3a MAKCHMYMOM, [IOITO-
My BeJIMYHHA IIPOBOJUMOCTH B MUHUMYyMe OJIM3Ka K 3Ha-
genuio (21): Opmin & 0. TakuM 0Opa3oM, mpu u3MeHe-
Hrn H TpOBOAMMOCTE 0 KOIEOIeTCS MEK/Yy 3HAUCHH-
avu oy (19) u 0y, (21). Hepuon ocummisanuii paBex

AHEHN_l—HNNH/N.

B ciyuae MeHbIUX 3HaUeHNH £, YIOBIETBOPSIIONITX
HepaBeHCTBaM

1 < K2 < N, (22)

6GECCTONMKHOBUTEIHLHOE TTIOTJIONIEHNE ONPEIeITeTCS OOTh-
UM 9UCTIOM ypoBHE# Jlangay, OJn3KUX K MEeHTPaTbHO-
My cederuio p, = 0. B srom ciygae remioBoe maBuzke-
HUE M pacCedaHune 3JJEKTPOHOB PA3MBIBAIOT KBAHTOBBLIC
MUK 1 UX aMHJ'II/ITy)Ia yMeHI)H_IaeTCH. HpI/I BBITIOJTHEHUN
HEPABEHCTB

2koT

c

1< ?<« N

(23)

KBaHTOBbBIE OCITAJIISIIAN TTPEJICTABIISTIOT MAJTYIO TTOTTPaB-
KY K KJIACCHYeCKOil TPOBOIUMOCTH O.

3. CBOVICTBA CKUH-CJIOA

[nybwna CcKWH-CIOS W 3aKOH  pachpeieseHust
PY-monsgs B momymeTasiie OnpemensioTcs TUCIePCHOH-

HBIM YPaBHEHHEM BOJIHBL

k*c® = 4miwo, (24)
re w — Kpyroeast yactora BonHbI. IlomcraBmss (8) B
(24), HAXOAMM BOJHOBOiI BEKTOD B KJIACCHYECKOM CJIy-
qae:

i

=5

da3a  H?
k. §o= 20 (25)

3r2a? wnemv’
1
rae 6, — raybuna ckua-ciod. [lockoanLKy Beauamna k.
SIBJISIETCSL IHCTO MHHEMOM, IIOT€ B IIOTYMETAJITe SKCIIO-
HEHITUATBHO 3aTYXaeT ¢ PACCTOTHIEM:
z

b

~3. (26)

E(2) :Eoexp(
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e Fy — 3Hadenne nossd Ha moBepxHocTh. [loBepxHOCT-
HBIIT UMTIEIAHC Oy MeTaJlIa

7 4miwd, .

> (27)

Buzano, aro ckuu-3dp ekt B paccMaTpUBAEMOM CITy-
Jae CyIIeCTBEHHO OTINYAETCS KAK OT HOPMAJIBHOTO, TAK
U OT aHOMAJBHOTO CKUH-3(PexTa. Bo-mepBorx, BOIHO-
BOM BEKTOP k. M MOBEPXHOCTHBIN HUMITEIAHC /. SIBJIS-
IOTCsl 9UCTO MHUMBIME, 9TO O3HAYAET TOJHOE OTPazKe-
une BHenrHeit PU-Bosubr oT momymertatia. Bo-BToOphIX,
IyOMHA CKUH-CTIOST § TTPOMOPIUOHATBHA KBAIPATY 0=
CTOSIHHOTO MArHUTHOrO TOJisi. B-Tperbux, 31a riybuna
0OpaTHO TPOTTOPITUOHATBLHA, YACTOTE BOJHBI ¥ KOHIIEH-
TPAIUU SJIEKTPOHORB.

B xBanToBOM ciyuae, hw. > ko', BOMTHOBOI BEKTOD
kq ¥ DIyOMHA CKUH-CTI08 Jy NCIBITHIBAIOT KBAHTOBBIE OC-
mwnsaiun. [pu Beimonnenun yenosus (16) B Makcumy-
Max ruranrckux ocrusursanuit M3JI Bennaunna k, taxske
MaKCUMAIbHA U PABHA Koz = ke hw,/(4koT), a ray6u-
Ha CKUH-CJIOS g — MUHMMAJbHA U PaBHA

4koT

T, e

5min = (28)
B MuHEMyMAaX THTAHTCKAX OCHMJIIAIMN BeTHIHHA
MBI (21) se 3aBucur or k u pelieHue TUCIEPCHOHHOTO

ypaBuenus (24) aBisieTcst CymeCTBeHHO KOMILIEKCHBIM:

1+
kmin = 6mam7
1/2 29
Omaz R 0-8a; 7a <hwc) v H, ( )
Qg wnemv \ €p

BEJIMYMHA, Oy gz IPOHOPIUOHAIBHA H5/4, IIpu sTom 3a-
KOH pachpeie/ieHus MO B CKUH-CIIOe MTOXOXK Ha TOT,
KOTOPBINl UMEET MECTO MPU HOPMAJIHHOM CKUH-3(PdheK-
Te: Ha YKCIIOHEHIUATILHOE 3ATYXAHUE MTOJTsl HAKJIAIBIBA-
F0TCS OCIUTLISATINH,

(i—l)z.

E (z) = Egexp 5 (30)
[ToBepXHOCTHBINA UMIIETAHC IOy MEeTALIA,
2 6maz
Zimaw = (1 — i) Z2omar (31)

c
TAK7Ke OKA3BIBAETCS CYIIECTBEHHO KOMILIEKCHBIM: €ro
BEIICCTBEHHASA W MHUMAS YACTH OJUHAKOBHI.

Hawm ocraercs momctaBuTh BhIpazkeHue st Kp,in B
HepasercTBo (16) u 3amucarb ycjioBUe NPUMEHUMOCTU
MOy YeHHOTO BBIPASKEHUS IJTA Kypin B ABHOM BUIE:

|bmin 21> 603 wne (ephwe)'

N al vH?

>1. (32)
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[MraHTckue KBaHTOBbIE ocunmnnaunmn . ..

Taxmm obpa3oM, mapamMerp, ONPeaeTsIIONIni aMILTHTY-
JIy KBAHTOBBIX OCHUJIISIIIUI, TIPOMOPIIMOHAIEH OTHOIIIE-
HIIO W/ v 1 oBpaTHo mporopionaten H3/2.

4. BAKJIFOYEHUE

O6cyauM BO3MOYKHOCTH HAOIIOIEHUST TUTAHTCKUX
KBAHTOBBIX OCIWLISAINANA B PA3TUIHBIX TTOTYMETAJIIAX.
Eciu B3grb yacrory w = v/2, 10 jeBas 4actb Hopmy-
a6l (32) 3aBucuT TOMBKO OT H: oHA TeM Gomblie, YeMm
MenbIte H. 9To o3uagaeT, 9To nojae H mne JoIKHO ObITH
odeHb cuIbHBIM. C APYro# CTOPOHBI, s PEATH3AIINH
KBAHTOBOIO CIydast 00S3aTeIbHO BIMOTHEHIE HEPABEH-
ctBa hwe > koT', koTOpOe, HAOOOPOT, TPEOYET CUITHLHBIX
mosteii. Bospmem H TakuMm, 9TOOBI PACCTOSTHUE MEIKITY
yposuawmu Jlangay hw, npessrmnaso koI B 20 pas. Ilo-
CKONIBKY B paccMaTpuBaeMoii reomerpun m. ~ m/20,
mpu T = 1 K 3710 6yner umers mecto nipu H ~ 10 k9 u
napamerp, Onpeesionuil AMILTATY /Ly KBAHTOBBIX OC-
MUJLIAINN,

1/2

|kmin|2l2
T Ne€p

N
rme ne bepercs B cM~ °, a e — B 5B. B MbImbake KoH-
HEHTPAINS IEKTPOHOB e ~ 3+ 1020 cM™3, a smeprus
Qepvn e ~ 2 3B, Tak uTto 1 ~ 27 u, cleI0BATETh-

~6-10720

n=

(33)

3

HO, OTHOLIEHUE 0p/0,, ~ 12. Ilpu B3gaTHIX 3HAUYEHUIX
T u H ornomenue oy /o, cocrapusier 5. Taxum 06-
pa3oM, OTHOINEHUe ON /0y, B MBIIMIbIKE OKA3BIBAETCS
6m3kuM K 60, T. €. KBAHTOBbBIE OCIUJLIAIANA CKIUH-CIOST
JIeWCTBUTEBHO JTOJIZKHBI OBITH TUTAHTCKUMU. B cypbMe
KOHIIEHTPAINS 3JTeKTPOHOB MPUMEPHO B IeCATH Pa3 HHU-
xKe, ne ~ 3- 101 em™3, sneprus ®epmu cp ~ 0.4 5B,
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OTHOUIEHUE O /0p, ~ 3 U oN [0 ~ 15. B Bucmyre Kon-
LEHTPAINST SJIEKTPOHOR eIlle Ha, ABA MOPSIIKA MEHBIIE 1
OTHOCHUTEIHLHAST AMTIJIUTY 18 OCIUJLIANNN JOMKHA ObITh
MOPSIIKA €IUHUIBI.

Yrobbt yeemmuuth mapamerp k21°/N, a ¢ HuM u
AMILIUTY Ty KBAHTOBBIX OCIWLISIH, MOXKHO OBbLTO ObI
MOBBICUTH YaCTOTY W, OJHAKO MPOBEJIEHHOE BBIIIE PAC-
CMOTpEHHME OTPAHUYEHO 00JIACTHIO YMEPEHHBIX YacTOT
w < v. [Ipn w > v HEOOXOAUMO YIUTHIBATH HE TOTHKO
MPOCTPAHCTBEHHYIO, HO W BPEMEHHYIO JUCIEPCHUIO TPO-
BOIVMOCTH ¢, ¥ KOTOPOH TOABIACTCS U MHUMAS YACTh.
[MTocmenusst TakyKe MOMYKHA UCTIHITHIBATH THTAHTCKUE OC-
MALIANAN, AMILUTATYAA KOTOPBIX BEChMA 9yBCTBUTEb-
Ha K TEMIEepPaType W YacToTe CTOIKHOBEHUH 3JIEKTPO-
uoB. [ToaToMy cuTyanusi B BHICOKOUACTOTHOM 0GacTh
W > v ABIIETCs CYIIECTBEHHO 0OoJiee CIOXKHOM, U ee
PACCMOTPEHNE BHIXOAUT 32 PAMKH HACTOAIIEH PabOTHI.
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